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Summary

Investigations of oxyger supply to dermal and
cpidermal elements in healing tissue have been made with
oxygen electrodes. The effects of mild stress and of
haemorrhagic and endotoxic shoc¢ck on wound ervironment
have been measured with microelectrodes sensitive to
oxygen, pH and Pppo. The develeopment of a method for
measuring diffusion of oxygen in tissue based on a laser
flash technique is describvd together with a new, micro
P 2 electrode. Studies have been initiated on the
eggects of anticollagen antibodies on fidbroblasts with
a view to examining their possitle role in the slow
heaiing of burns.

It is concluded that increased rates of Lealing
of superficial wounds ure likely to be obtsined if tLhe
oxygen concentration of atmospheresatove the wound is
increased. Wound dressings which exclude zccess of

atmespheric oxygen seem likely to clow -pildevrmnl hoaling.
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_ The projects reported here have been carried out

i i principally at the Universities of (ambridge and Bristsl, and

3 ‘ ) at the Bristol Royal Infirmary, whi.e collaborative activities

3 L have Ltcen possible with Dr. Hunt in the San Francisco Medical

. Center, Ca., with Dr. Juha Niinikoski of the Department of
Surgery, University Hospital of Turku, Finland, with Dr. A. Glinos
cf WRAIR, Washington D.C. Joint studies have been made with

: Dr. Britton Chance and Dr. Leena Mela of the University »f

" Pennsylvania at Philadelphia.
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Work performed during the contract period has formed the
A bagis of a number of scientific communications. Three
i : publications relevant to various aspects of the projects ar: now
: in Press and will appear shortly (1,2,3). One of these forms
the basis of the section on 'Epithelialisation in reiation to

ve
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3 oxygen tension'. :
i : §
E - This report is divided into sect:zons. 3
Bt §
5 : The first deals with technical developments, experimental 3
Bl ‘ i rodels and materials and methods. z
: i
2 : The second is concerned #ith measuremenrts made in healing g
3 . connective tissue. E
2 : 4
3 The third is an account of the effects of oxygen on %
E: : epithelial {!ssue growing across oper wounds. §
=34 i ‘]
= : P
o ¥ The purpose of the investigations has been to study the %
- ] effects of various conditions which are likely to occur in the ;
E i clinicel situation, on the local cellular environment in wounds, 3
3 Y and to discover where possible, how these changes in the eamavivon- §
4 % ment may promote or discourage hgaling. Experimental and clinical g
=2 1 trials have been instituted to see if information gained from E
2 £ these basic studies can te spplied usefully to encourage more g
. § rapid healing. 3
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i

g Technical developuents .

Since the methods of investigation used in this
contract are largely extensions of or developments from .
tnhose already published in the Final Technical Report of
Contract DAJA3T7-69-C-1169 (4) new aspects only wili be
described.

oo

1) Rabdbit ear chambers

The modifications of the Sumner Wood (5) chamber
previously described (6) we..: -llowed measurements ol
tissue microenvironment in a thin layer of healing tissue )
have continued to give adequate access for .lectrode and :
Tluorescence studies. A problem was encountered durirg
the ccurse of the present investigation when uniformly poor
growth of tissue in some¢ betches of chambers occurred.
This interfered with assessment of other factors as possible
causes of reduced healing rate. The cause of the inhibition
§ of tissue growth was found to be the variable guantity of
= plasticiser present in different batches of the acrylic sheet
beiug used for the manufacture of the chambers. Apparently .
the plasticisers slowly leaked out into the tissue fluigd !
_ and eventually reached toxic levels. This toxic effect was
g identified by placirg the varicus components of the ~ar .
chambeis :n separate rabdbit fidbro-blas% cultures and
E observing the responses of the cultu‘'zd cells. Many sanples
: ctf acrylic induced zones of dead celis around themselves in
e a manner reminiscent of the death ¢f bacterial colonies
around zntidiotic test discs.
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Attempts to remove the plasticisers were unsucceusful
so other materials were investigated for suitabilaity for

ear chambers. It was fcund that one naterial, poiymethyl-
i pentene, possessed almost all the quealities that were
3 desirable for long term implants in tissue and appeared to
= be quite free of toxic e¢ffects.
. 55

3

Poilymethylpentine {TPi, Imperial Chemical Indutries
Ltd., U.K.) is a light (S.5.< 1) slightly opalescent,
transparent, gsomewhtt flexibis plastic with good machining
properties. It contairs n: plasticiser and can be bonded
with the appropriate cement {Crerl:k. 305, Durham Raw
Materisls Ltd., London, U.K.). It 2s : sistant to disteriion
at normal autoclaving temperatures (120°.. and ear chambers
nade from it can therefore be heat sterilis-d, which
eliminates the danger of toxic gas retention, 2 feature of
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TPX chambevrs have been modified from acrylic
rqambers by machining them from rod in two pieces only
{acrylic chambers were made in three separate parts).
fhe *tabie’' and 'plug' of the "hambe: are turned as a
single unit, with a solid plug (rollow in the acrylic
pattern). The table and free end of the plug are then
p. lishea, the ring and “he 'skirt' attached -*ith adhesive,
and the whole sssembly is then baked at T0?C unt*il the
sdhesive is hard (2-3 days). A solid plug is acceptable
because the material is so light. This ~onstruction adds
strength to the chamber and enables the plug surface to be
cleaned v¢4aily if it should become covered with blood or
other exudate, Zhe "PX chambers are somewhat move easily
scratel:d than the acryilc chambers but are less fragile
and out o. the first 150, only two havec been troken in use.

Yhe cumparable hreakage rate fecr acrylic chambers would be
ebout 20.

Z2) Operation

The mode of :7certion of ear chambers has been
modified slightly fros iL:at previously deacribed, in order
to render damage to ihe ear cartilage less likely. It has
been found preferable tc raise the skin flaps and to make
the skin pouch for the ac-ommodatiou of the chamber before
punching a hole in the ear cartilage. The hole is now
runched just before *he chamber is inserted and this has
considerably reduced the number -~f chamdbers that had to bde
rejected, or which grew unsatisfactorily, because of tearing
cf the ear cartilage at the edges of the hole.

2) Electrode systems

a) oxygen m.cro-electrodes of the types already
descrived (6) have continued to be used in thic investigation,
both for surface measurraents and for insertion into tisrues,
and also fcr measuring the O, environment under ccclusive
dressings (see Section 3).

b} multiwire, surface oxygen electrodes have been
constructed similar to thos> described by Huch {7).

B e T P
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These were made by inserting & number of % or 10p

& platinum wires into individual glass capillary tud s
F wh'ch were subsequently fused togetlher. The end of the

platinum~in-~glass assembly was groand flat and the free
5 wires et the back ¢f the capillaries were twisted care-
fully tecgether. The electrode aasembly was placed inside
a Perspex housing 5mu in diameter and fixed with adhesive
8o that the electrode tips protruded slightly below the
casing. A silver wire was included in the adhesive anrd
3 extended into the space between the electrodes and the
Ef casing. Contact with the vacks of the electrode wires
; was made with a mercury seal. Electrolyte was introduced
between electrodes and the casing, and the open end of the
case was sealed with a 12 or 25u Teflon meabrane secured

by an 'G' ring.
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Both macro and micro-electrodes were polarised with
a D.C, votential of between -600 and ~800 mV., which was

'5 determined by the individusl electrode characteristics.
b5t The current output from the electrodes, which was directly 3
e proportional to tha oxygen concentration in the electro- 3

iyte between the elecirode tip and the mewbraunc, was fed
to a high input impedance DC amplifier. Micro-~electrodes

E gave a current of about 10‘15A/mmHg PO, whereas multiwire - K
i electrodes gave relatively large currents of the order H»f &
E 10‘5A/mmHg PO,, althougk this varied according to the .ize

:; and number of tae wirer used to make the cathodes. .

A c) micro-pH electrodes. It has become very

k- desirable to measure local extraceilular pH, and, if

% possible, intracellular pH particularly in respect of

= changes occurring during shock. The earliest useful

lf lectrode of the appropriate size range w3s that of

4 C i1dwell (8) but its dimensions are too large for ali but

i rather crude readings. Hinke (9) described a much smaller

3 lectrode for meacuaring intracellular sodium concentrations

i other microelectrodes for reasuring ionic concentrations
-ve becn produced by Walker (10) and Carter et al. (11).
Al: hsve come disadvantages, especially for intracelliular
work, in that a considcrable length «f ion sensitive glass
nust te inserted into £ cell. This is acceptable fTor some
K exceptionally large invertebrate cells but is generally
@ unsatisfactory for most mammalian cells. Recently Thomas
(12,13) has developed an ingenious 'recessed'! sodium
E: sensitive electrode with a tip of 1.0u or less in which the
B ion sensitive element is protected by a normal pyrex glass
micropipette.
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Y By using Thomas' technique bu'’ employing pH glass g

! (Corning 0150) instead of sodium sensitive glass (NAS-11- %

: 18) it has been possible to construct a recessed pH 3

i electrode small enough to insert into a single mamrilian g

liver cell or macrophage. Such electrodes have a rather g

slow response (between 0.5-2 min for 95% change). They x

- heve a very high impedance and require careful electrical %
shielding. They are elso extremely fragile and can be 2

used only in conjumction with a rigid system. %

z

? d) micro-P electrode. As a development from 3
B ' the recessed 'Thomas“type' micro-pH pobe it has been 5
3 possible to make an electrode of 1.0u tip size which g
1 . responds to local extracellular cr intracellular COy k:
& ’ concentrations, The electrode is constructed as for a %
g : pPH probe and then the recess is filled wich 0.01 NNaHCOy 3
2 . and this is sealed into the recess by covering tae¢ tip of ;
; : the electrode with Rhoplex resin AC-35 (Rohm Ha:s, &
: Philadelphia, Pa.). The electrode is then used as a 5

i conventional pH probe, the pH change being linearly i

E ; related to the logyy of the COp change. %
3 3
7 ; - 4) Shock models §

' a) Haemorrhagic shock was induced in =nzesthetised
rats by cannulating a femoral artery and bleeding the
animal into a heparinised reservoir over a pericd cf

30 minutes until the systemic blood pressure was 30 mmHg.
This pressure was maintained by withdrawal or injection

of blood as necessary.

segich
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In rabbits, similar treatment was used ezcept that
blood pressure was nct lowered beyond 55-50 mmHg because t..2
snimals rapidly succumbed if the systemic pressure fell
beiow this level.

t
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t) Endotoxic shock was induced in rabvbiis and rats
by intraperituneal or intravenous injection of poly-
saccharides either from Serratia marcescens or Escherichia
coli ( Difco Laboratories Inc., Surrey, U.K.). The dosage
used varied froem batch to batch and was based on one LD50.

e
W

o R ! iy
TR R AR ¥
R i LA T T AP It

N
2
PREL T

b N
ey

o '.,w‘u“ y N 1

G

i Ui

T
i

S g
24
»
e,
b e AL SRS A e Y o R At S R A D Rk B S B LM a5 e n P L

&2 SR RS W e MR s e ey




SRS RS Ty o PR e ST S g AR PRI 2 e
REGUETA e s g e e L s
,

: g

o .
Lk 5) Minor stress
:
e 4 Animels in which granulation tissue was grou:ng .
3 & were subjected to changes in handlang routine or were K
i ! accornodated in unfamiliar surroundings which were 2 . "vo-
2 ’ t¢ intermittent changes of noise level. .
i3
- : 6 Anticolla sera
=3 z

g Purified coliege:n o various criginsg (rabbit. rat,

- human) was used to sti: .t~ specific znticollagen

P
[A
e
e
o

v Re s

i rzpunogledulineg _n 1 oz oenimale, Tne gamms-globulins A
: } sere recovered ena pu.ified by scutine methods and labelled i
E ) with rlucreancin-isn-thio.yanrate {FIT”) or with high E
i molecular we!:rht percoxzidas: ' - ..: rrom Horse-radish or i
! with cytochrore oxiliuse (14,15). Fab fragments of anti- :
; coiluzen Igl were prepared and similsrly labpelled. %
: :
S ;
. 7) Jumpan fibretlests, of a sirein originelly derived E
: from the stiror of a reiticulum cell sarcome, were used {
! for testing the specificity of the antihuman collagen IgG. E

’his strain has & nhavucterzatzoelly nigh production of
3 : \o‘lager in cuiture and th: r 1l wallc appear te¢ be
2 incomp.ete in the areas where protocoliagen strands are

v TR,
=3
f‘

N

3 : extruded. -

i :

. ,

3 ! 8) A small oxyegen chamb:er c¢osigned to accommodate & ;
' human arm or leg under zlishtly increased prescure wes :
: kindly lent By ¥r. P.H., Lock for the prelinminary 1nvesti~
¢ gation on the a2ffsnt: of loo=zl oxygen therapy to slow :

heali-g wounus. This prov toe be uceful in special i
n

£
circumstances cait was somewh aersoae. end has been

by & mple poly=zthylene 3

replaced for routine pi: pose I '
tayg, streppr=d to tnh tizb. Oxvgen is fed into »hv bag 7
. 1S necessery, to maintzin & highk Oz concentration over '

“he affected area.
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» 9) Healing in relation to ‘Xpe ¢ youné dressing.
H : Sk - iressinge tested were (a) standari nospita: gaucze
. § swans, (¥) ¥cned-tulle (Allen and Hendury), {(-) 12 and
A 44 Teflon Filam, (4) Polytrene f:lz, and {e) Melinex
b polyester film {I.C.1.). .
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; volunteers. A few measurements were also made on pigs.

Skin stripping was carried out with standard
commercial cellulose tape.

&
% ¢
g."' £
¥ Short term alterations in wound oxygen tension :
(53 vere achieved (1) by altering the respiratory gas
& composition, (2) by enclosing the wounded area in a
? plastic bag whcse gas content could be varied, and (3)by
o . altering both respiratory gas tension and the atmosphere )
N over the wound. With small animals this last was done :
S by enclosing the animal in & case inside a gas filled bag. E
% - The investigation of oxygen permeability of skin §
{ 3 and hesling processes were carr%ed out ¢cn small laboratory K
d . animals (rats, mice and rabdbits) and also on various human E
g
:i

1C) ZIThe iLaser flash system for investigation of 0,
diffusion rate in tissue (in collaboration with Ir, Britton
Chance, Philadelphia). The level of pyridine nucleotide
¢ reduction in cells of interest was measnred by U.V.

g . fluorescence with a 10u spot. The exciting wavelength

' ) wae 366 n¥ and tte ~micczion wes at azbout 450nm. The
oxyxgen concentration in the region under observation was
- reduced by giving the animal a mixture of 95% N2 and 5%CO
3 ’ . to breathe, or more safely, by giving the .animal 100% No

et to breathe and pessirng a current of CO gas across the

i surface of the organ under iunvestigation. In these

E hypoxic conditicns, cytochrome oxidase cembines completely
o with carbon monoxide and the NADH flucrescence becomes

3 neximal. The animal was then ventiiated with oxygen and

> ‘ the advent of oxygenated blocd to the vicinity of the U.V.

; spot wis detected by » rapidiy responding oxygen micro-

- : tjectrode placeéd againast a capillary. Lkt that moment,

g . ideglly, when the vascular oxygen pool was being disseminated
: ) Yty 2iffusion into the tissue spaces and a2n oxygen greadient

k: . waes being established, & liquid dye laser was flashed at

i wav:length of 585 na. Tais ruptured the cytochrome

&3=-G0 bond. If there was oxygen in the vicinity at the
time of the flash the mitcchondria responded very rapidly

by oxidation of the NADH (o NAD with a consequent reduction
in flucrescence intensity. Those mitochondria that vxygen
had nct reached at the time of the flash became oxidised
more slowly. It wae possidble to vary the time of the flash
in relation to time of arrival of oxygen in the capillary
ved and also *o site the U.V. spot at different distances

y ‘m#mmmmwm!Fz‘:wmm&fmwﬂuw%mmwmmmmawﬂm»mm.mmmﬁmmwmrﬂ%mmumwmm&'vw :
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- : from the capiilary and at 'ifferent points along a capillary.
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This made ii possible to plot the process of wxygenation
in a tissue and to investigate the changes tlat might

: occur as a result of pathological processes suvch as shock, .
: trauma, oedema etc. or inflamma‘ion,
) Trhe reth>d has ret yet been perfected and some .
¢ techni .1 roblezs remain to be werked cut. Among thesc
i : ara:
: t)  Tierwue in whieh 9, diffusiosn is slow, and th:ie
: appli.s in ¢«r.v Loaling ticsue and in traumetised
t ¢r shoked rond-iticns gshouw & relatively small
: recphoe 10 the laser flash if there is any
# i sppr ci1ui i~ phOtOOdls ociation of a:—bﬂ cansed ty
: : the 1.3, . znt. This ~an be eslleviated to rome
i : extent Ly 1 devi-- to keep i‘he fluorcscence
. excitatic: at a lew level until a ncrment before the
- ; flash, wb fall nt.nsity is developed.
. 2} Cvtze:rome c¢xiass r rar remcved from pyridine
: nuzlevtid~ in the : -t .tory chain and NADH
; fluores~ence s » t -+ r2fore an ideal monitoring
; system for nmitnchondr:sl cxidation. Unfortunately
J flavoprotei- flucrescence (which would be more .
3 H suitatle' i. ser:ously intedfered with by haemoglobdin
L . change. .n r o- i perfured systems.
3 i These problems cal t. overccms and the almost two dimensionzl
- : eer charbev zo. . giine ti ru: wmakes a very simple
E : gsystem for ~ves* ca i10n, ompared with normal three
5 : dimensional ..+ -insrs.
Vi .
; 1) Oxyger cteri’i-at:-:
5 f During the p-rio: wn-n - 'rylic eser opnanbters were in
3 H use, hest sterilysation of the proathes:s wacs impossible
_§ due to distor-ion ~f the acrylics a* tempera! .res akove 559C,
g Cold ethyiene oxi:~ gos s*eriiisation was ss':sfactory for
; *11line Argsnizues tit it rresentmproblems when freshly
z*apr1lised materisi wus required for :1mmediste use. The ]
: ethylene cx:ie ¢ rs~lved in the plastic and was released i
5 sloxly over = peri~d s long as 3 dags. The implanting )
E ~+ materia’ -nt~ +the body, which st i1 contained smsal; )
= amounts 7 0 n- cxide could lsc~ ~ *ncx c2l] death .
in the vi :-it'y o the implsnt. v, m.otarnative !
g method of cold srerilica*’or - "y NMr. P.M. lock . F
and bass: on high ressv-e cxyze'. *erted and 3
fourni t. = satzaslactory for s er:.. T oorylic, :
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polythene and polyvinyl plastics. The system consists
of a small pressure tank in which articles to be treated
are placed after individual paclketing. Oxygen from &
standard gas cylinder is passed into the pressure tank
until a pressure of 10 atmospheres is achieved and the
tank is then closvd and left for 30 minutes. It is then

depressurised.

3
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b
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- Plestic materials, deliberately contemirated with a
. wide range of pathogenic and other bacteria, including

E . sporulators were found to be bacteriologically sterile

: after such treatment. No tests on viral contazmination

have yet been carried out. This system offers a simple

5 and effective means of sterilising both solid and porous

; articles that are heat sensitive, and leaves no contemiration.
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; 12) Polymethacrylate sponge has been used in surgery 4or

tissue replacement but it appears to excite bone formation
after it has been in position for some months (16).

Pr. G. Winter, of the National Orthopaedic Hc¢spital,Stanmore,
. kindly provided & =ample of material for testing in tissue 3
. . culture. The characteristics of the material which induced ;
gt bone formation in the body were that it was hydrophilic, 3
S that calcium deposited on its surfaces, that its pore size B
i was between 40 and €0u and that it wes actively invaded by {
S fibroblasts. Therc seemed cto be some doubt as to whether E
E the bone formation sesn in “issue implants was derived from
e . eltered fivroblastic activity or from invasion of tie foam
" with a new population of cells, possibly ¢f bone marrow

& origin, which displaced the original fibrodblast population.

0%
b

[ ZLIN

Polymethacrylate spunges have nuw been kept for morve
than one year, in human, pig and other fibroblast cultures.
Although calcium has deposited on the surface of the material
and cells have invaded 8ll the pores, no activity resambling

bone formation has developed.

13) Microbiood flow system. A T.V. line selection systen
was developed to try to quantify local blocd flow in relaticon
to local PO; zeasurements in wound tissue. A small biood
vessel was icdentified under sn epprapriate microscope
objective and a Link T.V. camera wes connected to one eye
piece of the microacope. The T.V. imege was displayed on

e monitor and a frame line was gelected for analysis in the
-egion of the iwmage rnear tc one oxygen microelectrode.
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The camers wag arranged so that the lines crossed the
capillery at right angles.
displayed on an oscilloscope.

the image on different sections of

The selected

terms cf voltage on the screen.
cell across the line changed the picture density and
therefore the voltage on

vessel.

but shows some promise. The
inadequate

of vision' in the wvidecon,

lipitation
vesgsels with a slov

line was

r~.;¢ui,¢«3~t AT aEAuree T

Veriations in density of

The passage of a red

the line in the +ricinity of
This system is still in the developm:nl stage

the line appeared in

chief difficualty has been

response time and a tendency for

It glso has en inherent

flod,
pass in singie file with clear separation between ther.

-

thaet it ~an only be used for measurement in
rate of

i.e, where red cells

14, Hac "oph:ge cuiture, F.trbi1’s Were injectec intra-
peritoneslly with 5ml sterilised medicinel mineral oil
and acrOphs were herverted 7 days leter after the
an1m81i. were ba‘.-fxc,i. Tze cells were then zultu-ed
in hypexic condition fcr varying pericds, end thear
phagocytic sctivity tested at intorvals by expesing them
1o carbon particles. It +5c hoped to test wnether
zecrophages in conditions -t hypcxis may preduce a
sutstance which could se:zul~*. -upiliary endothelzal
growth, In vivo, capiliavw’ ©.:. appear o foilow a 'lead'
‘roz macrophages but tc 1wt we heve been unabie tu show
tn:t any specific chemect %1 .utoc:nee 1s invelved.
Ve MHulz; polht URYygen + i- cIiroa o osn ccvarslips have been
2a.e oty iopelictocr 0T p o oco Al plntanum oin omelinex films
[ SRR T 4 N T S SRS Jp t¢ *ne precent time to
cttain "nifusoorccy o od snr..atior of the gold track
copmettions ¢ make thia S¥aten reliable,

= co o e e g
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SECTION I1

Meesurements in healing connective tissue

The importance of oxygen sgupply to healing tissue
had been established both in terms of rate of repair, the
subsequent strength of the scar and biochemical processes
(17,18,19,20). Scomewhat less attention has been paid to
other local factors such as Ppg2 and pH, chiefly because
of the lack of suitablc detector devices, although Hunt
and co-workers (21) have made measurements of these
perameters in wound fluids. The development of suitable
nicroelectrodes as described in Section I has znabled a
preliminary assessment of local cellular environment to
te made using granulation tissue in the rabbit esr chamber
as a test situstion.

G a1

LA 0 etk o 4D L C s B bk,

al Findings in normal wound repair

1} Extrecellulsr pH

Unlike oxygen :redients, pH gradients appear to
be shellow except at th: - xtreme edge of the healing
wound. No major differonces in extracellular pH were
found in regions where capiilary flow was established;
all readings were within the range pH 7.0-7.3. Within
the wound cavity, mcre than 150p from the leading
capillaries, the situation was much more variable and valies
as lov as pH 6.0 were encovntered. The pH level appeared
to parallel the cell content. A predominance of poly-
zorphonuclear cells was associated with low pH wheresas
rzarriphages were usually che main cell type above pR 6.3.
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Z) Extracellular Ppnas

in nornaily perfused tissue it was difficult to
detect any CO, gradients. As in the case of pH measure~
ments, the only obvious differences in CO, concentration
e were those between the woundé cavitv and thz perfused tissue.
R Even 2t the wound edge, nc gradienis could ve debtzct2i
: thsi were clearly asscciated with any particular structure
or cell type. There was a smoothk rise in Ppgo from the
perfused capillary zone to the wound fluid. Unlike the
pd, the Pcgz in the wound fluid appeared to be correlated
only with cell population density and not with cell type.
although this might be misleading, since high cell
densities were usualiy found to be associated with poly-
sorphonuciesar ceils. .
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CO, levels were rather sensitive to respiration
rate, and it was found in anaesthetised aniwals that
tissue Ppgp tended to rise during the observation period.
Typically, in well perfused tissue the Ppgy was between
38 and 42 mmig; at the wound adge, in recert wounds
(early healing stage) it was 45-50 and in the wound fluid
it might be as high as 60-70 mmHg, if there was a large
wound cavity. During the late atages of healing wuen
the cavity was almost eliminated CO, tensions in the
weund fluid fell to 45-5C numHg.

b) Pcoz, PO, and pB during shock

T T e e Sl L e s Ao o

5 1) Haemorrhagic shock Measurements were made in
k= two models. The first was the rabbit ear chamber and
i the second was the carrageenin induced ~ranuloma in the
= rat.

38 During the bleeding out perice. :1.e. the phase of
- acute haemorrhage which precedes the shock state 1. was
= noticeatle that perfusion of wound tissue slowed and

1 finally stopped before the systclic blood pressure had

4 fallen more than 2C mn Hg. The sccompanving changes in

local gas tensions are set out in the following table (1).
It is appsrent that granulation tissue is very suscep- .
to the effects of lowered systemic pressire.
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TABLE 1 POp, Ppgp and pd values during acute haemorrhage

Systolic blood pressure (Rat) mm Hg

00

80

PO Wound edge
nmHg Liver
{average)(Brain
Wound edge
miggz %Liver
€ (Brain
(Vound edge
pH iLiver
Brein

13
28
28

50
43
38

65
48
35

oo

Each figure is a mean of 50 readings
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When true 'shock® developed, i.e. after half an
hour at 30 mmHg systolic preysure F levels as nigh as
120 mpHg were found in wound cavity and the surrounding :
non perfused tissue and pH levels fell to 5.5 in wound
fluid after 8 hours of shock.

o PR f T',}mvg o e

It is perhaps of some significance that the liver
is evidently very sensitive to changes in systemic
circulation but the whole liver is not affected equally
at oncez. Oxygen needle electrodes indicate that the
microcircuiation fails on s microregional basis and chat
some areas lose perfusion very early in acute haemorrhage
while others are more resistent. The measurements in

Table 1 are from an area in which the microcirculation
failed early.
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A few intraceilulsar measurements of Pop, and pH
have been made on liver cells and macrophages during
normal conditions and in shock. These indicate taat
changes of as much as one pH unit may occur during
haemorrhagic shock, but as yet the technique is
insufficiently worked up to give absolute figures.
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2) Endotoxic shock Anasesthetised rabbits and rats,
given L.D.50 doses of erdotcxins by the intraperitoreal
route, showed euarly changes of PO,, pH and Ppogo in wound )
tissue, before any change of systemic blood pressure was
apparent (Table 2§. These changes were preceded by a
very short pericd of increased PG, levels which lasted
for 1-2 mins and started about 10 min after the injection
of the endotoxin.
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. mABLE 2 BExtracellular POp, Proz and pB changes in
wound tissue (Rabbit ear chamber) after L.D.50
dose of E.Coli lipopolysaccharide {i.p

‘:‘!_‘f,; ke

,
e

3

5 8

Time after injection (@ins)
0 10 15 30 120

PO 22 26 12 0 0
Pooo 45 45 48 63  >100
pH 7.1 7.1 Tt 6.8 5.9
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Paraillel to the microelectrode meczsurements,
routine electron micrcscopy of samples or liver end -
granulation tissue during the development of shock
states hasbeen carried out in this laboratory aand also
by Dr. Mela in Philadelphisa. The mitochondrial chaanges .
which are a marked festure of shock in fiver cells and
fibroblasts in the growing and synthetic phase, but not |
i in the resting phase, appear to parallel the pH changes ) :
¢ (22). Biochemical assays of liver mitochondrial
4 activity in endotoxic shock show that uncoupling of
S oxidative-phosphorylation occurs during the phase of
s mitochondrial damage which can be seen at the ultra- ;
B¢ structural level. :
E :
3 Attempts to reprcduce the local effects of shock ;
¢ in liver and grsnulation tissue by induction of hypoxia §
F have shown that hypoxia is not the main cause of shock :
: i damage. .
4 é Table 3 shows the P02, PCO and pH changes in é
E § liver and granulation tissue when a normovvlsemic animsal f
€ § was respired with an 0, level which reproduced the tissue ;
Ee ¢ PO, seen in haemorrhagic shock. .
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TABLE 3 Extracellular P0,, Ppgy and pH in liver and
granulation tissue in a pormovolaemic animal
respired oniC% 0, 90% N,

Time Mins.
0 10 30 60 120

Sl "\""‘T‘:."mﬂh, ~'.°W.‘£{~"“;‘ 77%,“;3?»: "M* W ;"s“:‘td,‘ e} \Pl&% '
’,

o éLiver 31 10 4 6 .3
2 (Wound 20 3 < 0] 0

LU RN Gt

PCO, (Liver 43 41 45 43 42
{Wound 45 40 47 47 48

(Liver

o {¥Yound
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No obvious changes in mitochondrial

but at no time 4id microcirculation

structure of lzver
or wound fibroblasts tock pluce after this tre+ctment nnd
it is noticeatle that local pH changes are minizal.
Bloed flow patterns varied during the hypoxic episode
stop completely.

c) Long term erfects of stress and shock on healing rat..

and wound enviroument

3 g
re Was foilodWea in
8

e
h 1 ha. ~ns» -k

N

O 0 i3
.
<
[VH
2.
14
fose
51
o
o]
)
(o]
P

nd *‘he ¢ther wase examinel
n

oncisted of remevel of *L. #nizmal from
it in a bactke: . :
through =z tinoculsr micrac.ope . The
sbouut & minutes, Each v oap ernsicted
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two groups of rabbits.
e

i il
y- URe group «n3 examined once wery £ dayes
twice each day.,

r
criment wao repeéa

right car angd were«

Examination
1t cage, carrying

tn a bLench, uand looking at the ear chamber
whole procedure lasted

~f twelve animais.

the chambers were

inserted 1nto the
*

groaps revercsed.
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TABLE 4 Effects of various periods of haemorrhage
to a aystolic pressure of 50 mmHg on wound
healing in rubbit ear chambers (n = 6 for
each group)

Period of hypovolaemia \mins)
10 20 30 60 120

i aa -

%Prolongation 341 543 28410 3147 30410
of healinug

time

{Normal healing time with this type of chamber was
23 days +4)

(The effenrt of 10 and 20 mir hypovolsemia is not
statistically significant)
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1t appears that the increase in heeling time ciosely
follows the point st which prolcnged recovery of t
local microcirculution tecomes evident.

Results of wound healing tiwv.c from survivors
oI endotoxic shock were very variable. Repair tim.ec
were pro.onged bu* ne clear picture emerged as to the
relationsh:p betaeen the degree of 2rh:bition ¢f healin,
and the local mi-roernvironment in the woundgd.
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Bffect of artificigl environment
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In an attempt Lo deterzine the general conditigus

g

most conducive to healing, vatbits wih e¢statlished but 3
urhealea ear chamvers were exposed to v rious atmesphez. %
- 02 contents du-iny the healing period. The percentag S
: of oxygenr supplied were 100, 40, 21 {sir) and *5. Tha %
eanimal cages wer: cnclose® in large plestic bags and b 4
g&s wws supplied from a cylinder countain.ng the upprop- %
rirte mixture. b
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M
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§ The results of this exps rizent ure chown 1in Pig. 4 . 3
i whick irdicates that fhe mcot rapid hesling can be f
{ expected to occur 1in an qtmosphere cof atour 40% Cn, tut
¢ a pure oxygen atmespher~ retards ¢ nnective trssue neulane -
? as d¢ G, concentrations r.iow thes. of ~zir, Thes -
3 results “will e Jlocucoed tuter tut *hev mocord with tho
¢f Niin:kogki on .o Bezlains UL orutlo et
: e, affecte of rYoresyn teda-, 3
< Facrophugss arcun: foreipn toize o in woundcs rapidily i
Y reduce the oxygen content ¢ *he Toreign neterial o 4o g
,g ; Fo periiculsr changeo of pH ana Por o mrpear to be o ono ocrnte §
2 w1th 11rert foreign tocdies, alihough zany, 5 ~elle. Fic- ]
competitlie materials =gpear te «x-rt o long tern 7T - o g
tizsg tehuviour. Fersarpgn bedievs of taolngical crisv 3
: atizulate a l'mphu‘yt;c re. pohse, ant, 17 tactecola é
; tontamination 18 precent. majer ochsngc. o Ll oervirorn- §
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Blood cddots in wounds act as degradable foreign
bodies to some extent and exert a somewhat equivocal
influence on healing. Fig.5 shows the characteristic
delaying effect of the presence ¢f a clot on the healing .
process in an ear chamber. The work of the macrophages
in removing the clot appears Lo hamper the advance of
fibroblasts and blood vessels. Electrode studies in such
clots indicate that they eare capable of acting as oxygen
stores, and prevent the dfevelopment of the normally low
PO- in thne wound cavity uniess infection supecrvenes.

3. L

However, in certain non healing situaticns, the
release of blood into the wound cavity is sometimes followed
by renewed healing activity - possibly this is the result
of macrcphage attack on the clot.

P

f) Mechanical stress

Ll M s 1 ssn

Chambers incorporating inert porouws threads were
irplanted and allowed partly to heal so that granulation
tiscue invetted the threads. The threads were then
subjectito tension and fixed under load, by adhesive, to
the outer side of the chamber. The behaviour of the cells
sroun! the threads was then studied, together with the
oxygen environment.

s ur s

oty e T

The immediate effect of the strain was dastortion
of the tissue and alteration of the microcirculation and
a fall in local POj. This persisted for 24 to 36 hours
and was followed by hyperaemia in the stretched zone.

No ztatigtically significant changes took place in the
overall healing times of stretched and unstretched tissue, .
but alignment of fibres and cells along lines of stress, .
#as an obvious feature of scme chsmbeis.

¢)  Anticoliagen anitibodies have been described in the
blood ¢* burned patients, together with several other less .
specif’ .mmunological responses { 24,25). It seemed :
approyinte to “est the possibiiity that one factor in
the .i0ow healing of burns micht be interference wiivh new
c<liager Tormation &% = healing surface by circulating
an° ¢ .iagen,
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FITC labelled artihuman collagen was tested
against a culture of human fibrolssts that prodiced
large amountz of collagen. It was found that the
ceollagen rapidly secame flurescently labellied and
could be demonstrated under U.V. illumination. In
‘ nigh concentrations the anticollagen caused lysis of
3 the fibroblasts. Similer results were obtained with
1 antirabbit collagen on rabbit fibroblasts.

Application of anti-rabbit collagen to the
growing ear chamber situation produced thrombosis in
the precapillaries and an Arthus type reaction with
polymorphonuclear aggregaticn outside the fully formed
Z blcod vessels. So far no conclusive evidence has been
N found that low concentrations of circulating anticollagen
IgC in rabbits has any effect on the growth of granulation
tissue.
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SECTION III

Oxyger Tension snd Epithelialjsatjon

Introduction

There are many widely scattered references to the
effects of oxygen on healing pkenomena in different tissues
(6,17,1813) but relatively few vhich refer specifically to
epidermis (26,27 ). Many of ‘hese lstter are empirical
observations on the clinical response of non-healing, open
nr infected wounds to treatment ty various forms of hyper-
varic oxygen application (28,29 ). There are also many
reports on the effects of oxygen on the healing of burns
(30,3 ) and others particularly on the benefidial results
that may attend hypervaric cxygen therapy in cases of skin
grafting (32).

With regard to the general oxygen environment of
the various layers of the skin 1ittle has been pubdblished
beyond measurements of diffusion of oxygen through intact
skin during a search for svitable methods of measuring
?rterifl PO, without surgical interference io patiente

7,33).

Ko meesurements of the relative oxygen permeability
of the different layers of intact human skin have baen
reported except by Evans and Nayior (33) in relation to
cellulose-tape stripped skin and by Penneys (34) on isolatsed
human stratum corneun.

The relationship of local wound environuent to zpeed
of epithelialisation has been considered by Winter (35)
in the pig and by Hinman and Maibach ( 36 { in man through
observation on epidermal regeneration under inert filas.
Although a relationship between oxygen permeability of the
films etudied and the rate of repair was ncted, nd measure-
ments of the actual oxygen environment of the cells waa

made.
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A major effort to measure oxygen tension during
subepidermal wound hesling has been carried out by Hunt
and Zederfeldt and their colleagues (19,21) and
contributions in this field nave also bteen made by
Niinikoski ( 18,23), Remensnyder and Majno ( 37 ) and
Silver ( 2,6 ). This work hes established the value
of the oxygen electrode for investigations on healing

issue, an¢ it -seemed appropriate to utilire similar
vell tested methods to establish (a) what iz the normal
range of oxygen environment of intact skin, (b) what
changes in the environment can be expected in normal
epidermal healing, (c) if imposed changes in this environ-
ment can affect healing rates, {(d) what conditions exist
in naturally slow healing skin defecte such as burns and
chronic ulcers, {e) the source of the normal epidermal
0, supply;: is it mostly from the blood or from the air?
(3) if the supply differs in damaged epidermis, (g) what
is the effect of traditional and more recently developed
surgical dressings, and (i) what happens during the
develospment of superficial infections.

Methods

Electrodes were eppled to the skin by micro-
manipulator. Oxygen multiwire macroelectrodes were
placed with great care to ensure that they did not cause
local pressure anG thus affect the microcirculation of
the region being measured. The method described by
Huch { 7 ) was found to be satisfactory. This involved
a thick silicone rubber pad around the electrode which
distributed its weight over a large area and minimised
oxygen diffusion from the air under the electrode.

Microelectrodes were inserted either directly
into the epidermis or through an occlusive dressing,
under direct vision.

Otaervations

1) Oxygen diffusien through intact skin

Measurements vwere made at the surface cf skin with
multi-cathode electrodes under different conditions of
oxygen breathing, skin temperature and physiological

k.
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states. Further observations were carried out with
microelectrodes inserted into the upper layers of the
dermis and deep layers of epidermis when respiratory

gas tensions were kept conatant and changes in FO, were
made ir the gas over the skin at the electrode site.

The most striking feature of these measurements was the
rather low oxygen permeabiiity of normal human skin under
resting conditions, a feature shared with the p.;, as
coapared to the nmore oxygen permeable characteristics of
the skin of the amall laboratory animals.

A further point of some interest was that oxygen
breathing in man did not necessarily elevate the PO, in
the epidermis although it almost invariably d4id so in
small animals.

In contrast to vxygen breathing, vasodilatetion
induced by warming the body or limb distant from the
measuring site aleays raised the PO, in normal human
skin, but warming the skin locally near the electrode
site did not have a constant effect. There was an
apparent diftference ian permeability between subjects of
about 20 years old and those of 40 years; the younger
skin appeared to be more permeable. However, with the
small number of subjecte examined the difference was not
statistically significant. Different skin areas also
showed considerable variation in oxygen transmission and
this seemed to be correlated with the thickness of the
corrified layer.

Figures for surface PO, of different species
breathing air and 1009 0, for 15 minutes are given below
(Table 5). Bach figure is the mean of 3C readings
The amwbient air temperature was 20°C but the skin
temperature was not measured. The hyman subjecis
exhibited & mild degree of vasodilatetion as judged by
skin colour before oxygen breathing.

This indicates the variability of PO, of the human
skin but does not give a guide to the PO2 in the basal
layers, nor does it show the considerable effects of
temperature.
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. A sexies oY experinments to show the effect cf

i temperature on nedisl forearz skin PO, in man is

v summarised in Table 6. The subjects were in a sitting

i . poeition and had been exposed tc¢ the ambient texpereture
p for !5 minutes before measurezencs were startied.

‘ These figures indicate the quantity of oxygen

‘ reaching the outer layers of the skin from the dermal

; capillary bYed in varying conditions.

*

% Diffusion of oxygen in the opposite direction was
¥ neasured with micro-electrodes in the hasal layer of the
: epidermis of the forearz af%er occlusion of the

circulation by tourniguet. Before application of the
tourniquet the skin around the electrode was covered with
a thick polyester film (Melinex, I.C.I. Ltd.) and as soon
as the PO, in the vasal layer of the skin had fallen to
zero after the cessation of circulation (about 2 min) the
Melinex was removed to allow access of air to the skin
surface near the electrode., In B out of 20 odbsorvaticns
the besal layer PO, remained at zero, and in 2 cases it
rose to 8 mm Hg. 1In the retsining 10 cases the vaiues
were between 3 and 5 om Hg. It seemed likely therefore
that although O, did penetrate the stretum corneum it

. wag very rapidly used by the deeper living layers of
epidermis which thererore kept the PO, low. The majer
source of error in these measurements wns the exact place-
ment of the electrode point in relation to the dasal
layers of the skin. The eiectrocdes were inserted to a
standard depth and then withdrawn until there was no
dimpling of the skin, Records from electrode tracks
that showed bdleeding after electrode removal were discarded.

PR A R T d

Ry R T UL I

In contrast to the observation above, it was
noticed in rat, rabbit and mouse, that microelectrodes in
tile upper dermis as well =s in deep epidermis registered
oxygen tensions of up to 25 nx Hg even ecfter the death of
the animal, vhich indicated considerable inward diffusion
of oxygen.

Microelentrode measurepents in the basal layer of
intact human foreare skin at an ambient temperature of
20°C showed very variable oxygen tensions, with a mean
value in the region of 20 mn Hg.
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TABLE 6 Effect of ambient temperature on PO, (mnHg)
at the skin surface o7 man
; & Audient Tempersture Air O, for 15 mins. §
E 400 2.1 +1.3 2.2 ¥ 1.5 i
2000 7.0 ¢+ 4.3 21.0 4+ 10.8 3
E z7e(0 40.3 2 14.8 97 + 30.7
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An attempt to odtain a more reliable "average"
PO, for the dasal layers was made by examining fluid
from suction blisters and also from spontaneous friction
blisters. Unforiunately, even the most gently produced
suction bdlister induced local dermal hyperaemia and
readinss of PO, blister fluid were uniformly high; around
40-50 nm Hg. Similar hyperaemia waa s1so seen after
cellulose tape stripping of the epidermis.

2) Diffusion thro stripped human skin

After stripping the epidermis with cellulose tape
to the giistening moiat layer, large muliipoint electrodes
were placed on the exposed surface of the skin and air
diffusion was minimised by appiication of a heavy mineral
0il wiih low oxygen solubility around the electrode, and
covering this with a polyester film. The stripped skin
had a high PO,, of the order of 40 mm Bg and showed bdrisk
responses to %he breathing of oxygen, presumably because
local vasodilatetiocn had been induced t the stripping.
The dey aftor stripping, the PO, &t the kin surface had
fallen to around 25 ar Hg, and a day later was only 10 mm.
It remained at sbout this level thereafier.

3) Oxygen emvironzent in superficisl wounds

Loes of continuity of epidermis inevitably causes
more or less of a vascular response in the dermis as well
ags destroying the barrier properties of the epidermis,
both with respect to water loss and oxygen trapping.

In small incised wounds re .ching the dermis in
hugan skin, and to a lesser exten. in laboratory animal.:
the firat environmantal effect was the reversal of the
oxygen gradient ir the cut skin edge, and the exposure of
dermis and basal leyers of epidermis to atmospheric oxygen
tension and also to drying by evaporation. Tihis loss of
the oxygen diffusion barrier was very chort lived, even if
there was no gross haemorrhage. ¥Within a few minutes of
incision the cut edges accumulated debris, either from
clotting blood ox plasma oocziag into the wound cavity.

As soon as a clot was established the oxygen tension at
the bottom of the wound began to fall. Within a few
hours of wounding the PO, at the dermo-apidermal junction
wag often less than 10 mm Hgz. This appeared to be due
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partly to the xelltively lox 0, permeability of the scab

that had formed over the ivciofun and partly to the changes

in the dermcl blood flow thhat occurred Juring the inflammatory
response. The smal® amounts of fluids that leaked from

inflamed capillaries were quite sufficient *o increase -
diffusion distances significantly and to cause drestic

alterations in dermal tissue PO, (2,3 ). Added to this

was the accumulaticn of polymorphonuclear cells which had

a high 05 uptake. Polymorphs were subsequently replaced

g by macrophages which scted as an cxygen "sink" ( 4)

ki _ between the capillaries and the epidermal cells,

E Nevertheless, the basal cells of the epidermis started to

£ move acrosa the wound under the base of the scab, througn

4 3 the upper, desiccated iayexrs of the dermis in what seemed

b ] to be a relacively hostile environment, These mpigrating

o 1 tells were presumably capable of using .ygen although

ks little seemed to be availatle from the capillary bved.

Oxygen breathing at this time, 12 to 24 hours after wounding,

: had little or no effect on the epidermal PO, at the wound

E edge. Diffusion of oxygen from the air was also severely

: limited by the scad, and agasin only a very slow chenge in

A : wound PO, could be ovserved from increasing the 0, con-

centratiorn in the air above the wound. Oxygen supply %o

the basal layers of epidermis did not appear to increase

until about 4 days after wounding, when fibrodlast and

endothelial proliferation in the dermis wae well established.

By this tiwe the epidermis was several cells thick snd was |
rapidly re-establishing its own normal structure. {
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In thin skinned animals the scab was less permeable
to oxygen than the normal skin.

Effect of Shock

é 3 A limited number of measurements of wound PO, were
- 3 performed on 20 anaesthetized rabbits during acute

3 3 haemorrhage and early haemorchagic shock to determine the

E effects of cardiovascular changes on the oxygen supply to
£ : superficial wounds. Atmospheric air was excluded by a

” melinex film. It appeared that one of the first responses
to bleeding waa a reduction in blood fiow to and PO, in,
the wound area. During the acute phsasse of haemorrﬁage to
a mean arterial pressure of 55 mm Hg the PO, fell to gero
in all wounds studied (see also Table 1). Reinfusion of
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blooed within 15-20 mins resulted in re-establishment of :
normal tension during a half hour period (Fig.3). If f
biood was withheld for more than three quarters ot an :
hour, no short term recovery of wound PO, occurred during
reinfusion, although normal blood pressure was re-established.
Previous observations of deeper wounds in rabbits indicated
that these remained hypoxic for at least 48 hours after

45 mins of loweved blood pressure (Fig.2).

The observations are summarized in Table 7. %

Measurements under occlusive films and wound dressings

Some occlusive films have been reported as markedly
affecting epithelial migration rates in pig and man {35,36)
Measurements were made on superficial abrasions on human
skin covered by Teficn, Polythene or polyester films and
also on abrasions covered with gauze swabs, by means of
microelectrodes inserted through the covering into the
surface across vhich e¢pithelial migration was occurring.
kL 1 Similar observations were carried out on depilated rabbdbit
: skin bearing superficial ircisions reaching the upper
E . layers of the dermis. The neasurements obtained are
summarized in Table 8.

bk Ao i e

It was possible in humar skin to manipulate a
microelectrode under direct vision to measure firat the
PO, above epithelium and below the dressing, and then to
3 advance the electrode tip through the newly migrated
3 4 epithelium near the wound edge. This was feasibdle in
5 : the casse of the transparent plas’ic coverings but was
- ] impracticable for the swabs or pasaffin tulle. It cen
be seen from the table that oxygen permeabdble films allowed
E: 3 the develcpment of a completely different type of epithelial
5 : envircenment than is present in naturally healing wounds
z under a scab, whereas films of low oxygen permeadbility such
as polyesiter aliow the development of an oxygen environment
very simiiar to that under a scab. The situation under a
gauze dressing may be of scme significance. Uslder a dry
swab there is normal scab formation and the oxygen environ-
ment is similar to that in an uncovered wound with a scabd,.
In wounds where there has been fluid loss into & swabd,
whether or not a scab was present, the PO, in the wound
surface was 80 low as to be difficult to neasure with the
techniques that were used. Exudate scaked swabs can
therefore form & considerable barrier to ozygen diffusion
from the air.
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TABLE 7 Rffects «f Haemorrhage on Epidermal Wound POp
Diffusion from Air

(am Bg) in Rabbits when O

is excluded, measured with a Surface Electrode
State Number of Air Oxygen
animals breathing breathing
for 1> min
Normal Anaesthetized 20 20.0%+ 7.4 B83.7424.6
15 min at bdlood
pressure 55 mm Hg 10 0.0 1.3% 0.5
15 min at hlood pressure
55 mm Hg 4+ rainfurion 10 5.6 23.2+ 7.8
to BE.P, 590 mm dg
45 min at blood
pressure 55 om Hg 10 0.0 0.0
45 min at blood pressure
55 me Hg + reinfusion 10 0.0 c.0
to B.P. >90 mn Hg
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PABLE 8 Oxygen Tension under Wound Dr:ssings (am Hg)

Wound covering

(58 L

=4

Species Site Teflon Poly~ Poly~ Gauze Sw=d Non-ad
ethylene ester dry wet tulle
tiuder
scab)

DT

R

P
Hoe R

Above
epithelium |135 123 21

Below
epitheliun
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If the PO, of the gas above a wound covered with
e dressing was cﬁanged, the expected slterations were
found below the dressing according to its properties.
Thus, pure oxygen directed onto teflon covered wounds
raised the epiderms) PO, to nearly 700 mm Hg while
similar treatment of poiyester or wet swab-covered
wounds resulted in very much smaller changes (see Table 9).

When epidermal continuity was re-established the
oxygen gradient within the epithelium began to change so
that by 4 days after incision or abrasion a contribution
to the basal epidermal layers of oxygen from the
vasculaturc of the dermis could be detected by covering
the wound surface with an oxygen barrier and tuen having
the subject breathe pure O, for 5 minutes. By 8 days
the wound PO, gradients had been reversed due to the
relatively impermeable nature of the newly eatablished
cornified layer, and achieved a situation similar to trat

' found in normal skin.
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Effects of Minor Stress on Skin Wound P02

)
s
YL

Skin circulation in man is notoriously responsive
to emotional stress and vasoconstriction of healing dermal
7 ; wounds in rabbiits is a feature commonly associated with the .
3 . retardation of wound healing which may occur if an anizal
is placed in unfamiliar surroundings or is exposed to
noise or physical disturbance (Fig.1). A few measure-
ments were therefore made on PO, of stripped epidermis,
using a surface electrode, in man and in rabbits, to test
the effect of very minor stress on oxygen supply from the
dermis. Measurements were obtained from 6 people, three
of whom were familiar with the invesigeiion and quite
relaxed, anu three who were new to the situation and mildly
apprehensive. In the case of the rabdits, measurements
were made in an unfamiliar room with & high intermittent
noise level vhich had previously been shown to be associated
with contraction of blood vessels in healing connertive
tissue. The results, whkich form only a very small group,
are shown in Table 10.
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{ 3 Each figure represents a mean of 6 readings on each
.; 3 subject, thua the figures for the rabbits are a mean of 18
b ’ readings.
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. TABLE 9 Effect of 5 min exposure of wound area to
pure 0, atmosphere, on PO> ¢Z wound surface
below various dressings

SN S R R G L g R SO

SALTn
Ly

Dressing PO, (zm Hg)

e b

Teflon 685
Polythene 628
Polyester 173
Nonad-tulle 161
Dry swab (measured under sceab) 48
. Wet swab 35
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TABLE 10 P02 (mm Hg) in stripped skin during mild stress

PO, breathing

Sudbjects PO, breathing air 0,°for 5 min

o

28 98
42 163
36 148

Experianced
Group

Q =

TG eRT oY

o

15 43

Kaive Grouyp E i 16
11 14

tzf

b
-3

Familier room Rabuits(3) 45+ 4.0 89 +

-3
o)
-3

Noisy room Rabbits(3) 12.6+ 4. 40 +

¥
1!

|

e NS ¥ ek s ek s m s

H
%
1
&
¥
3
b
kS
H
&
%
3
3
3
3
H
¥
H
4
3
4
i
3
3
2
2
%
3
3
:
3
3
b
%
ES
<
s
>
2
3
5
d
3
]
1
4
3
]
y
’
:
s

N s



T R R L (I T e T}

fa e v e T T

&‘,
§
5
£

T S ——
R B Ryl E oy e e e e

WE e~ ity FOE K:E-‘ﬁas\ SNSRI S e T

- -

" o T B NN TN P S P s pmengreeive e PRRETIIOONR

Effects of Infection

Occlusive t° atic akin dreasings ln man are
frequently asscciateu with superficial wound infections
and Jestructiova of epideramis. Similar infe tions may
develop on depilated rabdbit skixn where a auperficial
abréaion is covered by plastic film. Measurements of
PC, under occlusive dreasings on rabbi:; skin wounds
indicated that even when oxygea permeadle films were
used, developing bacteria were adble to lower skin surface
oxygen mncentrations very considerably. An interesting
feature of such measurements wvas that the fall in PO
consicderably preccded any viaual indication of infec%ion.
The bacteria encountered under the films were Proteus,
Pseudomonas, and Staphylococci epp. Epidermal cell
detachment from the underlying tisasue wae a feature of
infestion under inert films and occurred soon afier the
rapid fall of PO, due to the bacteriz was detected.
¥hen infiltration of polymorphonuclear cells in the
wound appeared, the PO, was further reduced and approxi-
mated to zero even under Teflon films. Srontaneous
infections were most commonly seen under polyester tilm.

Mepauregents in Superficjal Burnsg

Blisters were raised on human skin by mild tlrermal
burns. Examination >f the fluid in such blisters showed
an oxygen environment somewhat different from that in
suction cr friction blisters. PO, in bdlister fluid was
low i3 tially althougch it rose after a few houra,
apparently due tn slow diffusion of O, into the flaid from
tke &ir. [he damaged tissue under the blister exhibvited
a PC, of zerc and no change could be elicited wher oxygen
was breathed for 15 minutles. Microelectrodes were slso
‘unseried into the reddened skin at the edge of the blister
»nd again very low oxygen tensions were recarded which
showed little or no alteration during cxygen breathing.
The major difference in oxygen environment between incised
or abraided wounds on the one hand and minor burus on the
other, wag that very low tensions in burns persisted for
five or six “ays after injury, whereas in the other
injuries re-establishment of normal PO, gradients started
after about 2 days, prov’ded no infection developed.




Clinical trial

A clinicai trial study has been set up in
collaberation with Mr». K. Luces, Consultant Orthopaedic
Surgeon to the United Bristol Hospitlals to evaluate the
use of lccal and systemic oxygen at atmospheric pressure,
. in the treatment of severely damaged skin over compound
E ‘ fraucture sites. This trial has been instigated to iry
[ to improve healing especially in thonre ereas where blood
supply to the skin may be ainimal fcllowing traura. 1t
is also including cases where skin grafting has beea
used to repair deficits.

The results so far, on a small number uf casce
are 2ncouraging and apprroaches I e beenmde to Mr. Lucas
from the hospital accident service, for extension of the
trial to cover non orthopaedic cases.
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The development of the various systems outlined
. in this report give useful tools for investigation of
tissue conditione assodated with healing and non-~healing
situations. The fundamental studies of oxygen diffusion
and the measurement of pE and Ppg, in shock should help
in developing the rational approach to the treatment of
trauma cases.
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Results confirmed that increased uxygen supply to
wounds will accelerate the healing process, both as
regards connective tissue and, more particularly, epidermis. :
There is, however, some discr- ;dncy between deep and
superficial healing in regard to the response to very high
levels of oxygen tsnsion. Connective tissue repair
appears to reach & maximum raie when inspired air contains
40% 0,, but it declines if the ambient O, conceniration
rigses above this level. Cn the other hand epithelial
repair rates improve when direct access of 100% 0o to the
healing surface is allowed. This apparent anomaly is

- probably due to vascular factors which lead to vaso-
constriction in small vesssls at high oxygen temsions and
which therefore tend to lower, rather thanm increase 0,
supplies in wound areas when very high oncentrations of
Oz are bdreathed. 0f course pulmonary charges also o~ocur
during pure oxygen breathing fSB) which lead to eventual
lowering of the PO, and which reinforce the failure of

£ . supply to the wound.
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*hus it seers a rational approach to encourage
maximuzn 1ealing rates could well be to enrich the oxygen
R: content of the inspired air to a level of 30 or 40% 0,
¥ : and at the same time to expose the surface of the wound
to pure O, tc encourage epidermal migration. In clinical
E - terms the sealing of the defect by the epitheliuw is

PRV

" ey

%
- g

3 : usually the first priority.
. .
> £ The observatione on shock and haemorrhage merely
i F confirm clinical experience with reference to the effests
-] 3 >n healing processes. The prolonged recovery from shock
3 % appears to be due in part to leakage of fluid from vessels
2 £ which increases diffusiocn distances in extravascular spaces
i : and thus renders the tissue environment hypoxic and hostile
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to cellular activity. The practice of resuscitating
shecked patients with massive infusions of fiuid with
low colloid osmotic pressure increases this leakage and
mnight actually retard recovery.

Dapaged Skin

Minor superficial damage such as cellulose tape
stripping of normal human skin produces markeda changes
in the oxygen permsadility. Not oaly is the skin
permeadbility incressed, but the normal oxygen gradients
may be reversed, especially where the dermal capillaries
are not dilated. It aight bte reasonadble to postulete
that the control of epidermal growth and replacement
could to some extent be dependant on the direction and
steepness of oxygen gradients within the epidermis.

¥hen more severe darage is considered and the
mrovement of epidermal cells across a wound surface is

-examined, it appears that under a scadb the conditions

oY oxygen supply are far from good. Epiderzal cells
before atarting migration accumulate giycogen and it

wvouid seem that much of their energy requirements during
pigration under a scab must be derived from glycolytic
activity. Nevertheless, epidermal cells in the migratery
rhase do0 have a considerable capacity for oxygen uptake
as can be seen from Table 8 where a single layer of
migratory c21ls is shown to modify considerably the

amount of oxygen reabhing the deeper tissue from *‘he air.

Winter's observation on the healing rates of
epidermal wounds in pig under different types of occlusive
filas and the effects of different oxygen atmospheres on
such healing {39) strongly suggests that oxygen supply
can be a major factor in determining the rates toth of
mitotic activity and of epithelial movement. The more
lJimited data on movement of regenerating epidermis under
inert films reported here support Winter's studies and
algo indicate <that occlusive plaatic skin dressings
should probadly be evaluated in terms of their oxygen
permeability &s well as water vapour and CO, permeadility.
Other factors which must also be considered are thcse of
the heat retaining character of the film (40).
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Tre feow measurements that have been made on

. superficial burnes suggest that at least onc aspect of the
delayed healing characteristic of this type of injury,
may be the lack of oxygen availadbility to the damaged

. tissue, Clearly however, a gre&t many more measurements
of burn eavironment must be carried oui before any firm
conciusions can be reached, but the diffuse nature of
burn injuries presents tissue with a wspecial problem in
that there is noc clear, undamaged region from which
regeneration can start. Thieg unsatisfactory state is
further complicated by the lack o2f early development of
new blcod vessels and a persistently low tissue PO.,.
The divergent results froe the use of oxygen in burn therapy
show that more carefully controlled cbservations are
necessary before the role of oxygen in burn Lealing can
be properly evaluated. .
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Reporte on the use of oxygen therapy for prolonging
the survival of skin grafts have been generally encouraging.
It may at first sight seem surprising that intermittent
exposure of epidermis to hyperbaric cxygen for short
periods at long intervals could have any lasting beneficial
effect on cell renewal. However, if one considers the
very fluctuating behaviour of the ratural ernvironment of
the deeper layers of the epidermis ia terms of oxygen

: supply and the drastic reversals cf O, gradients that
occur during epithelial damage and repair, it may well b=z
{hat external, artificially applied changes in gradient
could provide a necessary stimulus tc¢ preliferstion, as
well as supplying some extra oxygen temporarily for
metabolic usage.
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The observation reported here on the relative
ireffectiveness of short-term oxygen breathing in clarnging
vound PO has also been noted in regard to dermal wounds.
It seems that externally applicd oxygen direct to tae
wound surface, for instance by enclosing the treatment
area in a plastic bag full of Oy, is a more certain, :f
rather slow, way of altering the wound environment. This
is particularly true of even mincr turns. Such locally
appiied oxygen will not have a great erfect unless the
wecund is free of either natural or surgically applied
oxygen diffusion barriers. Eschars and exudate-ciogged
gauze cressing are particularly good btarriers whereas
pie3tic films which allow water vapour and oxygen diffusioxn,
and yet keep the wound surface moist and suitedble for
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epidernsl migration seem to provide alamcst ideal conditions.

e ¥ The probles of infection under such films 3till remains to
v be deslt with. .

& The information presented in this paper partially
& answers tae questione posed in the introduction to
Sestion III but consideradble scope is left for speculation

° E on the question of whether ¢r not the level of oxygen
E ; supply is a vital or merely secondary factor in epidermal
b ¥ regeneration. ;
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4 Re dati

Oxygea applied directly to hesling surfaces is
. likely tc encourage and speed epidermal healing,
particularly if the damaged area can be kept moist.

The developpent of haemorrhagic or endotoxiz
shock delays wound healing because vesgels in a damaged
area ae especi:ily liadtle t¢ perfusion failure and to
leakage. Treatment .of adock by intravenous infusion of
Tluids of low colloid osmotic pressure may wall worser
the local environment of a wound.
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