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ABSTRACT

The history of clinical skin flaps and
experimental flap research was reviewed. Despite
advancements in flap transfer and design, skin flap
failure continues to cause significant patient
morbidity. A new experimental flap model in a fixed
skin animal was developed and its versatility
demonstrated. The length of time that a skin flap can
withstand an ischemic insult was measured. Thirteen
hours of 1schemia was tolerated by 50% of the flaps.

The etiology and pathophysiology of skin flap fatlure
was investigated by assessing a new objective monitoring
technique (stal> wound blood analysis) and by measuring
flow with radioisotope techniques. It was shown that
skin flape fail because of artérial insufficiency rather
than venous 1nsufficiency. Based on this data, attempts
to salvage the failing flap were made surgically and
pharmacologically. Flap survival length was increased
by surgical augmentation of arterial inflow but not by
venous drainage, phenoxybenzamine, isoxsuprine or
reserpine. Salvage of the failing skin flap remains a

————
challenge to the clinician.
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RESUME

Un relevé de 1'évolution des lambeaux cutanés effectués
chez des patients ainsi qu'en laboratoire a &té réalisé.
Malgré les progrds accomplis dans le choix du site

-

donneur et dans la méthode de transfert des lambeaux, la
K "~y
nécrose de ces lambeaux cutanés continue de causer une
morbidité considérable. Un model expérimental de
lambeau cutané a été établi a3 pattir d'un animal dont 1la
peau esg int imement lide au tissus sous~-cutanés, comme
chez 1'homme. Nous avons mesuré pendant combiren de
temps la peau pouvait résister 3 1'ischémie. La moitié
des lambeaux ont resisté a 13 heures d'ischémie.
L'étiologie et la pathophysiologie de la nécrose des
lambeaux ont été examinées 23 1'aide d'une nouvelle
méthode (prél2vement de sang par microméthode sur le
lambeaux) et egp mesurant le flot sanguin aux moyens de
(Y
techniques radioisotopiques. Il a été démontré que
c'est %finsuffisanc; artérielle qui est la cause de la
nécrose des lambeaux cutanées. En se fondant sur ces
conclusions on a tenté de sauver des lambeaux en voie de
nécrose en faisant une intervention chirurgicale ou
pharmacologique. Le temps de survie des lambeaux a pu
etre prolongé en augmentant la vascularisation

artérielle de fagon chirurgicale mais aucumne survie

accrue ne fut associde 3 1'utilisation des medicaments

-
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phenoxybenzamine, isoxsuprine ou de la réserpine.

Sauver un lambeau cutané en voie de nécrose demeure un

défi pour le clinicien,
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Skin flaps are utilized‘to close large tissue
defects on,every surgical service, including extremity
injuries (Orthopaedics), major facial defects (Bead and
Neck Surgery), radiation ulcers (General Surgery,
Gynecology), and pressure sores in paraplegics (Plastic
and Pediatric Surgery). Failure of a major skin flap
secondary to 1nadequate intrinsic blood supply occurs in
10-15% of cases with increased patient morbidity ranging

from prolonged hospitalization to death. Salvage of the

distal portion of a failing flap is presently impossible

because its pathophysiology is poorly understood.
Methods for early detection and reversal ‘of the failing
flap have not been devised.

The principal objectives of the present thesis were
the following: 1) develop accurate methods of monitoring
skin flap viability, 2) to determine thg‘etiology of
skin flap failure, and 3) to evaluate phgrmacological
agents for salvaging failing flaps. In contrast to
pgevious investigatofs who studied the mechanism of the
delay phenomenon, this report concentrates on the
failing skin flap during its initial, 0-12 hours‘

postoperatively.
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Throughout history, the closure of large skin
defects has plagued patients and challenged surgeons.
The etiology of these defects has included trauma,
infection, congenital abnormalities, and most recently
surgery and radiation. Durihg the past fifty years,
reconstructive surgery has evolved as a specialty to
overcome this pan-surgical problem. Numeroug
imaginative operations have been devised to utilize
adjacent tissue or to move skin from a distance. The
incidence of major necrosis ranges from 10-15% and minor
necrosis may approach 30%. Unfortunately, it is a
clinically proven rule that the portion of a skin flap
which fails is the part that was to have provided the
essential coverage. Flap failure results in increased
-hospitalization and may cause significant morbidity
iqcluding sepsis, amputation, and even death.
Surprisingly, previous plastic surgery research has
concentrated on how to make flaps longer rather than how
to recognize and prevent flap failure. This report
represents a new approach to a frequent problem which
continueg to cause significant patient morbidity and to
compromise surgical results,

It must be emphasized that the subject of why skin
flaps fai1l has not been directly addressed in the
" literature prior to this review. Therefore, the

following background material is drawn from related

ot
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fields concerning the vascular anatomy of the skin,
clinical skin flaps, and research 1into the delay
phenomenon. The resulting synthesis helps provide the
critical information necessary to solve the question of

why skin flaps fail.

DEFINITION AND CLASSIFICATION

Biological closure of skin defects can be achieved
with either skin grafts or skin flaps. For the
uninitiated, the distinction between these two
procedures is often confused. A skin graft 1s composed
of epidermis and dermis which is moved from one part of
the body to another and whose initial survival is
dependent upon a plasmatic circulation from the
under lying recipient bed (188). In contrast, a skin
flap is composed of epidermis, dermis and subcutaneous
tissue whose survival following transfer is dependent
upon a functioning intravascular circulation through the
flaps intrinsic blood vessels. A knowledge of the
anatomy and vascular supply of normal skin is essential
for a basic understanding of current research 1in skin
flaps.

Skin 1s composed of two layers: the epidermis and

dermis. Underlying the dermis is the subcutaneous
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tissue through which runs the blood VQ§sels that supply
the skin. As proposed by Daniel (41,42,52) the vascular
supply to the skin may be conceived of on three levels =~
segmental, perforator and cutaneous. Segmental arteries
are large branch vessels which are 1n continuity with
the aorta as regards thelr pressure. They usually
course in a plane deep to the muscles (eqg. intercostal
vessels). The perforator vecrasele function primarily to
supply the muscles through which they paac and to serve
as conduits from the seqmental vesc<els to the -utaneocus
circulation (eqg. thoracoacromial). Cutaneous wvessels
are of two types: musculocutaneous and direct cutaneous.
The main blood supply to the skin 15 via numercus
musculocutaneous arteries which penetrate directly from
the underlying muscle through the subcutaneous tissues
and 1nto the overlying d@rmiﬁmquhdprmalwplcxi. Each
individual vessel supplies a relatively small area of
skin. This supply is augmented by a limited number of
direct cutaneous arteries which course parallel rather
than perpendicular to the skin (eg. dorsalis pedis).
These veséels course 1n a plane between muscle and skin.
Simplistically, skin grafts may be classifi:ed as
split thickness or full thickness.\ Skin flaps are
thicker and incorporate a portion ¢f the subcutaneous

tissue which insures preservation of the subdermal

vascular plexus. When skin coverage is required, the
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simpler procedure of grafting 1s utilized provided an
adequately vascularized bed is available. 1In cantraéﬁ;
a skin flap 1s a more complicated and uncertain
procedure which is reserved for cases where an
inadeqguate recipient bed 1s present nr other extenuating
cilrcumstances exist. Commonly encountered situations
are defects uvoriylnd.baro bone, tendon or nerves,

radiat 1on damage, burn scars or coverage of essential
structures (eg. major bionod vessels). Flaps may also be
considered 1I future surgery 1= planned throuagh the
site.

The original classification of skin flaps was based
on the method of movement from donor to recipient site.
For local movement, sinale pedicle flaps were advanced,
rotated or i1nterpolated (186). For distal movement, a
mobile donor site was brought to a fived recipilent site
or a mobile reciplent site was approximated to a fixed
donor site. 1f both donor and recipient sites were
fixed, then a temporary mobile attachment was used to
Jump (tumble or caterpillar) a skin flap from one area
to another.

A new classification of gkln flaps has evolved
because of ar 1improved knowledge of the cutaneous blood
supply and refinements in the methods of movement.
Daniel (41) has classified skin flaps on the basis of

their blood supply into 3 major dgroups: random

@ ke
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cutaneous, myocutaneous and arterial flaps. A random .
cutaneous skin flap can be designed anywhere on the body
and is supplied by terminal branches of the ¥
musculocutanecus vessels (B89). A specific arteriovenous
system 15 not incorpcerated into the pedicle nf these
flaps. A myocutaneous flap 1s Aesigned in relationship
to an underlying muscle. The blood < ipply of these
"compournd” muscle skin flaps 1s from *he muscles
dominart arteriovenous pedicle which =ubdivides .nto
multiple musc zlocutancous arteri1es terminating in the
dermal vascular plexi. An arterial f.oap (190) is
designed 1n relationship to a specifi~ direct cutaneous
artery (e.qg. superficial temporal artery, dorsalis pedis
artery, super Picial inferior epigastr.c artery).
Concurrently, this appreciation of the hlood supply
to the swin has allowed more sophisticated methodes of
movement which minimize wastage of time and tissue. An
island <kin fiap has as 1ts pedicle orly the essential
blood vessels. With less pedicle wastage and restraint,
the flap can achieve a greater 5%%8 of rotation and
utilization. A free skin flap 18 essentially an island
flap which 1s detached from the body and moved to a
distant site where 1t 18 revascularized via )

microvascular anastomoses to blood vessels in the

recipient bed.
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BISTORY - CLINICAL

Skin flaps were devised long before skin grafts.
In ancient India, local advancement flaps were used to
close skin defects secondary to infect//on or trauma. 1In
1597, Tagliacozzy (210) of Bologna repecrted the use of a
distant pedicle skin flap {rom the arm to reconstruct an
amputatesd noae Perroidieatly skin flap e were
"rediscovered” and popualar.zed., Howeves 1t wac not
until Wor ld War 1 that ski~ flaps became a «ommon
surgical procedare, Due tr trenct warfare and 1ts
associated facial injuries, reconstruction with distant
tissue became a necessity 1f otherwise healthy vyoung men
were to return to society. Filatov and Gillies (210}
independently began tubing (sewira parallel edges
togethery flaps to reduce 1nfecticn, scarring and
shrinkage. Numerous technigues were devised to move
skin from one area of the hody to another but they often
required multipie operatiorns with prolerged
hospitalization. For example, a large xCcm long X 10cm
wide flap, (hereinafter flap length 1s given first
followed by flap width) would be tubed on the abdomen
for a three week "delay" peri1od. Then one end would be
divided and attached to the wrist. Three weeks later,
the opposite end would be divided and tre wrist with its

dangling tube flap would be sutured to tne facial defect

o
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and the patient immobilized 1n a "harness handage" for
four to s1¥ weeksg. Once the flap galnedld ite blood
supply from the face, tge arm attachmert would te
divided and the flap. completely <atared to the face

where 1t would e ireerted wer a 6 B week 1ertad,  As

reviewed by Strane (7497, 14 the gverass teconctror tjye
per 1wl wac S R monthe and requireos b opsraty o nc

Sine s omary f rhece  f ape faaoled 0 0 b v gue
necroals, Impre ved tecbroag we s ey el The me =t

commonly empioy et met hod we the felay , rocesdars wt 1ch

wac antroduced Po o Hamyplton 143y = pe o plar czed by

n

Blasr (17;. The delay procedore involisd paraliel

w

af rhe

tncaslons with elevation ar undermingny
intervenirag sk whi h was then retuarne ® to 1t% hed,
Thrﬂp‘weokﬁ later, one ha<ce wonld he di 1ded and the
resulting =kin flap elevated and rransferred ac 3 cingle
pedicle flap irtn the recip.ent hed, V,anhility ~f +he
longer flap was =igrificant i, 1mproved v ot at tre or st
of tissue fibhrosis and addi+ 1onal surger .. However, the
reward justified the expence and the de ay procedurse
became the only method avai.able frr acr (eving
additional flap Iength,

Concurrent with *the de. elopment of *we tuhed flap,

of flap des.an had evelsed, 1t was

-

a second =schoo

hased on a deta:ied knowledge of the cu*ranevus vascslar

anatomy. In 1889, Manchot 117), a German aratomist,
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did extensive anatomical dissections of the hiood supply
to the skin. Esser (63,64} arnd others (17 utiiirzed
this knowle Ige 1 the design . f numercus srter ral and
1slarl flape of tre fare 210 . Wel <tey ST
extrapolate 1 tY 1« concept to the toroo o an Yt oanty WA, et
the troracoeppaactr 1o skqr tioapr, [~ the 300 1ttt ey
{114y pioneered ar 19 tand  er oy sp bgoed v b
digqit sl neor svacos ar Puntles top orectoritig e bt Yo
crit i a3l areas of the rtogrsd ST L B vy vt
discriminat rry tac tile cercodtoon to the pir-h oares of
the tand wa< rme « ¢ the procedires cren who b 1re e
of modern re o onstr iotive hand suargerv wae r.oice

The next advarce was reec o wganlt e of tre 1oie ot the
hlood supply 1n skin flap Yesian as propocs 4 ocpinically

by Mchregor «13h) and experimentally by Mi;ton [ %) and

Dante . (52). Sx1~ flaps coul? pe divzided gnto trose
with a random bjocd sopply an? those with a specific
arter:al =upply. With thi=s ¢- ncept the anatam f the

skin vascularure was restudies and a3d:t1ormal fiaps
desigred including the groin 35,191 and Jeltrpectoral

(81 fiaps. The develormenrnt of arterial flaps from the

oy

torse was a milestone 1n the esoluticon of read srd neck
surgery. Prior to the 196{’'s yrimary reccr-stru~ticn of
large facial defects following cancer resec*10r wasc not

possible due to tre paucity of nonirradiated local ski-.

Soft tissue recons+truaction 146,217, required m

™
et
+
-
3
Svadd
D

TP Y
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preoperative delay procedures which precluded early
surgical excision and had a hiagh risk of necrosis. Due
to its axial arterial blood supply from the anterior
thoracic pertorator<, the deltopectoral flap (44) .
offered a large amoant of ckan 140 X 15cm) without delay
from heyvond tir ares of arradiation. Thiu« the

introde _tion of new arterias ckan flaps (forehead and
deltopestoratl: has revolut ionized head and neck surgery
by permitting jitger renectione with leczered morhidity
and primary reconstraction.

Foollowing inttre duction of the modern . perating
microsc-.pe (4%) and extensive research (76,:11,199), it
became prssibie to directly transfer an 1sitand flap from
one part of the hody to ancother by microvas—alar
anastomoses (Rhy . New flape were designed to retain
their esgential sepsory nerve cupply
(46,50, 1,10h0, 129,126y snd to 1rcorporate viable bone
(161,203, The perfection ~f free tissue fransfers by
micrnvascular arastomeses has <:qgnificantly altered the

4

approach to combiined csteocutanenus defects ot the jower

%
extremi*ty, Ornventi~ral technigues congisted of <kin
b ~
coveragde with a crogs~leq flap 726,1%0) fol.owed by
secondary bore arafting ~ver several monthe, The
L
rone~gtaze free ~stecrutarecus arvin flap provides a

vascular 1#¢d borne graft with more rapid 1ncarporation

than conventicnal bcne grafts, as well as trhe reguisite

A1 Do e e
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skin coverage (202). :

Concurrent with the evolution of free flaps, a
separate group of i1nvestigators deduced that the
vascular ity of many random pattern flaps could be
improved by elevatirng the underlying muscle with the
skin as a single un;t (118,123,:124,129). Tre blood
supply to muscle wa- ortaginally detairled by amphell and
Pennetather (.5) but 1t was not atilized by
reconstyactive surdgecns for <kir flap Jdesigrn until the
last decade (163,164, . McCraw (123,1.4) has ploneered
the experimental and clinical design « f myocataneous
flaps. Myocutaneous flaps are mf\paxtxcular value fort
cover ing exposed vasonlar prosthesis on the lower
extremity. Dues to the prevelant iachemic ardior
diabetic condition, conventiona. skin flaps rave an
unacceptable high complication rate. Myocutaneous
flaps, especially thes nmedial ga=s+trocnemiur (£5,125) and
tensor fascia iata (53), can proevide ecsential skin
coverage with 3 miniral complication r?tﬂ‘(i:>. in
additior, the gracil.s myorutanenus flap (L7 allows
vaglnal reconstructio~ and c¢losure of large :rradiated
lesions .n the perinesm.

During the past -decade an 1ncreased knowledge of
the hlocd suppiy Yo *he skin plus utilizaticr of the
operating micreoscope 85,1610 has initiated 3

renalssance 1n reconstructive surgery which ras been
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manifested in all surgical speci?lities. Reconstructive
procedures that previously were either 1mpossible or
required multiple operations can now be done often 1n
one operation with enormous benefit for the patient

(18,43,48).

CLINICAL COMPLICAT%ONS

Since the principle purpose of a skin flap is to
provide <«kin coveraqge, full-thicknegs ner~rnsi< of a flap
1s & castastrophic cemplication. Clinically, skin flap
failure can result ir sepsis (occualt orocutansous
fistulas), exposure of critical structures (major
vessels, pericardium, ., extremity amputations and even
death (carotid blow-cut). The extrinsic causges of flap
failure include systemic factors finfection,
malnutrition, hypotension, arteriosclerasis) and local
flap facters (kinking,., compressicn or tension.. In most
cases, the extrinsic factors can be prevented by
preoperative patient yreparation and attentive
postoperative nursing care. As extrinsic factors are
controllable, the primary cause ~f skin flap failure is

an 1ntrinsic factor - 1nadequate nutrient blocd flow.

The precise pathophysiology of trhis poor flow state 1s
inadequately understond. 1t has teen theorized by some
that 1nsufficient venzus drainage 1s the primary event

(97), and by others that a decreased arterial inflow is

ortmioncsre
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t§ blame (168). Still others postulate that flow is
shunted away from the nutrient capillaries through

arter iovencus anastomoses (174). The validity of eacﬂ
of these ccncepts is still questionned. Surgeons do not
understand why flaps fail.

The complexity and imprecision involved in the
treatment of this complication 1s 1llustrated in the
method of «recution of a conventional skin flap. The -
flap is deciqgned to cover a defect on the basis of
generalized gquidelines derived from a knowledge of the
cutaneous blood supply. The flap is then elevated,
transferred and sutured 1nto the recipient bed.~ 1f the
color of the flap looks "good" to the surgeon, dressings
are applied and the operation is finished. TIf the color
looks "bad", then the compromised portion is resected
and alternate methods utilized. 1If the flap slowly
fails postoperatively, nothing is done because 1t 1s an
"instrinsic factor™. Thus, a total i1gnorance exists as
to why flaps fail as we.l as to how to recognize flap
failure eariy and what —an be done to salvage the
failing flarn.

Only a few review ztudies of flap failure exist in
the literatc.re. Complication rates of random cutaneous
flaps for paraplegic pressure sores 1is reported at 15%
{72). Dawson (54) reported that random cutaneous Cross

leg flaps had some form of necrosis in 40% of cases with

R ot SRS
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12% attributed to intrinsic factors and 28% to
infection. 1In a review of 196 tubed pedicle flaps
{random cutaneous type) Stranc (197) reported the
incidence of instrinsic necrosis to be between 9 and
20%. Statistics for failure of myocutaneous flaps have
not been reported but distal flap necrosisldoes occur.
Arterial skin flap failure rates have been reported
primarily for the deltopectoral flap. Gingrass et al
(74) noted that necrosis of the distal portion was due
principally to inadequate vascularity and secondarily to
extrinsic kinking or tension. XKrizek {110) evaluated 57
deltopectoral flaps and found major necrosis in 10% with
minor necrosis in 24%.

The failure pattern of free flap transfers by
microvascular anastomoses represents an interesting
contrast to those of conventional skin flaps (185).
Since a free flap usually has a single artery and vein,
it is generally accepted that arterial thrombosis causes
a white flap whereas venous thrombosis causes a cyanotic
flap. 1If the problem is recognized and corrected within
6-8 hours of its occurrence, then the flap will survive.
If the anastomoses can not be revised then the entire .
flap usually necroses. It is tempting to postulate that
salvage of a féiling free flap is comparable éo the
problem existing in the distal portion of a standard

flap that fails. BHowever, detailed analysis
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demonstrates significant differences in the two
situations«\ Rather than representing reversal of an
intrinsic failure, revision of an anastomosis is merely
correction of a factor external to the flap itself. 1In
addition, a failing free flap is either totally ischemic
from blocked arterial input or undergoing engorgement‘
due to blocked venous drainage. In contrast, the
imbalance of the microcirculation in the distal portion
of a skin flap is probably shunt per fusion or inadequate
perfusion of the capillary bed. Whereas external events
will permit salvage of the failing free flap, successful
manipulation of the microcirculation has not been
achieved for conyentional skin flaps.

In summary, despite advances in skin flap design
and methods of movement, complications continue to
occur. Since current reconstructive procedures are
often more extensive than previously, flap failures
cause greater complications. The exact pathophysiologic
mechanism behind this failure is not understood. Thus
it is imperative that a technique for early detection of
impending flap failure be developed, that we understand
the etiology of the failure and that treatment be

P

available to reverse the process.
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HISTORY - EXPERIMENTAL STUDIES

Since Filatov's (53)’1nitial description of the
tubed pedicle flap in 1917 which was based on
experimental flaps in rabbaits, skin flap research has
continued to improve clinical techniques. Until )
recently the main goal of this research was to develop
clinical guidelines for the safe timing of flap
transfer. Unfortunately, numeagﬂ% skin flap designs
have been investigated in a wide variety of experimental
animals. Data obtained in different species are
probably not comparable and substantial differences
exist between flaps of various design.

Popular experimental models have 1ncluded those in
loose skin animals - rat (130,218), rabbit
(121,151,184), and dog (60,204) and more recently fixed
skin animals-pig (105,168,194). In loose skin animals,
survival patterns are extremely variable and usuall§
only one flap per animal is created. Thus each animal
does not act as his own control and separate control
groups are required. Finseth et al (69) developed a rat
abdominal flap whose control survival area was 10.4cm2 +
6.2cm2, a greater than 50% viriability. Myers and
Cherry (151) have employed a rabbit back flap whose
survival ranged from 2 to 8 cm with a mean of 4.5 cm.

In these exper iments large series are required. 1In

M ASAAGERL ) bR, SO e o ¥
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fixed skin animals (pig), numerous flaps may be designéd
on each animal permitting multiple experimental designs
while retaining a control. Milton (141) was able to
achieve a consistent survival length in pig arterial
flaps with a mean survival of 11.3 cm + 0.4 cm.

As our understanding of the skin's vascular anatomy
improved it bhecame apparent that loose skin animals
possess a significantly dif ferent cutaneous blood supply
than man, a fixed skin animal., Rabbits, rats and dogs
have a densely hairy fur which is loosely attached to
the underlying muscle by areolar tissue devoid of
numerous blood vessels. The skin vessels enter cephalad
and caudad as direct cutaneoas vessels then run
longitudinally 1n close association with the panniculus
carnosus. In man and pig, the skin is sparsely covered
with hair, firmly attached to underlying muscle and
penetrated by numerous musculocutaneous arteries.
Alt?ough the panniculus carnosus 1S present over the
abdomen 1n swine, it 1s without special vascular
properties and 1S comparable to the avascular Scarpa's
fascia. Since the panniculus carnosus is absent over
the buttock, this area provides an 1deal site for the
design of experimental flaps for research. For this
reason, prior experimental studies can not be completely
accepted and must be interpreted with caution. Previoug

exper imental skin flap studies can be divided into three
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major areas: 1) anatomical changes in an elevated flap,
2) physiologic changes, and 3) methods of augmenting

flap survival (delay phenomenon).

ANATOMICAL CONSIDERATIONS

Morphologic changes in skin flaps have been studied
in regards to flap desiqgn, change in blood vessel
caliber and orientation, as well as evidence of
denervation, Priyor to 1970, %klg flap design was based
on a length to width ratio (199), 1e. a flap would
survive as long as 1ite length was not dgreater than twice
its width. However, the éxperlmpntal studies of Milton
(1403 and of Daniel (42,52) have demonstrated that the
length to width ratio 1s not applicaeble to random,
arterial or island flapé. This research demonstrated
that a flap's surviving length is determined principally
by 1ts blood supply, not by 1ts width. Therefore, the
best means of achieving increased surviving length, is
to augment the blood supply, rot to i1ncrease the flap's
width . Augmentation of blood supply 15 done by
designing the flap in the area of a direct cutaneous
artery or over a muscle that has a dominant vascular
pedicle. Previcusly, clinical skin flaps were designed
on a length - width ratio, they are now designed in
regard to the underlying vascular anatomy.

Anatomical changes of the vasculature in skin flaps
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have been documented by histology and microangiography.
German et al (73) 1nvestiqgated changes in dog tube flaps
and found that within 10-14 davys follmwinq flap

elevat 1on there was an 1ncreace in the size and rumber
of vesaels a<s well ac recrientation along the flap's
axis (i9). onway (34) ~=d later DeBhaan (55) observed
rabbit tube flaps and confirmed that theilr veasels
became longitudinally orasanized, tortuous and more
numerc <, I 1lman and Ve Tland. o 114) stuadied a rabbit

ear, t13p withn an vivo mic roangiography and demonatrated

ha S

»

enlarge1 ver nels with Jorzitudiral recrjentation,

Vessel ingrowth from surrs andirg tissues has bheen shown
by several i1wvestigators *o ocrur by the fourth to fifth
day (1%,184;. I't appears that nblood tlow in gkin flaps
1s based on s dilaticen ot and reorientation in
preexi<sting channels and not development of new vessels.
Wound edge healing leads to supplementary
vascularization trom the geriphery.

Bistologic changes in bhoth autonomic and cutaneous
sensory nervesg have been documented 1n skin flaps with
histochemical techniques. Palmer (165), using a rat
dorsal flap :a random cutaneous flap) studied the
catechoclamine content of sympathetic nerve terminals by
the formaldehyde 1nduced fluorescence technique. He
documented disappearence of catecholamines by 30 hours

following surgical incision. Reinnervation and

e
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accumulation of catecholamines began 4-8 weeks
postoperatively. Waris (209) also using a dorsal rat
flap investigated catecholamines with hoth faormaldehyde
and glycxylic aci1d induced fluorescence. His findings
confirmel tho<e of Palmer. Wari~ simultaneoasly
cheerved cutareonus sensory nerve s hy thne noncopecif o
acetylel = line=terase (nsAch) rea-tion. The ngAch had
dicappeared b, the [4th pootoper ative Iay ar 1 hegarn to
resppear between 4 0n weeks postozerat , cely, Fdstr. m
(1) st tied atech lamire with the ;. roxyi.e act?
technig. 7 In reth o rats and pgs weed ke foadd
dicappearance -t the neurc*ransr itter v, he comple te I:y
the 4th pastoperative day. Hee 3 o0 nored that sever 1ng
the major nerve to +the rat ahdom:nal fiap did not -ause
a sympatrectomy as greviously ac” amed, Ratter, flap
denervat 1on occurred following vrdermining of the <kin
thus effectively sympathectomizing the {lap.

Vascdlar changes in the distal portion of a failing
flap have not been =tudied histc iogically or by
m1%roanqxography. In addition, “he ststus of the
sympathetic or sensory inrervati—n of island and
myocutanreous ﬁlaés have nct beer evaluated. Most

.

j 1 b
_“ previous projects have utiilized loose skin animals and

’r

* "therefore need to be repeated ard expanded 1n an

acceptable fixed skin animal model.
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PHYSIOLOG ICAL CONSIDERATIONS

Physiologi<al changes affecting both the metabolic
and blood flow craracteristics were investigated to
better def .ne tte timing of flap transfer«. Metabhnlic
charges were meacured by tiooqae phoand trorue gqas levels

v

{(B3,156,214)y, brrny oof which *1d a naoniti. e correlation

withe flap c3abii.ty.  Slinz 3nd C1 o drue 75 chwed that
a pk difference  f Jer s thar 1.40 " etwee - control areas
ant s skir flap was oompatit < wits cur.., . 3l wherear

acidr sis o exce S oof this  eoel o0 flcatre ' oamreending
necr - 414, Myers +t 5, (106 fountt *hat ¢ N Jevels
increased «ithir an he or fotiowing flap _nc s toon but
returned + normail withan B " surs 1 the riab ie portion,
Guthri1e (771 corns luded that =arvival ocrsrs f the prni2
1s greater than ~3mmbBa and tve pCl . 15 leas than 64mmhg.
However, recrosie oceurs 1t tne pt. 18 fe-ss than H0mmHg
and the pUl .2 is 3reater thar 20mmla. The above studies
provided u=eful information akhout metabo.1c changes an
skir flap= btut were apparent ., aba= loned -due tr the
cumb =1 some equii rent required and *tre potential trauma
to the flap by tre technique empler =d, If sirpler
techn1ques were availal le teo jain the same information,
they would contribute <«ignifi<antl. to c.r understanding
of skin fiap phvsiology.

Intravenous fluorescelr is tre most widely

util:ized test (56.99,112,128,147,203). Following

ST T

——



injection and circulation, f
interstitisl spaces (17,18}
direct vic _alizat ion imder
Flucreseei- in they t1ccue ar
nonf. inrec ~ent 4r+eaa sppear

pOI’f JUNRE (“)" 'hf‘ 3 N 7%; 7 rPF‘F"

Addit tona: (udli* At jve 3cgpc.

dup}; “atect owith Y hie pnvt oy gver.
e, «:sulpr ane 2 Vet
and “asulyrosne FLoe bosoe | e
pred. t ti -5 conr o aval and 4
Spec 11 meipil = jon, Myer
that 0 the rabt ¢, fliarec.

with.r 0.5 leotem with the

Flucresreir was ot reliable

viabtitty . f dela,ed redicle

clini~ally 15 that falce neq
cause of jraccuracy with thi

—uant trative egtimates
obtaired bv two 2ifferent te
clearance - f a =:fstarce (sa

radic i sotop=s3) ar hy the int

radicactive labelled microspreres.

intraderma. salire injection
that tubed flaps at three we

rate than control areas (ie,.
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luoreacein di1ffuces 1ntc the

where * car he Jdetected hy

ttra-« . slet llum:natior,

ceare ellow while

voarple The flurrescent

wod wit v the vialb e port ioon.

Tent b d oW ocarn e
vy sty of ther 4, eg,
¢ utag bt floo rea e
e xte s 1ve . e Pt
me+= pe tres o effo ot o f
- and e T clae “hiowe

£ pecstrat ooon oo rrelated
dtimate wuy gviares lengtro,
.o tbe pred:otier of the
flape. Our mpre ©31on

2t ives are tre most frequent

¢ test.

¥ phlood flow can he

CLrnique s cutaneons

«Ne,  2tyopine, heat, or
r3arter (al 17 vectimn of
Jti1lizing the

test, “Tonway (33, found

eks had a grester c¢learance

an increase 1i1n blood flow).

7
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Bynes {95) employed the 1n£radprma1 Aatropine test and
concluded tha+ 1f +the systemic effecrs of +he cleared
atropire were eyidenced within (h mir _tec *ven tlow wae
adequats for flap Yivicgnn. A dem - trate t hy Brown
t24), reat o carac - pre sidea 2 ononir agive mEacarement
of Jovag biler - fliw (928, 7UE), Boaweve © o, dt o fgd o f

measiy , -1 oal o fute P loead flow, re der- te U elatiue

change - FPetwe - Gttt o f 1A} nd = ot - by re . He
reporte * oan rmed, cte e reao b Poris and
attrib red 10 ta o e foaam - dace by 0 s 3,
manipu, 3¢ 1o gt tragat oo Of woflosw e s ey the faret
four e ~toper Lty 19y ¢ wan, cosr pdere aon s dary ta flar
edema. incre sned foow retween che 4y and ath v
follow:ir g sur sery _ rretated worte res duti- - of flap
edema. :

[= tope learsr:o e meaciurement s he Yivided into

two gr« .ps: ¥ ffucy n imited - natar Ces (L=, 1, Te) and
freely i1ffu<c.nle - flow Timite ¥ «ubs*sances (Xe, Kr,
antipyr:rne) 7). Farly invest D 3atlr — 0 use ¥ radicactive

Naz4 (i «,22,. +33,%< annd 13! 8. They ~oncloded

3

- tle avance rates

™

Yy foy dAlvie .l n owt

that a

res

i

~H

et
&£
—
=
E3
Ry
2

had re* svned = > cor+rnl rates, _=uali -1 Jays

Sr o unC ifar reasonc. tecr-etiami9 has

Ty

postoperative . v,
been favored more recently (145 . Ye.ng (7 .5) evaluated
blood fiow ir wviable pig skin flaps w.*h Tc#3 clearance

rates beginning 24 hours postoperatively and continuing
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at daily intervals for 2 weeks. Blood flow decreased

for 2-3 days before

Increasing to its maximem by the

6th-10th day, with return to or telow <ontrol values by

2 weeks, The major

clearance ttecr » lgue-

IS

proflem witt the N3/4 aned 799

15 that diftasic - Jimirel jsotopes

are 1nflence® by foap edema in the esrly [ 5t -nperat ve

peri1od treas e duc g
may be ¢ arrie out

(175). With xe {335 1

3 talee Yata M.re A e nrate tudies
1y Xeronl i (207 0 o Frypotonih

alweyr (164 1 /)t ardd tr 4t flow at

the base of 3 redic te tlap remarr 1 ~» 100% of control

whereas the t.; fliw
postoper ative day.
65% occurred .- the
normal ty, 2 week<g,
Most recer tly,
have heen used for q
in exper imenta. tlap

this technique revo!l

deo rea e d e 3 rotbe gt

A gradual 1n rea<e yn tgp flow oup to

firaet week ard bher ame 77-90% of

radivactive micro~r herex (84,88)

gantitative acsesement of biond flow
<., The first gtud. whi- b employed

wtionized our o concept of and our

approach to sk.n flap pathopbysis jogy. Ir his key

paper, FReinisc* (174

micron micvrosprtere 4

- reported a discrepans v between 15

1stribution ~aptl.ary flowil and

radiocactive red hlood ce]l]l distrinutie= 1n the viable

and nonviahle porticn of a pig skin fiap. He

demonstrated the presence of red nlood cells in the

portion of the flap

that was destined to necrose. He

hypothesized that this data demonstrated flow through

Amns
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non-nutrient aratomical shunts (artericovencus
anastomcses) thoue "stealing” from the notrient capillary

circulatir.n., ¥ I sequent microrphere fiow studies have

focussed o the flow  hanges n 1able fiape and delayed

flaps. From dat 4 on ',’mh{ﬁ dowy flape, Nathan.on {(198)
reported that o trad tarengsy fiow rate s were (0.

24 ml/m.o - [atger [or 'ewing tlap inegs rno3r it elevation
blood filowe 1o tr e v o xpmal poart f the Pap wa s
signifie st Iy v e crvtroet byt et - JPEAY whk (]le 1n the
distal p-rrron - caod Flow o wae sy f o anv T P e Low
control . we et Ry I ot de «anvyr e tlap-, Guba (B2)
fournd (utasrrane flow ratec of B, ml mio [0 0qgm T
pilas, the <ame 3, thor B0 A had antre g ntareaiice flow
rates of «.b s homb oman 1a9gm oacd flap tliow rates of 2

m] ‘mins100gm, Following a delay prrocedure, maximal flow
(4.6 ml/min/100gm) occurred on the 6th postorerative
day .

Unfortunately, none of the previous research has
measured flow rates during the critical first 1. hours
following flap =slevati-n. It 13 known from
investigat inns - f tiass,e 1schemia that =xin c3an
withstand qgp tc .2 hoers of normotrermic 1schemia
{121,213y, Thue it 18 during thi= ~ritacal first 12
hours foliowing flap elevation that our efforts have
been focussed to -lelireate what changes are ocrCurring

and how we can modify them to gain increase flap

A\
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survival. Physiologic studies of flow changes in skin

flaps have utilized cliearance and micro<phere methods in
var ious animal -=pecle=. Corflicting inf rmat 1on rerders
analysis Aiftficit. Trtege a-cepte.? mett -ds of sastudy ing

flow have not heen apy ted 0 answe ring *he cr,tical

question: "What *apper - to = akin Ylap w.th 1mpending

distal nec rasts darimes the £, rat o bour = 4ol wing
surgeryl” The ¢+ jolong of -xagn 17 sy, fa _aye remaine
unknown s~ 1 1t . thto _gh exranse - of 7 oyogoowgic

studies heaun by Fegn, - bt =t an anawer will " e found.

AUGMENTIN® FIAF  'RVIVAL ~ TwB DEDAY PHENOMENC N
Conventiona . rand m cutaneou=s flaps uftern necrose
due to inadequate bloc ¥ supy y. Tr <lrec myent this
problem, & <urqg._al te- hnigoes knowr a3s t- e "deiay
procedure™ was devigsed. Tt -opnsizvs of .nei1g.ing the two
longi1tudinal si1des of = potertial =sxin flap pl.<
undermining the _nterwening =kin. The rewly ~reated
bipedicle fiap 1= sutured bha.k in =iace 37d tren
converted trree weeks later into tre definitive single
pedicle flap. kasmiltcre (19 inty daced the delay
techrique which was la*er popilarized by Rlair 17).
The timing ~f the delaag procedure ard sub sequev*t flag
transfer was orizinall v based on ewpirica. observations
and later by physiolog:ic tests, Tre vast majcrity of

skin flap research was designed to anderstand the delay

R T e A
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mechanism (154) and to duplicate it by non-surgical
meansc.
To prevent recrosis seccndary to inadequate

nutrient hlood fiow, tre delay phenomenon must cause

29

either a decrease * nutr ient - equirement or an 1ncreased

nutr ient deliver, (94) . Thue it has beer postulated

that *he de-lay pte=nomer 1works by condit toning a skain

flap *o i~chemia ~+ by  mpros .ng nutrient blood flow.

Sondit vonanag to s chemts waw [arst propoged by
Brown and Mceliowe (23 . Mctarlane (130 . exparded this
concept with hic  <uyroeszaphis and arntraar terial

radicisotay ¢ wtud.es of rat flaps., He comcluded that
the delay procedure corditiore the <kin +2 hypoxia,
Bowever, recent w_Yvk bv Miit- = (147) showed that an
acute ty elevated =kin flap cr 31d survive 13 hours pf
total ischemia wrerear “elayed flaps coul ¥ withstand
only 4 hours of rs.-hem:a.

Thug 1mprove?® vascilaritv is now corsidered the

mechani1sm governirng the dJdelay phenomenon, but what does

this =actuaily wmean~? I¢ it a result of vasodilation

secondary +~ sympathectomy as propcesed by Hynes (96,97)7

Igs 1t due tc a locally induced reactive bwperemia as
postulated by Bra:sthwai*e (2(.?2 Ts 1t due to an
inflammatorv reaction as thecrized by Velander (207)7?
Or 1s it due to an arter iovencus shunt ad~ustment as

suggested by Reinisch :174)? Changes in flow of the

e
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microcirculation are regulated by multiple factors (45).
Therefore, adjustment of any single factor could account
for the improved nutrient circulation induced by the

delay procedure. All of the" above hypothese may in fact

> Smagarery L

be correct, or at least in part.

The sympathetic nervous system is the dominant
regqulating factor in skin blood flow. With the incision
and elevation of a skin flap, the sympathetic
neurotransmitter s are depleted within 36 hours
(61,165,209). Vasgodilatation 1in response to delay must
occur. Efforts to lengthen flap survival have
concentrated on manipulation of sympathetic nerves and
their receptors prior to flap elevation. Sympathetic
axon blockers including reserpine (40,102) bretylium
(101), guanethidine (101) and 6~0B dopamine (101,174)
improve flap survival. Alpha adrenergic receptor
blockers including phentolamine (100,160,212),
phenoxybenzamine (153,212), thymoxamine (12) and alpha ,
methyl-p-tyrosine (101) improve flap survival. Both a
beta adrenergic receptor blocker, propanolol (100), and
an agonist, isoxsuprine (66,68,216) have increased flap
survival.

Locally induced reactive hyperemia also requlates
the microcirculation. Factors including bradykinin,
histamine, prostéglandins, hypercarbia, hypoxia and

acidosis cause vasodilatation. Skin flap survival has

-
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been augmented with histamine (107), DMSO (4,5,131) and
other prostaglandin inhibitors (181) as well as
hyperbarbic oxygen (79,102,132,169,170). Other
experiments with the same agents have not increased flap
survival (143). Skin flap surGTGal has also been
increased by an inflammatory reaction induced by the
injection of formic ,acid (62). Other investigators have
successfully augmented skin flap survival by altering
the rheologidal properties of blood (176).

Arteriovenous anastomoses have been experimentally
manipulated by Reinisch (174) and found to increase flap
survival. However, during maipulation, blood flow was
not monitored and it is unclear 1f the effects were in
fact on the arteriovenous anastomos;s or on another
portion of the microcirculation.

In summary, the mechanism by which delay procedures
augment skin flap survival 1s still_ poorly understood.
There have been multiple scattered attempts to duplicate
the beneficial effects of delay by pharmacological
manipulation. However, in none of these studies was the
drug induced effect investigated on an anatomical or
physiological level. The reasons for the beneficial
effects were only postulated, In addition, most

manipulations were utilized as a pretreatment prior to

skin flap elevation to increase the surviving length of

a flap. At present, pretreatment is not a clinical

C o emn e
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necessity. Rather, it is salvage of an already elevated
failing flap that demands assistance. The effects of
pharmocologic manipulation require more careful
delineation and an acceptable moderf treating the

failing flap must be developed. "
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Skin flap failure is a significant clinical problem
which has not been adequately investigated. Previous
research ceoncentrated on the mechanism of the AGIay
phenomenon, an 1ncreasingly anflquatbd procedure, and
has ignored the critical question: why do skin flaps
fail?

The precent thesis 1s divided 1nto six papers each
dealing with a specific aspect of experaimental skin flap
failure. The first paper reports the develnpment of a
new and versatile experimental skin flap model 1in the
pig, a fixed skin animsal., Numeroug uses of this flap
are demonstrated. The second study was designed to
evaluate the duration of the 1schemia time that island
flaps and conventional flaps can tolerate and still
remain viable. This critical ischemia time was used as
a guide in subsequent studies to determine the frequency
and duration of monitoring or the timing of treatment.
In the third péger, currently employed subjective and

objective methods of monitoring skin flaps were

appraised and compared to an evaluation of new \

techniques. These new methods (stab wound blood

analysis) are ones that have previously been proven
useful for monitoring neonates. In the fourth paper,
the pathophysiologic changes occurring in a failing skin

flap during the critical ischemia period were

s T e
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investigated. Acutely elevated flaps were studied for
changes in total flow, nutrient flow and shunt flow.
Based on these findings, a new hypothesis of skin flap
failure is proposed. The fifth study 18 designed to
determine the vascular basis of intrinsic distal flap
necrosis. Do flaps fail bhecause of arterial
insufficiency, venous inadequacy or both? The flap
model degcribed in the first paper was modified to
permit selective augmentation of the venous or arterial
supply to the failing portion of the skin flap. The
final study describes the gystemic treatment of pigs
with various drugs. The drugs were chosen hecause of
their theoretical ability to 1ncrease cutaneous blood
flow. This 1s the first report of a double blind
experimental design in the treatment of failing skin
flaps. Pigs are used because of their fixed skin and
treatment is begun postoperativei} so as to parallel the

clinical situation,

¢
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EXPERIMENT 1:
THE OMNIPOTENTIAL

PIG BUTTOCK FLAP

36
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INTRODUCTION

Since Filatov's (210) initial research with tubed
pedicle flaps 1n rabhits, plastic surgeons have used
experimental sk in flaps as a method of improving
clintcal techn: jues, FParis exper iments were degiganed to
investigate re.evant « hingcal prebleme Whet o dod
pedicle flaps te cafel tranaferred’ - at 1+ the
et 1ology of the G 3y phier. me pon Nume - ipe exjprer imental
arnimals sl flap mode i wers ity yz20d revaltang o a
divercse sl otren o onfogingy literatare

Recert empt 3515 ¢n the tmportance < f cutanenue bhlood
supply 1+ nkin flap de=siqn (42, 140) ard a change 1n the
type of flap uvced clinicaliy (45 hag f-rced a
reevaluat ron of previoas research model=, Thus, it was
necessary to develop o new experimental <kin flap which
wouald aliow mors accurate replication <f clinical
techniques. Based on thesge considerations, an
omnipotential btuttock flap in the pi1g has been designeéd

for skin flap research.

MATERIALS AND METHODS

The pig buttock flap measures 18 x 10 cm and is

located with its cephalo-dorsal corner at the anterior

D
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v

superior i1liac spine (Fig. 1-1). This area of the plq

15 devoid of parniculus carmosus and ty. akie 1o

supplied bw musc dlocutaned o perforators and a dirent

cutaneans artery . The neurovascu,sr pe f1cle of the flap

cortains *he direst cuntaner g5 artery (tre deegs

iy oamfler 1liac arteryy, | »s1red venae  cmitantes and a

s1rTle cout aneciy nerve o ths taters] feme v al stanec o5

ner . e, Tres et aneoan s e byt oo o f rhjo e r e bas
bee - mapre 3 ¢ lec trophyane 1o 5ealle gt s to s

for.owing “kap fap e fevat o] Wirtho o var ing

ular

exyp orament 51 regy cqrement o, rhig nedrova- cappl .« can

be altercd to crente a3 wide varjety ot :iaps ncluding

the randow ~utareaas flaps ~distally or proximally

based), arteriai flars, 1sland flaps (vascular or

neurovasc.diary ard free flaps (vascular or

neurovascular).,

OPERATIVE TECHNIQUE

White Poland-China pigs weighing 20 + 2 kg are used.
Animals sedated with acepromazine are anesthetized with

intravenous sodiim thiopental, 1ntubate< and then

maintained on a mixture of “xygen, nitrcis oxide and

halcthane. Using a standard grid, with the pig in the

lateral decubitus position, the flap is outlired on the

buttock (Fig. 1~2}. Cross hatches are marked to

facilitate correct alignment at closure. The standard



Fig.

1-1

Schematic anatomy

anterior superior
iliac artery, V =
femoral cutaneous

per forators.

of the pig buttock flap. ASIS =
iliac spine, A = deep circumflex
vena comitan, N = lateral

nerve, * = musculocutaneous

k J
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Fig.

1-2 The standard 18 X 10 cm buttock flap design.
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configuration, the flaps vascular stalk measures 10-12
cm in length. The artery is 1 mm 1in diameter and the
fragile venae comitanteg are 2-3 mm in diameter. To
convert thi= 1sland flap into a free ftlap, the vessels
are divided at the level of the inguinal ligament. The
fYap may he replanted in sitn or transferred to a
distant site. Anastomoses of the artery and one vena
comirtan are performed ueing standard microvascular

techniques. '

EXPERIMENTAL DESIGN

During the past 5 years, we have created 152 buttock
flaps of var i1ed blood supply. The versatility of this
flap is shown 1n the following four groups.

1. Standard survival lengths. In 10 animals, 20
buttock flaps with véried vascular supply
(arterial, proximal cutaneous, distal cutaneous)
were elevated and their surviving lengths measured
at seven days.

2. Surviving length of Island flaps vs. Free flaps.
Bilateral i1sland flaps were elevated 1n eight
animals with the vascular stalk dissected to the
inguinal ligament. One flap was sutured back in
situ as a contreol island flap whereas the vascular
stalk of the opposite island flap was transected

and thus converted to a free flap. Micrdyascular
1

i i,
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anastomoses were performed and survival measured
and ‘photographed on the 7th postoperative day.

Onset of Delay Phenomenon. In 8 animals, 16
bipedicle buttock flaps were constructed. At 1 to
8 days postoperagively the flaps were reelevated
and the random end of the bipedicle flap
transected, thereby converting it tc a delayed
arterial flap. Survival was measured on the 7th

"postoperative day.

Monitors of Flap Viapbility. 1In pilot studies, the
buttock flap was elevated bilaterally in 5 pigs.
Skin temperature was measured using a thermistor
surface probe (Digitec Thermometer 5800).
Fluorescence was determined after injection of 5 cc
of 10% fluorescein and ultimately correlated with
survival. Capillary blood from stab wounds was
collected in heparinized tubes. This blood was
analyzed for pOi, pCO2, and pH using a Corning 175
blood gas analyzer. A Roche oxygen monitor #5301
was employed for continuous transcutaneous pO2
monitoring. In one flap, an arterial failure was
created and in two flaps, venous failures were

created. /

3
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RESULTS

The standard survival patterns are depicted in Fig.
1-4 and Table 1-I. As expected, the arterial buttock
flap survived to a greater length than the random
cutaneous flap. The proximal cutaneous flap survived to
a significantly greater length (p<.01l) than the distally
based random cutanecus flap. Innervated island flaps
and denervated free flaps did not differ in theair
survival lengths nor did they differ from the survival
length of arterial flaps.

The effect of delay was present by the 4th
postoperative dai (45). Surwvival of flaps delayed for/
1-3 days did not differ from standard arterial flaps.

Fluorescein administered 5 hours postoperatively
predicted a survival of 10.68 + .94cm whereas actual
survival on the 7th postoperative day was 12.62 +
1.24cm. This difference was statistically significant
at p « .0l. Temperature readings revealed flap
temperatures to be below control, the fluorescent flap
being 2.06 + .5 C coolgr than control and the
nonfluorescent flap 3.6 + .4 C cooler than control.
Capillary gas analysis showed a mean pH for the control,
viable and nonviable flaps to be 7.3, 7.2 and 6.9
respectively. Transcutaneous pO2 readings from flaps

w'ith arterial or venous failure showed accurate trends

e
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Table 1-I

N Mean Survival'®' S8Standard

U

(cm)

13.3

8.3

4.6

13.2

13.5

Deviation

1.56

1.5

2.4

Range
11.4-15.6
6.4-10.3
3.0-7.2
ll.5—i7.5

10.5-17.5
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-

but inaccurate p02 values.

DISCUSSION

As previously reported (52, 141, 168), we found

arter ial flaps to survive longer than random cutaneous
flaps. Also, the proximally based random flaps survived
to a greater length than the distally based random
flaps. This difference may be attributed to regional
variation in patterns of musculocutaneous arteries.
arter ies.

The observation that denervated free flaps survive
to the same length as innervated island flaps 1ndicates rd
that i1n the acute flaps, sensory innervation plays no
significant roie in determining flap viability.

The benefits of delay occured by the fourth
postoperative day, confirming the studies of Myers and - w
Cherry (154). Previous studies (61, 165) have shown
that sympathetic denervation in skin flaps 1is profound
by 48 hours and complete by 96 hours. It is our opinion
that the relationship between the loss of cutanecus
catecholamine< from adrenergic terminals and the onset
of the benefits of delay is important.

The discrepancy between fluorescein predicted and

obselved suvival is not surprising. Studies documenting
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filow changes in acutely elevated flaps (158, 167) show
that flow does 1ncrease with time. If the critical

ischemia time of sgkin is 12 hours (142), then any

spontaneous i1ncreagse in flow up to that time will cause

[RPPRER

an increase in flap survival. Skin surface temperature

A ot

varies directly with the cutaneous hlood flow through i
shunts. Tower temperatures in skin flaps may represent
a decrease 1n cutaneous Flood flow, eapecially shunted
blood flow. The low pH 1n nonviahle flap: 15 A
reflection ot anaerchic metaboi:sm 1r nadequately
oxygenated tissue. Results witn the tranccutaneous
oxXygen monitor are only preliminary, Mt show  promise.
Skin flap research currently falls into two major

categories, 1) studies of the macrocirculation and its

role in skin flap desiqgn, and 7) studies of the

microcirculation and its role in skin flap survival.

During the past decgde tremendrus emphasis has been

placed on the design of skin flaps as related to their
vascular supply (8, 51, 136). New classifications of

skin flaps have evolved based on either blood supply or 3
method of movement (45). Unfortunately this broad

variability in c¢linical flap design cannot be duplicated

in most experimental models. The piqg, however 1s an

excellent experimental animal for studying the

relationship between vascular supply and survival

patterns because it is fixed skin and has both

-7
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musculocutaneocus and direct cutaneous arteries.
Physiologically, the requlation of the

microcirculation 1s at the arter iolar level or beyond.
Differences 1n requlating mechanisms between loose and
fixed skin amnimals have not been defined 1n the
literature, T study microcirculatory changes (19
unclear which species 14 mere arpropriate and research
using e:ther type of anima. may “e acr eptable.

The e ot (J1 remain, however, draw! acks to each of
the loose skirmed anmals.  Under most research
protocols, ratc are too smsll to have ecxperimental and

B

control flaps elevated on the same animal. ‘urvival
lengths from rme animal to another in both rats (69) and
rabbits 151) are highly variahle. Thus, groups of
animals are used and must ke large enough to ensure
statistical significance. In rats there is a high rate
of autocannabilization of flaps. Dogs and rabbits offer
an improvement over rats 1r that contralateral ¢ .ir- |
flaps can be created. When using dogs, their da-~ in
does not allow for the sub}ecti%e obhservations of color
which may be important wher monitoring flaps for
viability. Dogs offer no economic advantages over pigs
although for long term studies (eg. greater than 4
weeks), *hey offer the advantage of not growing to
unmanageable sizes.

There are multiple flap models available in the
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pig. In the original work of Kernahan (104)
dorsally~-rased random cutaneous skin flaps were located
over the rib cage of pigs. Milton (141) extended thuis
work and devised a standard flap, either arterial or
island, based ventrally 4 cm from the nipple line,
Primnr to *ne development of ~ur battock flap, a
comr-arahle flar «aver the flank wa<= used Qlth the same
supp lying “locd vessels (77,. The flap was c.riginally
extended 1~ a cephalad direc tion from the vascular
pedi~le ra+rher *han 3 caudail dire tion A prrtion of
pann.culus carre sus was inc loded .n the former flap and
for this reason the buttock flap, without panriculus
carnosiusg, was more acceptabhle. Skin flaps based on the
infer ior epigastric vegsels have zlso been employed
(172y. Myocutaneous flaps have been designed to include
the rectus muscle (16, 52), the gracilis muscle (70),
the interccstal muscle (46), or trhe lattissimus dorsi
muscle (87:.

In conclusion, we have found the pig and 1its

buttock flap very versatile.

Advantages of Pig Flap Research

1) Accurate replication of the vascular supply of the
skin in man.
2) Large surface area allowing multiple flaps with

inclusion of controls.
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Multiple flap configurations available : random,
arterial, island, free, myocutaneous.
Skin cowlor allows subjective observations similar to

those used clinically.

frseseam b

1) Cost ae compared to rats (but comparable to dogs).

2) Rapid weaight g3ain therefore limiting the use of pigs
in experaments designed to last more than a few
weeks.

Advantages of Buttock Flap 4

1} Consistent survival lengths.

2) Reliable anatomy.

3) Multiple vascular configuration available. \V

4) Easily wvisible fréa of body to make postop observations.

5) Free flaps located here are technically easier than )
those flaps located over the thorax or abdomen which
move with each respiration.

6) Virtually no disadvantages.

W
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Pl
SUMMARY

An experimental pig flap model is presented with
detailed operative technique. Studies employing this
model are reported showing that differences in survival
patterns depend on vascular confiquration. Innervated
island flaps were found to survive t¢ the =same length as
denervated fraee}laps and the onset of the benefits of
the delay procedure occurred by the 4th postoperative

day. The advantages of the pi3 and the pig buttock flap

are discussed in detail.
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EXPERIMENT 2:
CRITICAL ISCHEMIA TIME
AND THE

FAILING SKIN FLAP
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INTRODUCTION

Ischemia may be defined as a condition of
inadequate blood supply to an area of tissue(208). The
degree and daraftion «f the 1schemicr na 1t will
determine the extent f ti-<ue Jdamaqge. The (raitical
ischemlia time refers to the maxim.m dJuration of the

1schemie insulr whiclh tias s+ can withe* 3nd god

subsequertly 1+ main v iahle. If we- are +0 salvage the
failing dital «end «t a <k flap, 1t - 1mpeortant to
determire 1ta ~riticas!l lachemia *fime, !t we have this
knowledge 1t wi. ! allow appropiate 1nitiation of

treatment and pr ssible malvage f the fairling <kin flap.
It has beer. demenstrated experimentally that 1sland
flaps in the pi3¢142}) and free flaps 1. the rabbit(121)
can withstand 8 hours of normothermic 1s~hemia induced
by clamping or <utting their vascular swupply. Yet one
cannot eqgquate this type of complete flap i1schemia, as
characterized bv the above studies, wit* the failing
distal pertion ©f a skin flap. In cont:r:ast to the
former's complete circulatory arrest, the distal flap
may have a marginral capillary circulation or even an
extensive arter iovenods shunt circulation(l174). The
present study is designed to determine 1f there 1s a
significant difference in the critical ischemia time for

the island flap with its vascular pedicle clamped versus

-
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the failing distal end of a random flap.

~

METBODS AND MATERIALS

White Poland-China pigs (21+3Kg) were sedated,
anesthetiw®d and intubated. Anesthesia was maintained
throughout the experiment by spontaneous inhalation of a
mixture of oxygen, nitrous <xide and halothane. In 14
animalsg, hilateral lonqgitudinal i1ncisions were made 4 cm

lateral to the nipple line. Numerous direct cutaneous

arteries were identified and subsequently used to create,

island flaps(52, 140). Two exper imental groups were

studied (Fig. 2-1).

TOTAL ISCHEMIA OF ISLAND FLAPS.

In 8 pigs, ventrally based flaps (12 X 4 cm) were
created on each of the available segmental vessels
resulting in a total of 77 flaps. After all flaps were
elevated, Acland microvascular clamps (A3) were applied
to each vascular pedicle and the flaps sutured back in
place. A wvital dye (fluorescein or alphazurine blue)
was administered to Qerify complete occlusion of the
pedicle. At time intervals varying from 0-16 hours
postoperatively (times being randomly assigned to flaps)

th§ vascular clamps were removed. Following removal of

ORIV
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the last clamp, a fecond vital dye was injected to
‘ y b

detect the presence or absence of blood flow. One week

postoperatively, survival or necrosis of the flap was

noted and recérded. .

DISTAL ISCHEMIA OF A RANDOM FLAP.

In an additional 6 animals, 12 X 4 cm bipedicle flaps
were elevated. Piiot studies indicated that these flaps
would survive completely as a bipedicle with a dorsal
random end and a ventral island attachment. In essence,
these flaps were similar to the previous group except

that the distal end was not severed. A total of 57
¥

~ bipedicle flaps were constructed. Vascular clamps were

applied to all island pedicles and a vital dye injected
intravenously to assure perfusion from the random
pedicle and occlusion of the island pedicle. Therefore,
the flap‘received its blood supply solely from

musculocutaneous arteries in its random base. Clamps

were removed from the island pedicle between 0 and 16

hours postoperatively. Restoration of blood flow via
the direct cutaneous arteries of the island pedicle was
confgrmed by a second dye injection. Survival or
necrosis of the distal (islapd portion) flap was
assessed one week postoperatively,.

The method of probit analysis was utilized to

derive the equation of the relationship between ischemia

.,

-
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time and the probability of necrosis.

E

RESULTS

In both groups, sevefal patterns of necrosis were
observed: 1) accidental severance of the island vascular
pedicle, 2) traumatic injury of the island vascular
pedicle by the microclamp or dessication, 3) infection
in the late postoperative periocd, and 4) no reflow. . In
the total flap ischemia group there were 2 accidental
losses, 10 traumatic losses and 2 late losses from
infection. These flaps were excluded from the study
leaving 63 flaps for analysis of which 21 died and 42
survived. In the distal flap ischemia group there were
3 accidental losses leaving 54 flaps of which 23 died
and 33 survived.

The observed necrosis rates at the time intervals
tested and the probit derived curves are shown (Fig. 2-2
& 2-3). The tolerance to ischemia was highly variable
from one énimal to another. In some animals, necrosis
occured after 8 hours of ischemia, whereas in others
there was survival after 16 hours. It can be predicted
from the probit ané&ysis that 50% of totally ischemic

flaps will die after 13.05 hours, 10% after 7.5 hours

and 1% after 3 hours. ' For the distally ischemic flaps,

— AT T WD T AR Sl et 7=
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f
50% will die after 13.14 hours of ischemia, Q0% after
7.0 hours and 1% after 2 hours. There is no significant

difference between these two groups.

DISCUSSION
O
In pigs, both island flaps and the failing end of a
random flap tolerated the same duration of ischemia
despite their striking difference 1n histological
appearance. From pilot studies, we found that the
dermal vessels of an ischemic island flap appear normal
whereas those in the failing porticn of a random flap
are dramatically altexed. The capillaries, venules and
arteri1oles are distended and f{lled with red blooq
cells. There is partial degradation of the endothelial
lining with 1lysis of many cytoplasmic structures. This
observed difference is not reflected in a change of the
critical ischemia time. The average ischemia time (50%
necrosis, 50% survival) tolerated by pig skin flaps was
13 hours and the projected safe ischemia time (10%
necrosis, 90% survival) was 7 hours.
Inadequate blood supply to an area &6f tissue
produces harmful effects because of hypoxia and failure
to remove waste products. Pathophysiologically, the

metabolic rate of the tissue being studied and the time

R R
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duration of the ischemic insult will determine the
extent of damage produced. Ischemia may have several
influences, ranging in severity from no effect, to
physiological disturbances which may 1nclude cellular
degeneration with replacement fibrosis or even to frank
necrosis(208). When cell damage occurs, a
characteristic inflammatory response 1is elicited. This
results in vasodilation, increased capillary
permeability, increased bhlood viscosity, stasis,
letkocyte adherence and endothelial cell swelling. If
severe enouah, this can perpetuate and magnify the
origfinal 1s~hemic 1nsult. When the 1schemic damage
results in a:bstruction Lo bood reflow in the tissues the
no- reflow phenomenon 1s observed. The critical
ischemia time is the duration of ischemia necessary to
elicit irreversible no- reflow.

Under normothermic conditions, experimental studies .
have shown that rat skin is able to tolerate 6(213) to
9(183) hours of ischemia, rabbit free skin flaps more
than 8 hours of ischemia (121) and pig 1island flaps
between 8 and 13 hours of ischemia (142). +Clinical
experlience has shown that free skin flaps and amputated
digits are able to tolerate 6-8 hours of normothermic
ischemia (122).

Under hypothermic conditions, cellular metabqlism

is decreased and the critical 1schemia time of tissues

X aphni 5 W L
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can be prolonged. At 3-4 degrees centigrade, skin
grafts can tolerate up to 3 weeks of complete ischenmia
(23). Storage of experimental rat free skin flaps (10)
at 4 degrees cgntigrade has prolonged their critical
ischemia time from 8 hours to greater than 72 hours.
Similarly, rabbit free skin flaps stored at 6-7 degrees
centigrade can tolerate up to 3.8 days of complete
ischemia (57). <Clinicpally there are reported cases of
viable human free flaps after 310 hours of hypothermic
i1schemia (63 and human digits after 2& hours (119) and
36 hours (113).

How does understanding the effects of ischemia
assist us in our clinical goal of salvaging the failing
flap? It defines for us three theoretical approaches.
First, the presence of no re-flow and the critical
ischemia time limit the number of hours postojiratively
to successfully treat the failing flap. By decreasing
metabolism to prolong this time (as with hypothermia),
the skin flap can further benefit from spontaneous or
drug induced increases in blood flow. Second? , both
ischemia and surgical trauma stimulate an inflammatory
reaction which in the case of skinﬁflaps appears to be
detrimental to blood flow. The use of anti-inflammatory
ag%nts (133, 134) may decrease the damage induced and
increase flap survival. Thirdly, if ischemia is what

causes skin flap necrosis, then increasing flow by

e R Bt o e e
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pharmacologic means, before no-reflow is reached, will
minimize the ultimate area of necrosis.

Further experimental studies will facilitate the
postoperative manéqpment of clinical cases. The

normothermic and hypothermic critical ischemia times of

myocutaneous flaps shOU%d be defined. Milton's
observation that delayed skin flaps could only tolerate :
4 hours of 1schemia (in contrast to acute flaps
tolerating 8 hours) may be of refévance to free skin
flops subijected to early or late postoperative
thrnmhosi&.' Dela&ed flaps and fze@hflaps both suffer an
initial ischemic insult atlfhe time of flap elevation.
This insult may deplete many-of the cellular metabolic
stores. With a subsequent second ischemic episode, the
flap may be less able to tolerate the 1schemic insult.
We are currently studying the critical 1schemia time of
this secondary insult in pig skin flaps. Clinically, it
is important to know how long a secondary ischemic
period a free flap can withstand. By increasing our
understanding and awareness of the characteristics of
critical ischemia time for different flaps under
different conditions, perioperative patient management
will be optimized. Results of the present study lead us
to conclude that guidelines previously defined for
management of the ischemic free flap can be used for the

(
ischemic distal portion of a random flap.
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SUMMARY

An experimental pig model has been used to measure
the critical ischemia time for total flap ischemia
versus the more common distal flap ischemia. Both flaps
were found to tolerate an average 13 hours of ischemia.

The importance of critical 1schemia time to skin flap

pathoph¥siology 1s di¥cussed.

PR



EXPERIMENT 3:
MONITORING ACUTE

SKIN FLAP FAILURE
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INTRODUCTION

If failing free flaps are to be salvaged by
reoperation and failing conventional flaps resurrected
by pharmacologic intervention then a reliable method of
detecting impending flap failure must be devigsed. The
ideal technique for evaluating flap circulation should
have the following characteristics: 1) accuracy, 2)
repeatapility, 1}) aspplicability to all type< of tlaps,
4) simplicity, %) low cost, as well as being quick and
noninvadgive. ‘The usefulness of subjective methods
(color, capillary blanching and refill, dermal bleeding,
healing and bhair growth) increases with theyexpprience
of the user, but is of limited value to the
inexperi1enced. Obijective methods (temperature, vital
dves, photoelectric tests, metabolic tests, cutaneous
clearance tests) are employed less frequently. With the
exception of fluorescein and temperature, obijective
methods tend to be expensive without convincing evidence
of their efficacy.

For years, capillary blood samples collected from
heel stab wounds in premature infants have been analyzed
for their pB and gas content. The results thus obtained
are used to monitor the infants and to effectively
adjust therapeutic measures. Most hospital settings

have preexisting facilities for carrying out such
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analyses. 1In the present study, blood samples are
éollected from the site of a dermal bleeding test in
exper imental pig flaps. The blood is analyzed for
hematocrit, pH and gases and the results are compared to
the conventional standards of fluorescein and surface
temperature., If this technique 1s valuable for

monitoring a premature infant, then why not a skin flap?

t

METBODS AND MATERIALS

White Poland Chira pigs (15- 30Kg) were sedated with
acepromazine. Anesthesia was induced with intravenous
pentobarbital and maintained via en@gtracheal intubation
with spontaneocus i1nhalation of a mixture of oxygen,
nitrous oxide and halothane. The animal's rectal and
room temperature were monitored for the duration of the
experiment, Island_buttock flagﬁ (see Experiment 1)

were designed on all animals, surgically constructed,

and sutured back in their bed,
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EXPERIMENTAL GROUPS

Viable Flaps. In 3 animals 6 10x10cm buttock flaps

were created to have 100% viability. Monitoring was
carried out at an unoperated control site cephalad to
the anter ior superior 1iliac spine and at one flap site
(Fig. 3-1). Observations were made at 1/2, 2, 6 and 10

hours postoperatively.

Vascular Failure. In 5 animals, 6 10x1l0cm totally

viable flaps were designed and elevated. One hour later
either the draining veins (3 flaps) or supplying artery
(3 flaps) were lidgted. One flap site and one control
site were monitored 2, 6 and 9 hours postoperFtively in
venous failures and 1, 3 and 7 houtrs in arterial

failures.

Distal Flap Necrosis. In 6 animals, 8 18x10cm flaps

were designed to insure distal flap necrosis.
Fluorescein demarcation indicated which portion of the
flap was at risk of necrosis. A control site and 3 flap
sites (proximal fluorescent portion (A), borderline
fluorescent nonfluorescent portion(B), and distal
nonfluorescent portion (C)) were monitored 1, 5 and 9

hours postoperatively (Fig. 3-2).

»




Viable 10x10cm flap with * denoting monitoring

Sites.



. Fig. 3-2
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1¥x10cm flap with * denoting monitoringjsites.
Dotted line represents average fluorescein

‘penetration.
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-

MONITORING TECHNIQUES

&

All flap sites and control sites were assccessed at
various time interwvals after flap construction by
subjective and objective techniqﬁes. Subjective
observations of color, capillary blanching, and bleeding
from stab wounds were made. Three objective measures
were used. Fluorescein staining was obtained by
administration of 500mg of fluorescein (10% solution)
intravenously to all animals 1 hour after flap *
construction and.again 8 hours later. Dy; penetration

along the flap was recorded and compared to ultimate

survival. Temperature readings were obtained with a

surface thermistor probe (YSI No.708) with readout on a

digital (Digitec No.5800) display unit. Temperatures
are reported as mean differences plus or minus a
standard dgviation from control values taken at the same
time. Stéiﬁwound blood analysis was made by using a
No.1ll scalpel blade to create wounds in flaps and
control sites. If bleeding was present, the blood was
collected in .heparinized capillary tubes (40ul or
150ul) . Hematocrit was measured by standard
centrifugation for 5 min agd p02, pCO02, pH were
measured in a Corning 175 blooé gas analyzer on
micros?hple ﬁode. Results are’ reported as mean

~
differences plus or minus a standard deviation from

control values taken at the same time.
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RESULTS

, Animals had a mean rectal temperature of 36.7+1
degrees celsius throughout the experiment and room
temperature averaged 22.6+ .4 degrees celsius,

<o

Viable Flaps. In 10x10cm viable flaps, subjective

assessment showed all flaps to be of similar color to
the surrounding skin. Blanching was not as easily
visible as in humans but could be elicited. ThefXe was
active bleeding from all stab wounds. Thi§ blood was
usually bright red but on occasion appeared dark red as
if a vein had been pierced. Objective assessment with
’f1Q§rescein at 1 hour showed the distal dorsal corner of

~

the flap, an area of approximately 3 cm2, to be

nonfluorescent. At 8 hours, reddministration of
fluorescein demonstrated fluorescende c¢f the whole flap.
All flaps survived completely. Tejyperature readings
(Table 3—If from the flap were 1.24 degrees celsius
cooler than at the contrel site. This difgérence was
present 1/2 hour after flap elevation and did not change
significantly in the 10 hours the flaps were monitored.
Hematocrit readings from both the flaps and control
sites were consistently 35%. Blood gas analysis from

control sites showed .a mean pB of 7.4, pC02 51 and pO2

230. The high dermal pO2 is consistent with the

—
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Temp~ (°C)
Control
HActrl 2

6
10

Bct -
Control
flap

pB
Control
Actrl 2
6
10

pCO2 {(mm Bg)
Control
Actrl 2
6
10

p02 (mm Hg)
Control
Actrl 2
6
10

TABLE 3-1

P

10 x 10 cm Flaps

Viable Flap Venous Failure Arterial Failure
35.1 + .7 34.3 + 1.8 34.6 + 1.1
-1.2 + .3 -2.4.+ 1.2 -1.7 + .6
-1.2 + .7 -2.7 + 1.8 -2.2 + .9
-1.4 + .9 -2.7 + 1.1 -3.0 + 1.3
35% 36.5%
35¢% 42 %
7.40 + .03 7.30 + .04
-.02 + .15 -.24 + .07
.05 + .04 -.34 + .07
16 + .27 -.40 + .05
51.86 + 4.1 52.3 + 10.8
2.17 + 7.2 32.7 + 12.9
4.57 + 5.7 38.2 + 22.1
6.48 + 12 64.0 + 7.7
230.45 + 29.3 195.5 + 35.3
-72.96 + 60.7 -161.2 + 29.5
-152.37 + 53.4 -132.2 + 18
-112.62 + 82.9 -184.7 + 34.8

~ ~
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arterial blood pN2 and is secondary to the high oxygen
fimw rates used for inhalation aneasthesia. The flap
sites had a pH 0.0% units lower than control, a pC02 3.2
mmbBg higher than control and a p02 119.4 mmHby lower than

control,

Vascular Failure., In 10xl0cm flape subjected to

vencus failure, cyanosis rapidly developed with brick
capillary refill on blanching. Bleelding from stab
wounds was profuse, initially of dark red blood and then
of bright red blood. After wounding, the area of flap
around this site became transiently less cyanotic in
color. Following fluorescein administration, all flaps
fluocresced but in a splotchy pattern., All flaps
underwent necrosis. Temperature readings of the flap
were on the average 2.6 degrees celsius cooler than
control sites. This difference, when compared to that
of the le}Ocm viable flaps is statistically significant
(p{.05). Stab wound blood was easily obtained. Mean
flap hematocrit was 42% compared to a control of 36.5%.
Blood gas analysis showed increasing deviation from
control with time. At 2 hours pHwas 0.24 units less
than control, pCO02 was 32 mmBg greater than control and
p02 was 161 mmBg lower than control. By 9 hours, pH was
0.4 units less than control, pCO02 64 mmbBg greater and

p02 184 mmBg less.

R e R
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In the 10x10cm flaps subjected to arterial
ligation, all élaps appeared paler than the surrounding
tissue and capillary blanching could not be detected.
Stab wounds did not bleed actively or enough to allow
blood collection for analysis. The flaps did not
fluoresce and all died. Temperature readings in the
flap were 2.4 degrees celsius cooler than control sites
and this did not change significaﬁtly during the 7 hour

observation period.

Distal Flap Necrosis. 1In 18x10cm flaps with

impending distal flap necrosis, cyanosis of the distal
portion gradually developed and increased with time.
Capillary blanching could be elicited in all parts of
the flap. Stab wounds in the proximal flap bled easily
while those in the distal flap sometimes bled briskly
and at other times bled sluggishly. Fluorescein

. penetration at 2 hours averaged 9.4+ l.3cm, at 8 hours
11.3+ 2cm, and survival at 7 days was 13.4+ .1l.lcm. -The
transitional zone of partial fluorescence between
proximal and distal flap was more sharply'demarcated at
8 hours than at 2 hours.' Temperature rgadings {Table
3-11) obtained from proximal, transitional and distal
flap were respectively 1.25, 2.42 and 3.11 degrees
celsius cooler than control., Stab wound blood analysis

showed a control hematocrit of 35.5%, a proximal flap . s
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" TABLE 3-1I

18 x 10 cm Flaps
/ 0

f

Proximal Flap Transitional Distal Flap
; Zone
Temp~ (°C) '
Control 33.6 +'1.1
AHCtrl 1 -1.48 +..9 -2.42 + .67 ~-2.84 + .3
5 -1.02 + .6 -2.26 + .65 -3.12 + .4
9 -1.24 + .6 -2.58 + .94 -3.38 + .8
Bct ;
Control 35.5% | 35.5% 35.5%
Flap 1 34.2 + .9 39.5 + 5.4 49.5 + 2.4
5 35.5 + ﬁ.B 39.5 + 2.4 53.5 + 1.7
9 36.0 + 1.4 38.0 + 2.7 58.2 + 3.9
pB
Control 7.32 + .1
ACtrl 1 -.02 il.OZ -.46 + .01
5 -.02 + .02 -.52 + .06
9 -.003 + .01 -.44 + .03
pCO2 (mm Hg)
Control 51.5 + 14.6
ACtrl 1 +3.3 +13.5 +46.7 + 10.3
5 +4 + 4 +53.6 + 2.1
9 0 + 5.3 +43.1 +18.2
pO2 (mm Hg)
Control 161.9 + 11.1
ACtrl 1 -8.3 + 79 -144.5 + 25.2
5 -24.7 + 40.7 -146.9 + 12.8
9 -25.3 + 50.1 -136.7 + 18.7-
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Flap Monitoring 67
hematocrit of 35.3%, a transitional zone hematocrit of
39% and a distal flap hematocrit of 53.8%. The latter
two hematocrits were significantly greater than control
and significantly different from each other (p<.03).
Blood gas analysis showed animals to have a mean pH of
7.3, pC02 of 51 mmBg and pO2 of 162 mmBg. In the
proximal fluorescent portion of the flap, pH was 0.92
below control, pCO2 3 mmBg above control and pO2 20 mmbg
below control., 1In the distal nonfluorescent portion of
the flap, the pB was 0.49 units below control, pCO2 47.8
mmBg above control and p02 142.7 mmBg below control.
These changes were apparent as early as 1 hour and did

not change significantly when measured at 5 and 9 hours.

DISCUSSION

It has previously been documented tha§ skin flap
failure is a significant clinical problem (54, 74, 110,
198) Two types of flap failure occur clinically for
which different kinds of monitoring may be beneficial.
Free tissue transfers.suffer predominantly an‘all or
none vascular compromise. Moq;tors that assess one flap
site will give an accurate reflection of total flap

viability. Free skin flaps can be monitored externally

whereas other types of free tissue transfers (bone,

P bt B e
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dermis and bowel) require more sophisticated monitoring
devices for the supplying vessels (flow probes (11,
144), temperature probes (115), doppler (9)). 1In direct
contrast, conventional skin flaps are usually
Jjeopardized only in their distal portion. Thus sampling
from one site will oféen be an innazurate index of flap
viability.

Monitors may be intermittent or continuous and they
can aé;ess only one site or the total flap. As flaps
are persistently in a dynamic flow state, continuous
objective monitoring is more accurate than intermittent
assessment, although most continuous monitors tend to be
cumber some and expensive (tcp02 (2),
photoplethy smographs (36)). When intermittent
monitoring is utilized, it is often bequn only after
subjective signs cause the physician to be suspicious of
vascular compromise. Fluorescein and thermography are
the only techniques that act as total flap monitors.
Since they assess the whole flap; tﬁey are not subject
to sampling error.

With current techniques, free skin flaps are best
monitored at one site by continuous means and
conventional flaps assessed by vital dyes on an
intermittent basis. The experimental investigation of

new mohitoring methods is worthwhile because of the

potential clinical benefits and the improved

t
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5

understanding of skin flap pathophysiology that is often

ohtained.

SUBJECTIVE TESTS

Skin color is dependent on the state of blood flow,
dilatation\gf cutaneous capillaries, oxyden content of
the blood, and natural skin pigmentation. In dark
skinned individuals and certain experimental animals
(eg. dogs), color cannot be used as a guide to flap
vascularity. For the e#perienced surgeon, subtle
changes in color remain the ear liest method of
recognizing a threatened flap (49). Despite attempts to
simplify the accurate observation of color (3) 1t
remains an unreliable test for inexperienced eyes. 1In
pig flaps with complete vascular failure, color changes
were immediate and striking., In flaps with distal
failure, color changes evolve with time and only became

obvious 4-6 hours postoperatively. Capillary refill and

- a

blanching is a very imprecise index as documented by its
presence in the nonfluorescent porticn of the pig flaps.
Stab wound bleeding occurs from subpapillary and deep
dermal vascular plexi?g The spontaneity and color of the
blood are helpful in assessing free flaps, but can be
misleading in evaluation of the failing distal portion
of conventional flaps. Subjective monitoring has long

been used as the sole guide for postoperative patient
[}
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management,

OBJECTIVE TESTS

Fluorescein is currently the most widely used and
accepted agent for predicting the survival-necrosis
interface of a skin flap (128, 147). Fluorescein has a
plasma half life of approximately 20 minutes and tissue
fluorescence 1s maximal by 15-20 minutes after dye
administration (38). Clearance of fluorescein from the
tissue takes up to 12 hours and therefore limits the
repeatablility of this test. Bowever, the usefui%ess of
fluorescein has been increased by the develcpment of a
fiberoptic dermofluorometer (187) which allows objective
quantitation of tissue fluorescence. A new photographic
technique has also been devised (149) that may improve
the objectivity of fluorescein evaluation. The major
limitation of fluorescein is that it only tests vascu -
larity at one point in time. Subsequent changes in
flow, detrimental or beneficial, go undetected. The
major advantage of fluorescein is that it is the only
available ﬁechnique for simultaneously assessing the
who%e flap. It is therefore not subject to sampling
error. The results of our pig studies are in accordance
with previous rat studies (180) in that fluorescence at

8 hours post flap construction 1s a better predictor of

flap survival than is fluorescence at 2 hours. This
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observation is most likely a reflectior of spontaneous
increases in flap blood flow during the early
postoperative period.

Temperagure readings are a gross reflection of the
state of the microcirculation. Since skin surface
teﬁperature 1s variable, it is beneficial to use a
control site for reference. Viable flaps are cooler
than control sites and nonviable flap sites are cooler
than both the wviable and control sites. This
temperature difference obviously «<orresponds to a
decrease in hlood flow to the skin flap. However, it
remains too variable an index, wheﬁ employed on an
intermittent basis, to state precisely what magnitude of
temperature change will be representative of a
jeopardized flap. Continuoas monitoring of temperature
as used in digital replants (196) and around
microvascular anastomoses (115) provides more meaningful
informatiorn.

Monitoring flap hematocrit proved o be &
suprisingly usefual technique. As a predictor of
impending flap failure, it was more acc.vate and
reliable than temperature readings. The elevated
hematocrits found in jeopardized flaps 1s a reflecticn
of pathophysiologic events. An ischemic insult leads to
cellular injury., especiallf endothelial cell damage,

which causes increased capillary permeability.
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Subsequent to plasmatic leakage, there is
hemoconcentration within the vascular bed which, in
itself, 19 detr imental to blood fiow. The increased
blood viscosity create= an increase in functional,
peripheral vascular resistance which jecpardizes blood
flow.

Metahwlic tests measure flap circulation at its
most critical level, 1e. cellular perfusioﬁ. With
reduced blood supply, oxygen concentration decreases.
This results in anaerobic metabolism and increased local
acidity as the tissues' buffering capacity is depleted.
Both tissue pH and tissue gas levels have been studied
exper imentally with pos:itive correlation to flap
viab1lity 31, 7%, 156, 214} However, these previous
methods had significant drawtacks as they required
traumatic insertion of catheters into the flap and
expensive, tempermental equipment for analysis. In
contrast, capillary blood analysis, a technique
routinely performed on~premature infants, 1is simple,
inexpensive and has not previously been applied for
study on skzin flaps. Cur results .:n pig flaps have
shown that pB values can be reliablv used to predict
flap jeopardy. The pCO2 and pO2 values are highly

variable and thus an inferior index when compared to pH.
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SUMMARY u

Reliable and repeatable means for objective
postoperative monitoring of skin flaps is a necessity.
If a failing free flap can be recognized early, it can
be salvaged by rewision of the appropriate anastomoses.
For the threatened distal portion of a conventional
flap, external factors, such as kinking or hematoma, may
be corrected or drug therapy instituted. We have
analyzed blood from stab wounds ig exper imental pig
flaps for pO2, pCO2, pPB and hematocrit. The results
were compared to fluorescein penetration and flap
surface temperature. Hematocrit readings of threatened
flaps (54%) were elevated above control (35%). The pB
readings in the jeopardized flaps were 0.4 units below
control. These two measures proved to be more reliable
than intermittent temperature readings. In contrast to
the fluorescein test, which can only be used once, stab
wound analysis is repeatable at any time in the
postoperative period and can be effectively used to}

follow dynamic changes within a skin flap.

("
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INTRODUCTION

Skin flaps are utilized to provide essential skin
coverage, thereforé iurvival is their most fundamental
requirement. Despite careful “flap design, full
thickness necrosis of skin flaps occurs and may lead to
catastrophic complicatians. To avoid this problem, a
clearer understanding of the physiological changes which
occur in normal skin, following its conversion into a
skin flap, is necessary. Of particular concern are the
effects on the microcirculation which, in itself,
determines ultimate flap viability.

With an understanding of both the etiology and
pathophysiology of skin flap failure, it may be possible
to salvage the failing flap with pharmacologic agents.
The present study has evaluated experimental pig flaps
in an effort to clarify the pathophysiology of skin flap
failure. Temperature patterns, red blood cell
distribuéion and skin blood flow have been measured in

acutely elevated flaps.

CLINICAL SKIN FLAP FAILURES

Skin flap failure is due to either extrinsic or

intrinsic causes. Extrinsic causes include systemic

"3 o am b b skt v, detom e e [, - e e ———— e
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factors (infection, arteriosclerosis, Hypotension,

malnutrition) and local facFors (compression, tension,
thrombosis or kinking of a pedicle). Several of these
extr insic causes ca; be minimized by careful

perioperative managment. In contrast to the plurality

of extrinsic factors, the only intrinsic cause is

inadequate nutrient blood flow within the skin flap.
This reduction in normal cutaneous blood flpw is
probably seconhary to surgical incisions. Reviews of
clinical skin\flaps have shown infection and intrinsic
factors to be the leading causes of flap failure (54).
Conventional skin flaps suffer from distal necrosis due
to inadequate vascularity whereas free flaps usually
undergo total necrosis following thrombosis of their
vascular pedicle. The former is an intrinsic
microcirculatory failure while the latter is an
extrinsic macrocirculatory failire. Myocutaneous flaps
also undergo necrosis although an assessment of their
etiology 'has not been reviewed in the literature. .
Total necrosis of a failed free flap is usually due
to thrombosis of an arterial or venous anastomoses; with
partial distal necrosis being a rare event. Revision of
the appropriate anastomosis allows salvage of the
failing free flap in a high pecentage of cases (47). 1In
direct contrast, the pattern of partial flap-failure, as

seen in conventional skin flaps, is much more complex.
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The precise pathophysiological eveﬁts occurring in the
distal dying portion is poorly understood and currently,
we have no reliqblg means of reversing the situation.

It i8 unclear from previous experimental studies whether
the inaéequate nutrient flow is secondary to poor venous
drainage, arterial insufficiency or shunting of blood

through arter iovenous anastomoses. The present reﬁbrt

investigates the pattern of conventional flap failure.

PREVIOQS EXPERIMENTAL WORK

To date, there have not been any major
expepimenyal studies directly addressing the
pathophysiology of conventional skin flap failure. Past
research has been directed towards an understanding of
the delay phenomgnon. BHowever, with ?mp:ovednflap
deéign and the development of microsurgical techniques
in the last decade, there are few clinical requirements
for delayed flaps. Experimental studies have been slow
at paralleling the change in ¢linical emphasis. Asx
there are no previous papers dealing specifically with
acute skin flap failure, a liter:ture review must dra;
on related areas. Several theories as to the mechanism

of the delay phenomenon have evolved. Through d%

analysis of these theories, the pathophysiologig events

.
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occurring in an’ acutely elevated flap may be'better

understood. ‘

4

ISCBEMIA THEORY

It was originally proposed by Bfown & McDowell
{23) that a dele operation conditions the skin flap to
ischemia. Multiple investigators (156, 214, see
Exper iment 2) have documented that acutely elevated skin
flaps, both delayed and undelayed, are indeed ischemic.
When their tolerance to ischemia was tested, Milton
(142) showed that delayed flaps are more susceptible to

ischemic necrosis than acute flaps. These data do not

\*‘support~the ischemia theory of delay. Acutely elevated

flaps are suffering an ischemic insult, but delayed

flaps do not have an increased tolerance to ischemia.

~ SYMPATHECTOMY THEORY

The role of sympathetic denervation of the <
cusaneous vasculature in the delay phenomenon was first
proposed by Bynes (98). BHe demonstrated by simple
nilhydrin sweat tests that skin flaps are
sympathectomized. Subsequent‘researchers (61, 165, 209)
have shown histological loss of catecholamines in
Experimental flaps by 36 hours postoperatively. The

relationship between the delay)phenomenon and

sympathectomy is still unclear. 1In acutely elevated

S
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flaps a cut sympathetic nerve spontaneously discharges
catecholamines. This release may have an initial
vasoconstricting effect on the cutaneous blood vessels

which is detrimental to flap survival.

REACTIVE BYPEREMIA THEORY

Based on histoibgical observations of clinical
tubed flaps, Braithwaite (20) proposed that the delay
procedure worked because of reactive hypéremia. He
observed that certain vessels of £he dermal plexus
became enlarged under the influence of local
metabolites., BHe postulated that this dilatation led to
an improvement in venous drainage and a decrease in the
overall hemodynamic resistance of the flap. Local
vasoéilatation due to an accumulation of metabolites in
is;hemic tissue is a well accepted fact, but its role in
the delay phenomenon is much less clear. It can be
postulated that in an acutely elevated ischemic flap,
the balance between vasodilating metaholites and

vasoconstricting catecholamines will help determine the

rate of blood flow throﬁgh nutrient channels.

INFLAMMATION THEORY

—
Velander (207) proppsed that the penefits of the

delay procedure were from the inflammatory reaction

induced by surgical trauma. He felt that if the
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transfer of the flap was optimally timed, this

inflammatoy state would lead to a "rapid vascular !

-

link—-up over 'a maximal area". JBy injecting formic acid :

. ~
to cause an inflammatory reaction at the site of future

}

| flap elevation, Erikson and Robson (62) were able to

increase the survival of experimental rat flaps. An
, -

acutely elevated flap suffers from two major insults,

4

surgical trauma and ischemia, both leading to an
inflammatory reaction, Whether this inflammatoy state
is beneficial or detrimental to delayed or acute flaps

has not been adequately defined. %,

ARTERIOVENOUS SHUNT THEORY

3

Acute flaps fail because of inadequate nutrient
élaw. Reinisch (174) has proposed that this state of
low capillary flow occurs in the presence of a high
arter iovenous shunt f¢ow. Arteriovenous shunts, dilated
Because of sympathectomy, are postulated to 6ffer the

. pathway of least redistance to flow thereby "stealing"
from the higher resigtance capillaries. With time, gggy
shunts are thought to undergo a relative
vasoconstriction and a substantial proportion of the
total flow is redirected to nutrient channels., Based on
indirect observations of temperature, dynamic flow
studies and radioactive red blood cell distribution,

Reinisch postulated that delay works because of this ‘?
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redirection of flow. If this theory is correct, then
attempts to mimic delay should be directed towirds
closing arteriovenous shunts, not at increasing arterial
inflow. Subsequently, Prather (172) was unable to find
temperature patterns or red blood cell distributions
that supported the shunt hypothesis. Guba (80)
attempted to quantitate total, nutrient and shunt flow
in pig flaps using the microsphere technigue. He did
not find a significant decrease in absolute shunt flow
in delayed ,flaps. Whether shunt flow does play an
important role in acute skin flap failure is still
unclear. Both indirect and quantitative studies need to
be repeated so that the shunt theorw be rejected or

accepted.

The relative importance of ischemia, inflammation
and sympathectomy in skin flap failure remains
un?efined. The presence or absence of detrimental
arteriovenous shunt flow is controversial. None of
these factors have been carefully examined in the
acutely elevated flap (0-12 hours). If our long term
goal is to successfully salvage a failing flap, then it
is imperative that its basic pathophysiologic mechanisms
be more carefully defined. The primary goal of the
present study is to quantitate changes of total,

nutrient and shunt flow in acutely elevated fl’aps.&
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METHBOD AND MATERIALS

White Poland China pigs (21+2kg) were sedateg with
acepromazine a;d anesthetized with thiopental.
Anesthesia was méintained by either pentobarbital,'or by
intubation and sponﬁaneous inhalation of a mixture of
oxygen, nitrous oxide and halothane (.25-1%). Four flap
designs were used in the experiments (Fig. 4-1). Dorsal
random (DR) and ventral arterial (VA) flaps, both 18 x 4
cm were based 3cm from the dorsal midline or 4cm from
the niﬁple line regpectively. Random buttock (RB) and
arterial buttock (AB) flaps,.both 18 x 10 cm were
designed with the anterior superior iliac spine as a key
landmark (see Experiment 1). After flap construction,
all animals recieved 5cc of 10% fluorescein solution.
Under Wood's lamp illumination, the pattern of
fluorescence was noted and recorded. The nonfluorescent
portion of the flap was considered at risk of failure;

Five separate experiments were performed.

TEMPERATURE

Under nembutal anesthesia, six pigs h;d 34 flaps
constructed (20 DR,'B VA, 3 RB, and 3 AB). Flap surface
temperature was measured wih a surface thermistor probe
(YSI $708) and digital weadout display (Digitec 5800). .

Data was obtained boﬁﬁ preoperatively and one hour
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postoperatively at 2cm intervals along the length égmihe
flap. For graphic presentation of the data, the
preoperativeqtemperature at the base of the flgp°wéso
arbitrarily assigned 0 (mean base temperature = 34.50C).
The mean temperature changes from this value for the
four flap types are presented. In one pig unéer
nembutal anesthesia, a the{mogram was obtained of
acutely elevated DR flaps.

£

CHROMIUM TAGGED RED BLOOD CELLS

Five animals under pentobarbital anesthegia and
four animals under halothane anesthesia had four DR
flaps outlined on one or both %;des. The flaps were
elevated at Qiffereﬁt time intervals (1-24 hours) before
administration of radzbactive red blood cells. Eaéh
aniﬂi;'s blood was' tagged with chromium51 in the
standard fashion. In a sterile vial, the following
ingredients were mixed and incubated at 37 degrees
celsius for 15 minutes: 30cc of blood, 10;c of A-C-D
solution and 200uCi of sodium chromate5l. The vial was
centrifuged, the plasmagdiscarded and replaced with an
equal volume of normal saline and 250 units of vitamin
C. Washing of the plasma was repeatéd 3 times. After
the quropriate period, the pig was fluorescéa, the
radioactive red blood cells were administered and

precisely 2 minutes later, most flaps were transected at

4l
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their base. In four an.imalé,'the flaps which had not

been divided at 2 minutes were transected at 20, 40 or
60 minutes. All specimens were pinne'd out to length on
cardboard and placed in a freezer. Once frofen,
bigpsies (nl.Scm ir: diameter) were obtained along the
length of the flap using a corkborer: Th‘e fiap biopsies
were placed in scintillation vials and radioactivity
counted for 10 or 20 minutes in a Beckman Gamma 8000. °
The window employed for chromium51 w;\s 250-400 keV.‘iJ.

Counts were corrected for background and plotted in

histogram format.

DYNAMIC SCANS

Under nembutal anesthésia, two pigvs;were_z used to
assess the .value of dynamic scanning of skin flaps.
Dorsal‘ random flaps were designed, elevated and
fluoresced in the standard fashion. Lead shielding was
positioned under the flaps and over the rest of the pig
to minimize background counts. One pig recieved 10mCi
of technetium99 free ion and. thi other 50mCi of
technetium99 tagged albumin. Startitng from the time of
isotope injection, the gamma camera was programmed to
make thirty 3sec exposures, the Scan thus lagted for 90
seconds. Flaps were then excised 2, 20, 40 and 60
minutes after isotope inje}zt_ion and a static, 10 minute,

exposure of the ?1555' radioactiviy was made.

o~
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| ( TAGGED RED BLOOD CELLS AND 15U MICROSPHERES. .

- Strontium labelled 15u microspheres suspended in
normal saline with 0.01% Tween Bohwete obtained at a

nominal specific activiy of 1mCi/g. The spheres were

t

examined microscopically and standards of 100-400 B
B & B

spheres were prepared to calculate average counts per

I ‘ bead. The red blood cells were tagged with chromiumsl

as previously described. Two DR and two VA flaps were

designed and elevated on three pigs under pentobarbital
anesthesia. Through a carotid artery cutdown, a size §
.catheter was positioned at the ba\e of tﬁe aorta.
Follow ing' fluorescein adminis;rat}on, 75uCi of Sr85 15
(~ micron ;pheres were injected via the aortic catheter.u
The radiocactive red blood cells were -then injected
intravenously and all flaps excised 2 minutes later.
The flaps were frozen, biopsied and counted for

Ry

radicactivity. Chromium was counted at 180-400keV and

&\

Co strontium at 400-700keV.” Counts were corrected for
background and crossover and then plotted as histograms.

<

TOTAL FLOW AND NUTRIENT FLOW

e

]

iy

Nutrient flow was measiéred with 15u spheres and -

total flow with 50u spheres. The 50u spheres, tagged

-
~,

_with ceriuml4l were obtained in the same form and

inspected as previously described. In five animals, 2

[4 * f . ’
(} under pentobarbital anesthegia and 3 under halothane

e
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anesthesia, 4 DR and 2 AB flaps were designed. The left
ventricle was catheterized with a size 5 catheter under

manometric guidance. A femoral arterial line was

positioned for blood pressure monitorin% and reference
sample withdrawal. Three of the DR flaps were elevated

and one left unoperated for measurement of control blood

" flow. The AB flaps were elevated as island flaps and

the draining vein was catheterized with PES50 tubing.

Prior to sphe?e injection, blood pressure was
recorded and reference sample withdrawal was initiated
agﬁa rate of 7.64cc/min using a Barvard pump. The 15u
spheres, which had been placed in an injection vial
(177) and counted, were injecéed over a 20 second period
and the line flushed with 10cc of normal saline. The
whole procedure was then repeated for the 50u spheres.
The venous effluent of the AB flaps was collected for 30
seconds before and 7.5 minutes after each sphere
injection.

Skin flaps ;ere efcéﬁfd and crt into nine 4 x 2 cm
strips. The strips were weighed and counted for
radiocactivity along with the reference blood samples,
venous drainage samples and the sphere standards. The
Beckman Gamma 8000 was programmed to count each specimen
for 10 minutes in two windows (20-180keV for ceriumldl
and 400-700keV for strontiumB5). A computer program was

written and used to correct counts for background gnd

4
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crossover and to calculate flow acco;ding to the
equation:
FLOW TO SPECIMEN (CC/MIN/100GM) =

REF FLOW(CC/MIN) X SPECIMEN RADIOACT{CPM) X 100

REF RADIOACT(CPM) X SPECIMEN WT (GM)

The calculated flow rates for each 2 x 4cm segment
along the flap were then plotted as histograms. The
mean flow rates of control skin, fluorescent flap skin
and nonfluorescent flap skin were calculated for two

. e
types of anesthesia. (

To estimate the accuracy of 15u and 50u spheres in
their determination of shunt flow, the radioactivity of

the venous effluent of the AB flaps was divided by the

sum of the radiocactivity of the total flap and the

venous effluent. Shunt flow for DR flaps was calculated

by subtracting ﬁutrient flow {(l15u spheres) froﬁ total
flow (50u spheres.) The number of spheres per ;kin

specimen was determined by comparing radioactivity to
that of the standard preparations. This enabled us to

assure at least 400 beads per specimen.
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RESULTS

Fluorescein administration in the early
postoperative period (1-4 hours) resulted in a poorly
defined borderline between fluorescent and
nonfluorescent segments of the flap. After 8 hours
however, the demarcation.line of fluorescence was well

defined.

TEMPERATURE

The mean temperature patterns for the four flap
types show consistent differences from control (Fig.
4-2). Distal to the level of fluorescein penetration,

flap temperature was 1.5-2.5°C below control

88

precperative values. 1In the fluorescent portion of the

flap, proximal temperatures in arterial flaps were
closer %o control than were those in random flapsd.

]
Thermograms showed all flaps to be cooler than control

skin (Fig. 4-3). If surface temperature is an accurate

reflection of cutaneous blood flow, there is a gradual
decreage in flow as one progresses distally along the
flap. Wiﬁhout excepﬁioq, the flap was a}yays gooler
than controls in marked céntrast to pfevioqs reborts

(174) . g
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CHROMIUM TAGGED RED BLOOD CELLS

The* mean distribution of chromium5l tagged red
blood cells to random pattern flaps, elevated for 0-24
hours (mean=10 hpurs) and left in situ for 2 minutes, is
limited primarily to thu'fiuorescentd?ortion of the flap
(FPig. 4-4). Theredis a gradual decline in radioactiv?&y
as one progresses distally away from the flap's base,
If 4 hour o0ld flaps are left in situ for 20, 40 or 60
minutes,Jthere is a gradual increase in radiocactivity in
the nonfluorescent portion of the flap (Fig. 4-5). The
15u spheres are trapped in the capillary'sed during
their first circulation and their level of radioaativiy
is representative of flow rates. With recirculation
through the vascular systen, r;dioactive red blood cells
are distributeq to ali vascular spaces regardless of
flow rates. This may explﬁin the.discrepancy of the
distribution of these two vascular markers. The use of
halothane as compared to nembutal did not alter the

distribution of red blood cells in the failing pig

flaps.

DY NAMIC SCANS

With the dynaﬁic flow studies, no radiocactivity
was detected in thé flaps on 3 second exposures (Fig.
4-6). Bowever, radioactivity was detected when the

static scan wag performed on the same flaps for 10
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minutes (Fig. 4-7). As with the rediblood cell
distrigu;ioQ, both the free ion and albumin were
distributed principal%y to the fluorescent portion of
the flap. The radioactivity in the nonfluorescent
portion of the flap increased with the length of time
the flap was left in situ. In contrast to previous
reports (174), dynamic scans were unable to assess blood

flow in skin flaps.

SPHERES VS. RED BLOOD CELLS

In comparing 15u spheres and chromium51 tagged red
blood c¢ell distribution (Fig. 4-8), both vascular
markers wWere primarily limited to the fluorescent
portion of the flap. By excising flaps at 2 minutes, \we
were unable to replicate previous findings (174). —_—
ﬁowever, if the flaps had been left in situ longer, it
is présumed that the recirculation of the red blood
cells and their equilibratjon in the distal flap would

lead to a discrepancy in their distribution as compared

to spheres.

TOTAL AND NUTRIENT FLOW

Quantitative flow studies, with the microspheres
show .that under nembutal or halothane anesthesia (Fig.
4-9; there is insignificant flow, both total and

nutrient, in the nonfluorescent portion of an acutely



B

Fig.

4-7

Proximal

LY

ok

Static scan of same flaps seen in Fig 6.



A Tt TR ARDS EST Stk VaAVBAARDMASS <13kl TATE 3 W e e

Fig.

4000

L]
St Microsphares (15 4

2000

FLUORESCEIN

e,

5
Cr Pod Biyad Colls (7 » )

2000

-

COUNTS ABOVE BACKGROUND (20 minutes)

5 9 T Rl 13 T T 1-7
DISTANCE FROM BASE (centimeters)

1

-~

4-8 Cr51 rbc's vs 15u sphere distribution.




HALOTHANE

BLOOD FLOW (cc/min/ 100 gm)

-

6 HOURS
% = nutnent flow
{ 15 u spheres)
% = total flow
( 50 pspheres)
y e
13 17

cm ALONG FLAP

4-9 Mean flow

rates under halothane anesthesia,




T —————

C e s ww— e\ T} - . - e s e o e e S a0 e e me

-Flap Failure 91
. y

elevated flap. In the fluorescent flapn flow gradually
dec}eases as one progresses distaily from“thé\base.
This pattern of diminishing distal flow was éonsistent
in all the flaps examined. In both these agute flaps,
the absolute and relative shunt{flow also decre;se as
one progresses distally.

The~average flow rates for control skin and’the
fluorescent and non fluorescent portions of the fiap

%

were calculated (Fig. 4-10). Total blood flow was found

to be significantly higher in control skin than in the

;’ <
fluorescent flap. Nutrient blood flow does not differ

VR

between control skin and fluorescent flap. The
-nonfluorescent flap has virtually no measurable flow,
neither total nor nutrient. From the data obtained by
collecting Spe*véans effluent of arterial buttock
flaps, 4.4% of the 50u spheres we;e shunted anﬁ B4% of
the 15u spheres were shdnted. We interpret this to show
ghat figk as determined by 50u spheres is an accurate .
index of total flow to the flaps. Shunt flow, computed
from total flow less nutrient flow, was significantly
less in the flap than in control skin. The act of flap
constructioﬂ induées profound changes in cutaﬁeous blood
& flow.
)Anesthetic agents also have a pfofouq? effect on

cutaneous blood flow. Pigs under halothane anesthesia

had control cutaneous. total blood .flows significantly

"y
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higher than pigs under nembutal anesthesia (p<.0l).
Nutrient blood flow was lower under halothane than under
nembutal. Shunt flow in both control skin and
fluorescent EIEB skin was greater under halothane than
nembutal (Table 4-I & 4-II). The type of anesthesia
employed significantly affects measurements of cutaneous
blood flow. 1Ideally, animals should be awake while

assessing skin blood flow rates.

DISCUSSION
%

The importance of understanding the
pathophysiology of ékin flap failure is related to our
ultimgte ability to prevent the complications of skin
flap necrosis. Data from the present study on
experimental pig flaps indicate that flaps fail because
of arterial insufficiency. Artgriovenous shunts do not
play an important role in acute skin flap failure.

>
OBJECTIVE EVALUATION

Surface temperature readings indicate that flap
blood flow becomes progressively less than control as
one mo;es distally along a flap.' If shunt flow is the
cause of inadequate capillary flow, one would expect to

find higher temperatures as one progresses distally. ‘
2]

o
-
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50u flow
(‘“ 15u flow

shunt flow

Y

CONTROL
29.17 +
.87 +

28.3
(97%

TABLE 4-1

CUTANEOUS FLOW RATES
.(cc/min/190gm)

HALOTHANE ANESTBESIA

SKIN
6.9 5.59 + 2.3
.72 62 + .49
4.97
) ~_  (893%)

R

FLUORESCENT FLAP NONFLUORESCENT FLAP

08 + .1
.08 + .22
0
(0%)
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TABLE 4-I1

CUTANEOUS FLOW RATES
(cc/min/100gm)

NEMBUTAL ANESTHESIA

CONTROL SK IN FLUORESCENT FLAP NONFLUORESCENT FLAP'

50u flow 10.25 + 1.7 4.100 + 3.1 .05 .06

I+

15u flow 1.34 + .20 1.21 # .8 .07 + .08

shunt flow 8.9 2,89 0
(87%) (70%) (0%)
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After approximately 6-8 circulation times (2 minutes),
the distribution of radioactive red blood cells also
indicate a gradual decrease in flow towards the distal
end of the flap. However, after multiple recirculations
(20-60 min) the concentration of radioactive cells in
the distal flap increases to greater than control,
Blood is getting into the flap but at such a slow rate
that flow and oxygen delivery are insignificant. The
high red blood cell concentration is a reflection of the
hemoconcentration that we have previously documented
(see Experiment 3). The vascular channels in the
failing distal flap are patent. This observation has
important implications for the systemic treatment of
skin flaps.

Dynamic scans provideé no ‘useful inFormation about
blood flow to acute skin flaps. Skin flép flow is so
low when compared to the rest of the body that gamma
cameras are unable to detect the presence of
radioactivity in a 3 second exposure. However, static
scans of the teéhnetim ion and technetium albumin
distribution in the flaps was in accord with the
observed distribution of red blood cells.

Utilizing the radioactive micfosphére technique,
we were.pble to measure total flow by the 50u sphéres,
nutrient flow by 1l5u spheres and shunt flow by

subtracting nutrient flow from total flow. By

ORI SV [ - [pe—
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collecting venous effluent from selected flaps we were
able to test the accuracy of 50u spheres in measuring
total flow. Flow (total, nutrient and shunt)
unquestionably decreases as one progresses dis£ally

along an acutely elevated pig skin flap.

ACUTE FLAP BLOOD FLOW

Why do skin flaps fail? 1Inadequate nutrient blood
flow appears to be a consequence of a decrease in
arterial inflow (see Experiment 5). This decrease is
secondaty to the surgical severance of the normal
cutaneous vasculature. Poor flap design and anatomical
variations in skin blood supply make this an unavoidable
consequence. Our findings of decreased flow rates in
random pig flaps correspond well with previous
experimental studies. However, these studies did not
look specifically at the failing portion of the flap.
Nathanson (158) measured skin blood flow ip viable
random dog flaps during their construction. Incising
the flap sides caused an increase in nutrient flow as
compared to control. Flap undermining caused a dramatic
decrease in nutrient blood flow. Guba (82) assessed
nutrient blood flow to viable arterial flaps on dogs in
the early postoperative period. Control flow measures
were made prior to flap construction., At both 30 and 90

minutes post construction, cutaneous flow in the
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arterial portion of the flap was significantly greater

than preoperatively. However, flow rates in the viable 1 |
random portion of the flap were significantly below | . '
control flow at 30 and 90 minutes. Sasaki (180) studied

flow rates and microsphere distribution in acutely o 1

»

elevated rat flaps. Measurements of control skin blood

flow or control sphere distribution were not reported. é

gi

The 15u sphere distribution was initially (2-6 hour old :
flaps) limited to the arterial portion of the flaps.
‘Bowever, in 12-24 hour old flaps, spheres wete also seen
in the distal random portion. Flow rates :s;é measured
for the total flap but were not subdivided into arterial
or random, viable or nonviable segments. Flow t? fhe
total flap was found to increase with time after

surgery, reaching a maximum by 24 hours.

INSULTS

Flaps fail from arterial insufficiency (see
Experiment 5). What are the physiological cénsequences
of this and are they beneficial or detrimeﬁkal to flap
circulation (Fig. 4-11)? One must first realize that

flaps are in essence a type of end organ without

collateral circulation. The distal flap is totally
dependent on the proximal flap. Changes in the distal i
flap are always more severe than those in the proximal

flap. There are 3 major interrelated insults initiated
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o

-—-— = v - T T

Flap Failure 96

by flap elevation: 1) severed vessels producing
ischemfia, 2) surgical trauma causing inflammation, and’
3) severed nerves resulting in sympathectomy.

Ischemia, Conversion of a skin area to a skin
flap necessitates severance of cutaneous vessels with
resulting ischemia. The degree of ischemia tends to
increase with distance from the vascular supply to the
flap. The consequences of ischemia are fourfold.

First, cellular death will result within 13 hours (see
Exper iment 2) unle%s flow is restored to the tissues.
Second, there is a buildup of by-products from anaerobic
metabolism which act as local vasodilators. This
vasodilating effect will only be beneficial if the
arterial pressure isxadequate to insure continued flow\
with this decrease in Vascula;‘resistance. Third,
ischemia results in an inflammatory ﬁype reaction
leading to endothelial cell swelling and in the
extreme, intraluminal obstruction. Fourth, the ischemic
tissue will be more susceptible to infection which in

itée%‘ will be detrimental to'flag survival.

Trauma. Surgical trauma causes an additional
inflammation that compounds the insult of ischemia,
With'the inflammatory reaction, multiple agents:

including bradykinin, histamine, and prostaglandins are

Y 2 . -— - A -
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released causing local vasodi'latation and an increase in
capillary permeability. There is a resultant shift or
leakage of fluid into the extravascular space. This
leakage has two important consequences.

Intravascularly, there is hemoconcentration which alters
the rheologic properties of blood. Resistance to flow
ig increased. Extravascularly, interstitial edema
develops as does intracellular swelling.

»

Sympathectomy. When a sympathetic axon is severed

from its cell body, there is an obligatory loss of
catecholamine from the nerve terminal. This release
causes a vasoconstricting influence on the alpha
adrenergic receptors. Whether this is offset by
opposing vasodilating forces will depend on the ultimate
balance between the two. It is our impression that in
the proximal flap, where ischemia is not so severe, the
va(soc'onstriction predominates causing submaximal flow.
Bowever , in the distal flap which is severely ischemic
the vasodilating factors are predominant. More
importantly the distal flap is entirely dependent-on the
proximal flap for its blood flow. Thus, despite
vasodilatation in the distal flap, flow cannot increase

" because of the pro:\(imal regulation of arterial inflow.
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FLAP SALVAGE

With this postulated information, how can we
attempt to salvage the failing flap? 1If we could
increase arterial inflow, we could minimize the ischemic
insult, Theérgtically, this increase flow could be
accomplished by:blocking the vasoconstrictarg factors
affecting the proximal flap. A variety of alpha
blockers have been employed in several animal species
with somewhat varied results. Alternatively,
vasodilating forces could be made stronger so as to
overcome the vaoconstricting forces. Direct acting
vasodilators have been utilized both successfully (67)
and unsuccessfully (189) in rats. If proximal flap flow
is suboptimal, continued efforts to find effective
vasoactive agents should prove beneficial to the failing
flap. Detrimental effects of infection have been
indirectly demonstrated by an increase in skin flap
survival in germ free rats as compared to controls
(116). Experimental flaps treated with topical silver
sulfadiazine (133) also have increased survival when
compared to untreated animals. Control of the natural
skin flora by topical therapies has exciting
possib{lities;for the failing flap.

The in%lammatory response elicited by both
ischemia and surgical trauma is detrimental to acute

flap survival. Antiinflammatory agents such as

e ———————————
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corticosteroids can protect the cells against ischemia
by stabilizing cell membranes. This effect will
minimize increases in capillary permeability and fluid
extravasation. The use of systemic steroids in
experimental animals with skin flaps (137, 138) has beeh
found beneficial. Topical application of steroid creams
has not yet been utilized. Prostaglandin synthesis
inhibitors have also been demonstrated to increase
experimental flap survival (181). Whether this effect
is dué to blocking the inflammatory or wvasoactive
characteristics of prostaglandins is unclear.

Manipulation of the hemoconcentration, andrthgs

'

the resultant increase in vascular resistance, that N

develops in the failing poréion of a skin flag is
another potential means for improving flap survival,.
Experimental animals ﬁave been made both hypoproteine
(176) and anemicf(59, 159) in order to improve flap
survival lengths. Flaps in rabbits treated with
systeﬁic heparin have also shown increased survival
length (182).

Skin flaps fail because of arterial insufficiency.
Ischemia is the pfimary insult which is compounded by
surgical trauma, inflamation and sympathectomy.
Bopefully, with this improved understanding of the
pathophysiclogyﬁof skin flap failure, attempts to

- 4]
increase flap survival length will be more fruitful than
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( in the past.

SUMMARY

The pathophysiology of skin flap failure was

investigated in acutely elevated pig.random skin flaps.
Temperature patterns were observed as was the
distribution of radioactive red blood cells.
Microsp}xeres were utilized to quantitate nutrient and
total flow. Acutely elevated flaps were fluoresced and
it was found that the nonf}uorescent‘portién of the flap

( had insignificant circulation as determinéd by each of
the above techniques. The consequences of this decrease
in flow are discussed with respect td the pofential

treatment of the failing skin flap.
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EXPERIMENT 5:

A
SALVAGE OF THE FAILING FLAP
C ‘ BY CONTROLLED VASCULAR
AUGMENTATION
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' INTRODUCTION

w

The etiology of intrinsic skin flap failure is

attributed to either arterial insufficiency or v%nous
inadequacy (77). In the past few decades, three
different experimental approaches were employed to
resolve this problem. Clinical observations by Bynes
(96) and experiments by Myers\et al (155) and Cherry et
al (30) assessed the effect of gravitational forces on
blood flow in sympathectomized skin flaps. Flaps were
made dependent to increase venous drainage. These
studies had conflicting results and no conclusion as to
the relative importance of arterial or venocus factors
could be made.

The second method was based on the corollary that
conversion of an arterial flap to a random flap resulted
in a shorter surviving length. Experiments were
designed (152, 168) to determine if the critical
nmanoeuvre was the divisi0n~ef the segmental)artery, vein
or both. Arterial supply was foﬁnd.gg\pSAthe most ’
important factor.' If decreasing the arterial input
decreases flap survival length then what effect will
increasing arterial input or venous drainage have on
flap survival length?

.Qhe present paper describes a third approach to ‘the

problem. Selective augmentation of either venous or

-
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Wotes

arterial supply is effected to the nonfluorescent

portion of a random flap. e

METHBODS AND MATERIALS
—
White Poland-China pigs (16-23kg) were sedated.with
acepromazine and anesthetized with thiopental.
Following intubation, an&sthesia was maintained with a
mixture of halotgane, nitrous oxide and oxygen. 1In 9
pigs, bilateral standard buttock flaps 18 x 10 cm were
designed to have a random pedicle distally and an island
pédicle proximally (see Experiment 1) The flap was
incised, elevated and sutured back in its bed. The
‘aﬁimal was turned to a supine position to allow
dissection of the vascular pedicle to the level of the
inguinal ligament. The vascular island pedicle was

manipulated in one of three ways: 1) all structures

Y

'were divided, 2) nerve and vein were divided, or 3) the

nerve and artery were divided (Fig. 5-1). Three
experimeﬁtal groups were thus created: controi (<),
arterial augmentation {AA) and venﬁus augmentation (VA).
The wounds were closed and all animals observed. One
" week postoperatively, the animals were sacrificed and

the flaps photographed.
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' forces. Be postulated that flaps failéd because of
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RESULTS

Al)l flaps in the control and venous augmentation
group underwent necrosis of the island end of the flap]
and survival of the random end of the flap (Fig. 5-2 &
5-3). The mean survival of control flaps was 7.67 cm
(43%), VA flaps B.33 cm (46%) and AA flaps 18 cm (100%)
(Fig. 5-4). The AA flaps were significantly longer than
either VA or C flaps (p<0.01). The survival lengths of
VA and C flaps were not significantly different (p)>
0.33).

DISCUSSION

' In order to salvage a failiné flap it is critical
to understand the physiological basis of skin flap
failure. Since the dying flap often appears blue, the

etiology was considered congestion secondary to venous

e

insufficiency (134). Bistologically, one sees dilated

capillaries packed with red blood celis. But does this -,
observed state represent pﬁssive distension from véqogs:5
inadequacy or is it the active vasodilatation -of anox@a‘f‘

.
{own

secondary to arterial insufficiency? Clinically, Hyhgs:w'

(96) noted that "blue"™ flaps could be made whité‘énd

"white" flaps made blue by changing gravitational
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arterial insufficiency. Myers et al (155) subsequently
used gravitational fo;ce in experimental rabbit and pig
flaps to increase arterial inflow. They found no change
in su}vival length. Cherry et al (30) extended these
studies to include delayed flaps subjected to more
severe gravitational forces. Be found a decrease, not
an increase, in survf?al length of dependeQE delayed
flaps. These conflicting studies confuse the issue as
it is questionable whether gravity really does alter
arterial inflow. Myogenic factors in the autoregulation
of the cutaneous microcirculation ma§ limit the effect
of gravity (86).

Studies in th% rabbit and pig (155, 168) showed
that survival of arterial flaps was decreased if their
segmental artery was ligated. In contrast, ligation of
the segmental vein did not alter survivalxlength.
Salvage of a flap tip‘destined to necrose by increasing
arterial inflow has not been shown by the foregoing
studies, BPowever, our data show clearly, that selective
augmentation of arterial inflow does prevent necrosis in
that portion of a pig skin flap that is destined to
fail. Clinicaliy, it will be difficult to increase
arterial inflow. First, there is rarely a segmental
artery in the distal end anatomically. Even with

microsurgical techniques, there is rarely a segmental

. artery in the distal end of a clinical flap (135). A

»
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convenient donor artery is also unavailable (157).
. Thus, salvage of the failing distal portion of a skin

flap must be by pharmacologic manipulation of the

microcirculation, especialiy arterial inflow.
Currently, double blind drug studies are being done with ‘ !
phenoxybenzamine (an alpha adrenergic recépﬁbr blocker),

isoxsuprine (a beta receptor agonist and a direct smooth s

muscle relaxant) and reserpine (a catecholamine

»

depletor) to determine their efficacy.

SUMMARY

The role of arterial supply and venous drainage in
skin flap necrosis has been examined using a pig skin
. flap modei. Augmentation of arterial inflow to the
distal portion of the flap significantly increased flap
survival. Augmentation of venous drainage had no effect
on flap survival. Attempts to salgfge failing skin

flaps should be directed towards increasing arterial

inflow.
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EXPERIMENT 6:
PBARMACOLOGIC TREATMENT
OF TBE |
FAILING SKIN F‘LA'P
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for plastic surgeons. Despite an improved understanding

Flap Treatment 108
INTRODUCTION
Salbaging the failing skin flap remains a challenge

of the cutaneous vasculature, skin flap necrosis still
occurs, Effective and reliable treatment of the failing
skin flap remains an elusive goal. Necrosis occurs in
all types of skin fiaps including random flaps, arterial
flaps, myocutaneous flaps and free flaps. The presenk
study was designed to investigate failure in random skin

flaps.

CLINICAL TRIALS

To date clinical reports regarding the. treatment
of failing flaps are based primarily on isolated cases,
not on clinical series. Adamson (4) elevated random
skin flaps in the lower extremities of a paraplegic
patient. Flaps on the leg were treated with topical
dimethy lsulfoxide. The treated flaps survived to a
longer length than untreated flaps on th; contralateral
limb. The difference seen in viability was suggestive ‘
of a beneficial drug effect but may also be explained by
chance variation. Barisoni (12) studied the effects of

thymoxamine, an alpha adrenergic receptor blocker, on

4
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control skin and flap skin blood flow. Systemic
thymoxamine and locally injected\thymoxamine were found
to increase Na22 clearance in flaps but not control
skin. Unfortunately this increase in blood flow did not
correlate with survival. Finseth (66) has published
case reports of salvaging failing flaps with
isoxsuprine. Fluorescence of the flaps was the control
measure of viability before drug treatment. As
fluorescence is not always an accurate index, the
benefit of isoxsuprine, or any other drug, cannot be
accurately assessed by isolated case reports. Perrins
%169) has studied the effect of hyperbaric oxygen in a
more systematic way. Climical skin flaps threatened
with failure, as defined by subjective observations,
underwent intermittent treatment. There were obvious
improvemengg in flap color and flap viability. The
overall incidence of flap failure during the year that
the therapy was instituted was less than in previous
years at the same hospital. Unfortunately this
treatment has not become widely accepted Qegause it

involves potential hazards to the patient, cumbersome

equipment and the need for highly trained professionals.
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EXPERIMENTAL STUDIES

More than 45 papers have been published on the
treatment of experimental failing skin flaps. The
results of these studies are conflicting and therefore
difficult to interpret. The literature can be
simplified by defining certain pertinent factors 1)
therapeutic agent employed, 2) timing of treatment, 3)
route of administration, 4) animal species employed, and
5)repeatibility éf the study. The therapeutic agents
utilized to increase flap survival can be subdivided

according to their theoretical mode of action.

.

" INCREASED BLOOD FLOW

,,’
Sympatholytics

Phenoxybenzamine has been successful at increasing

flap survival when used both pre- and postoperatively in

rats (67, 153, 212) It has been administered by both the

systemic route and by direct injection into the base of

" the flap. However, the same drug employed by different

researcheré in rats (189) and pigs (148) has shéﬁn no

beneficial effects. Pretreatment of rats with systemic
reserpine (40, 102) 6-OBdopa (174, 212) and propranolol
(67, 100) have been found successful. by some authors but

unsuccessful by others (103, 1B9). Pretreatment of rats
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wih guanethidine has been successful and repeatable (1,

67, 102). 1If our current understanding of skin flap
failuré is correct, the pharmacologic manipulaéibn of
the s§hpathetiq)regulation of cutaneous microcirculation
sheﬁld increase flap survival. Bowever, past attempts
to do this have not been consistently successful. OQur
current theories need closer examination and our
pharmacclogic studies require more careful planning and

14
monitoring.

. Direct Vasodilators

" Topical dimethyisulfbxide has been used
postoperatively in both rats and rabbits showing both
beneficial (5, 78, 107) and no effects (109, 153) an
skin flap survival. Bistamine in rabbits (107, 143) and
hydralazine in rats (67, 189) have also been both
successful and unsuccessful at increasing flap survival
length. 1Isoxsuprine, given pre- and postoperatively to
rats has increased flap survival in some researchers
hands (67) but not others (29, 179). The use of
prostaglandin inhibitors in rats has been found to
increase flap survival (180) but there are no
confirmatory investigations in the literature. Whether.
or not vasodilators can increase flap survival ié
questionable. Pharmacoldgic agentsisre usually complex

having more than one effect. For drugs such as

&
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dimethyléulfoxi@e and prostaglandins, it is unéertain
whether it is their vasodilating or anti-inflammatory
effects that are beneficial to flap circulation. Even
dg the treatment of medical illnesses, the precise mode
6% action of many drugs ig'uncertain., Plastic surgeons
might be wiser to limit their experimentation to the use
of drugs Qhose actions are clearly understood by the
pharmacologists,

i

e

3
Alter ing Rheology of Blood ¢

Postoperative treatment of gkin flaps with
‘pentoxifylline (rat;, 200) and heparin (rabbits, 182)
has increased flap suvival. Anemia, in dogs (59) and
rabbits (159), and protein depletion in rats (176) has
showp an increase in flap sur#ival length. The use of

dextran (150) has not iﬁproved flap viability.
;\ :

Perfusion of rat flaps with solutions of varyin

“viscésity have shown that decreasing perfusate viscosity

resu}tSvin a-significant increase in flap blood flow

(39). No attempts to replicate these findings have yet
been published. Alteration of the rheologic properties
of blood may indeed improvelflaPISurvival. Bowever, it

is not acceptable to make patients anemic or /

.hypoprotenemic to achieve this goal. ‘ 2
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INCREASING TOLERANCE TO ISCHEMIA Q

Systemic steriods have been used both pre- a?d
postoperatively in rabbits (138) and pigs (137) with a
significant increase in flap survival. No replications
of these findings have been published. Byperbaric
oxyq@n has been used successfully in rats .
postopergiivgly (7). COOli;g has also been effective
postoperativéiy in rabbit flaps (108). Topical
flamazine (133) and moist dressings (178) in rats have
been found successful at increaging flap survival
leng&h. Although corticosteroids show exciting
possibilities, more experimental studies must be carried
out to dacument their benefit to the failing flap. )
Cl%&jcal trials fiil not be justified until such a time.

Our previous work led us to conclude that flaps
fail because of arterial insufficiency, resulting in
ischemic necrosis. Treatment of the failing flap should
be directed towards increasing arterial inflow or
minimizing the effects of ischemia. Clinically,
recognition a;d treatment of a failing flap does not
occur until the éostoperat've ﬁeriod. In designing the
present study, pigs were chosen for their fixed skin and
multiple flap sites. Treatment was begun
postoperatively so as to mimic the clinical situatiopn.

Thrge vasoactive drugs were tested. Phenoxybenzamine,

RN O
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an alpha adrenergic receptor blocker, was choosen
because of its ability to minimiie thé.vasoconstricting
effects of catecholamines, especiallg those being
spontaneously released from the surgically cut
sympathetic ne¥ﬁ?s. Isoxsuprine, a direct acting smooth
muscle relaxant was choosen for its vasodilating effects
a;d for its controversy in the current literature.
Reserpine, a catecholamine depletor, was used to

theoretically hasten the depletion of catecholamines

from the'cut sympathetic nerves. Drug induced changes

in flow were measured by the microsphere technique.

-

METHODS

White Poland-China pigs (21+2kg) were éedated with
.acepromazine, anesthetized Qith sodium thiopental and
.endotracheal anesthesia maintained with a mixture of
OXygén, nitrous oxide and! halothane. Following
anes£hesia, four dorsally bésed random skin flaps were
outlined on one flank (fig. é—l)- Following skin
preparation with pfoviodine,‘the flaps were elevated,
then sutured back in their beds and 5cc of 10%
flourescein was giveﬁlintravenously: Under Wood's lamp

illumination the furthest penetration of flourescein was

recorded. This could be expected to torrelate (+lcm)

v ’ * -
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Fig. 6-1 Pig with outline of four 14 x 4 cm dorsally based random

flaps.
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" with survival as based on our previous data from
! E N
-, comparable flaps. Three experiments were carried out.

’

EXPERIMENT 1

Twenty pigs (17.4 + 2 kg, mean + S.D.) were
divided into four groups. All animals underwent two
operations (Fig. 6-2). Following flap elevation,
fluorescein was administered. At the first operation
all animals had four 14 x 4 cm dorsally based random
flaps constructed. No treatment was received for the
next three days. On the third postoperative day the
second operation was performed. ' Four 14 x.,4 cm similar
flaps were elevated on the unoperated side. Immediately
after surgery and fluorescein evaluation, animals’
received an intramuscular drug and an intravenous drug
(Table 6-1I). The?IM drug was administerga every 8 hours
for 5 days and the IV drug once a day for 5 days. On
the seventh day after the second operation the animals
wer; sacri{iced and the flap survival lengths measured.
Aﬁimaligyete operated on, treated and housed in groups
of f&gr, there being one animal under each téeatment
condition.

Phenoxybenzamine, 2 mg/kg, or its placebo was

adminiiiiied intravenously once a day. The drug was

supplied “in powder form and a 10 mg/cc solution
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Operation #1 #2
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Fig. 6~2 Sequence of events in experiment 1.




Placebo P
.2cc/kg
IV g24h

Phenoxybenzamine

2mg/kg
IV g24h

TABLE 6-1
EXPERIMENT 1

Placebo 1
.lcc/kg

1M g8h

Group 1

Grou% 2

Isoxsuprine

.5mg /kg
1Mg8h

Group 3

Group 4
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prepared. One gram of powder was dissolved in 50 cc of
100% ethanol which was then mixed with an equal volume
of 0.0IN BCl acid. The solution was sterilized with
0.22u millipore filter paper and stored in a freezer
until used. The placebo solution was the solvent
without drug (placebo P, 0.2 cc/kg). Isoxsuprine, 0.5
mg/kg, was given intramiscularly every 8 hours. It was
supplied as 5 mg/cc in a 2.5% glycerin solution. This
same solution, without isoxsuprine was used for placebo
injections (placebo I, 0.lcc/kg). All drugs were placed
in coded vials and the researchers were unaware of their
contents until the conclusion of the experiment. A true
double-blind study+gas effected.

The data collected included two measures,
fluorescence and survival, for each of 8 flaps in 20
animals. Initially, a 6-way analysis of variance was
per formed and showed no benefit from including the
fluorescein data. Therefore, data interpretation was
gsimplified to a 4-way analysis of variance. The
variables were isoxsuprine, phenoxybenzamine, flaps and
animals. The first null hypothesis tested was that the
difference between survival of untreated and treated
flaps was 0. The second null hypothesis stated that
this difference is the same in one drug group as
compared to the other drug groups. The differences we;e

tested against an error variance estimated between

Flap Treatment 116




Flap Treatment 117

animals and averaged across flaps.

3

" EXPERIMENT 2

In five pigs (21 + 1.5 kg)' flaps were elevated in
two operations as in the previous study. Immediately
postoperative, all animals recieved one dose each of 1V
phenoxybenzamine (2 mg/kg) and IV reserpine (2.5 mg/kg).
Reserpine was prepared from the powder form by
dissolving in a small amount of acetic acid and then
10cc of distilled water. Survival lengths of the
treated and untreated sides were subjected to a one

tailed t-test.

EXPERIMENT 3

«

In ten animals (22.3 + 1.7 kg), the microsphere
technique was utilized to measure changes in cutaneous
blood flow. The 15 micron spheres, suspended in normal
saline, labelled with Cel4l, Cr51 or Nb95 were obtained,
examined and placed in injection vials (88). Pollowing
anesthesia of the pig, three of four dorsal random flaps
(18 x 4 cm) were elevated and sutured back in place
(Fig. 6-3). The unelevated flap was used for control
skin blogd flow measurements. A left ventricular \
catheter and femoral catheter were positioned for sphere
injection and reference sample ‘withdrawal. The first

spheres, Celd4l labelled, were administered approximately

-
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Fig, 6-3 Pig with 3 out of 4 18 x 4 cm flaps elevated. Stripes
on flaps represent cuts to -be made for division of flaps \

5\¢/’ into 9 segments for counting radioactivity.
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,( i two hours after flap construction and reference sample
obtained at a rate-of 7.64 cc/min for 1 minute. The
drug té be tested was then given and 1 hour later the
second sphere injection, Cr51 labelled, was carried out.

. The third sphere injection, Nb95, was given at the
dosing interval of the drug being tested, either 8 or 24
hours. Flaps were excised from the pig after the lgst/

~sphere injection and each flap divided into nine 4 x 2

cm strips. The strips were weighed, placed in
scintillation vials with formalin and counted for
radiocactiviy along yith the reference bleood samples and
standard sphere preparations. Using a Beckman Gémma
(~‘ 8000, specimens were counted for 5 minutes in three
windows (0-200 keV for ceriumlé4l, 220-400 keV for
chromium51 and 400-850 keV for niobium95). The raw
counts were entered into the computer which was
progrémed io adjust for background counts and crossover.
Flow rates for each strip of skin and average flow rates
) for control skin, flourescent flap and nonfluorescent-
flap were calculated for each animal.
Ten animals weré tested, two for each of five drug
effects: 1) phenoxybenzamine 2 mg/kg IV, 2) placebo P
0.2cc/kg IV, 3) isoxsuprine 0.5 mg/kg IM, 4) placebo I
N 0.1 ecc/kg IM and 5) phenoxybenzamine 2 mg/kg and
:eseréine 2.5 mg/kg IV. Animals recieving

( } phenoxybenzathine were challenged 30 minutes later with

) l
’ «
’
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norepinephrine to test for alpha blockade.

RESULTS

All animals survived the drug treatments glthoughr
those recieving reserpine ambulated poorly and were
unable to eat for approximately 2-3 days after the
second operation. Technical difficulties were
encountered 4in administering the intravenous drugs on a

daily basis and animals had to be sedated wih

thiopental.

EXPERIMENT 1 ¢

Anv initial 6-way analysis of varjiance showed the
ohly significant differences to be between fluorescein
penetration and survival. The fluorescein penetration
for all flaps was 5.07 + .77 cm (mean + S.D.) and the
survival was 5.74 + 1.38 cm. The difference between

survival and fluorescein penetration was not greater for

any one group compared to ‘the others. A 4-~way analysis

of variance showed no statistically significant
treatment effect on skin flap survival lengths. The
mean difference in ,survival length between untreated and
treated sides of the animals receiv}ng bot.h placebo

drugs was 0.57 cm. The difference for animals recieving

v
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phenoxybenzamine was 0.34 cm, isoxsuprine 0.1 cm and the
two drugs combined 0.17 cm. There are no significant’
differences between these differences. An additional
obsgservation was that variance between flaps within the
same animal was much smaller (S.D.=0.38) than between
flaps of d’ifferent animals (S.D.=2.77). Thus neither
phenoxybenzamine, isoxsuprine ok placebo injections
increase pig skin flap survival length at the doses

tested,

EXPERIMENT 2

The mean survival of untreated control flaps was
6.75 + .72 cm. The mean survival of tge,ated flaps was
7.94 + 1,15 cm. The difference betweent’these_
approached, but did not reach, sii;x:ificance (€=l.73,

df=4, p=.08). The mean fluorescein penetration of the

. control flaps was 4.98 + .45 cm and of the flaps to be

treated was 6.24 + .55 cm. The difference between these
is significant (t=4,08, df=4, p¢.01l). Reserpine, at the

dose tested, did not increase flap survival length.

EXPERIMENT 3

L 3
In the placebo injected animals control skin blood

flow was variable at the three time intervals tested
(Table 6-II). At 8 or 24 hours after injection, flow

was higher éhan’preinjection and 1 hour after injection,

g



} . TABLE 6-1I
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CONTROL SKIN FLUORESCENT FLAP NONFLUORESCENT FLAP . y

. ‘ PRE 1-POST 2-POST PRE 1-POST 2-POST PRE 1-POST 2-POST '
DRUG DRUG DRUG DRUG DRUG DRUG DRUG DRUG DRUG

.

| PLACEBO I .85 1.27 2.58 .15 .53 .90 0.0 0.7 .20
ISOXSUPRINE .8 .49 1.32 .56 .52 1.10 .01 .08 .20 B
| | '
(_} PLACEBO P 1.46 .97 1.81 .93 1.01 2,87 .05 .09 .22
v PBENOXYBENZ 2.56 1.19% 1.81 .95 .86 2.91 .03 .12 .28

PENO+RESERP '2.12 6.9 3.02 .77 2.6 08 .87 .29

N
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3

In the same animals, the fluoresceng'fyap blood flow was
less than control at 8 ggurs but mpte‘@han control at 24
hours. The nonfluorescent flap blood flow wa; initially
insignificant bué by 8 and 24 hours had increased.
Reevaluation with fluorescéiq at 24 hours showed that
flﬁorescein penetration had increased.; HBowever, flow
calculations for fluorescent and nonfluorescent portions

of the flap were based on the initial fluorescein
9

" evaluation.

In iséksuprine and phenoxybenzamine treated
animals, no differences from placebo t;eated animals
could bé defected in blood flow for control skin,
“fluorecent flap or ponfluofescent flap. Howgver, in the
;Bimals recieving reserpiﬁe, flow 1 hour post drug ;
injection wasg strikingly elevated. This increase was
not sustained for 24 hours. -Animals who were tested‘for
alpha blockade 30 min after“pﬁenoxybenzamine

administration all showed an increase in blood pressure

in. response to the norepinephrine. There appeareéd to be

no alpha blockade effect from the dose of o
phenoxybenzamine employed. IS s
’ »
/ .
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/ DISCUSSION
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-

of the|thrge systemic therapeutic agents testéd
none showed a significant effect on random flqp survival
length in pigs. 1In ad&ition neither pheﬂgiybenzamine or
isoxsuprine showed a measurablé effect on cutaneous

blood flow. The effect of reserpine on random flap
survival length approached significance and it did

induce a significant increase iq cutaneous blood flow.

The systemic and local injection effects of

phenoxybenzamine have beed studied previously in rats, .
and pigs but the drug w&s given both pre- and =
postoperatively. Myers and Cherry (153) found increased
Jsurviva} by local injection of rit flaps but not in pig
flaps (148). Wexler (212) also found an increase
survival with local injection into rat flaps. Finseth
gave a 2 week pre- and 1 week postoperative
intrapetigéneal courZe of phenoxybenzamine to rats ;nd
found an increase in flap survival length (Gf.
Unfortunately the control animals in theée studies did

not receive 2 placebo and thus the effects are difficult

to intenpfet. Smith et al (189) on the other hand bt

administered phenoxybenzamine to rats for 1 week
. .

preoperatively and 5 dzﬁz postoperatively aﬁd found no
increase in flap survi length.

Phenoxybenzamine is a hafoalkylaaine that inhibits
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responses mediated by albha adrenergic agonists. Its
éeak blockade effect deveiops about 1 hohk after
administration and disappears with a half life of. 24
hours. If blood flow to acutely elevated flaps is being
kept submaximal by an obligatéry discharge’of
‘catecholamines from the surgically'cut sympathetic
nervés than theoretically blockade of alpha receptors
will increase flap blood flow. Following admipistration
of phenoxybenzamine to pigs we were unable.to document
either increased survival léﬁgths or increased blood
flow. One possible explanation of the latter is that
the vasodilation in@uced by halothane anesthesia masked
the drug gfféct.' Bowever, when challenged with
norepinephrine, the pigs respondéd Qith an increase in
b;ood'pressﬁre. This demonstrates an ineffective alpha
receptor blockade by the dosage of phenoxybenzamine uéed
in the present study. It is still possible that skin
flap survival in pigs can be increased by
phenoxybenzamine if effective alpha blockade can be
acﬁieved by higﬁer doses.

Isoxsuprine has been used s;stemically in rats and
pigs and found effective by one researcher (67) but
ineffective by others (29, 179). An additional study in
rats showed beneficial effects from isoxsuprine when
hematomas were created under the flapé (91).

Isoxsuprine is similar chemically to the sympathomimetic

“ ~
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amines and has often been described as a beta adrenergic
agonist. BHowever, the drug appears to act as a direct
vascular smooth muscle relaxant as its effects are not
inhibited by beta adrenergic receptor blockers (32).

The pharmacokinetic properties of isoxsupine are poorly
understood. When used in obstetrical cases, it is:
administered as a continuous intravenous drip and when

used orally, it is taken three or four times daily. It

is unlfkely that any therapeutic benefits could be

obtained by using the drug only once daily. In the
present study, no increased flap survival and no
increase in flap or control blood flow could’be
measured. In one animal, muscle specimeﬂs were obtained
close éé the site of isopxsuprine injection. There was a
measurable ;cheaée in muscle blood flow at 1 hour but
not 8 hours following drug administration. This may
explain the increase survival seen with failing
myocutaneous flaps (29, 71). We do not feel that there
is any indication to continue further studies wih
isoxsuprine. There are many other more suitable direct
acting vasodilators on the market (eg. hydralazine).
Reserpine has been administered preoperatively to
rats to test for its efféct on skin flap survival. "1Two
studies (10, 40) showed an increase in flap survival
length and one study (103) showed no effect. In the

5

latter study, flow was measured using the microsphere
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technique. Flow in the flap baSﬁ'yas less than control
flow immediately after drug administration but the same
as control by zt/houfh. Reserpine is a rauwolfia
alkaloid that depletes stores of catecholamines. Its
effect on depletion is measurable by one hour and
maximal by 24 hours. The depletion is partially
dependent on nerve activity and can therefore be reduced
by nerve section. Reserpine causes an infiial
sympathomimetic effect and then a subsequent fall in
blood pressure with a Aecrease in peripheral wvascular
resistance. This/is usually most marked in the skin and
can cause an increase in cutaneous blood flow. In the
present study, phenoxybénzamine was used in combination
with reserpine to block the initial sympathomimetic
effect induced by catecholamine release. The effect of
this drug combination was to cause no increase in flap
survival but ; significant increase in blood flow to
both the flap and control skin. This increase in blood
flow occured along with an increase in blood pressure
that was noted after reserpine administration. The flow
induced changes may have been secondary to the increase
in blood pressure caused by reserpine induced
catecholamine release, and not secondary to the
postulated blockade of adrenergic vasoconstricting
factors, The use 6f anesthetized animals complicates

the interpretation of drug induced changes in blood
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flow. The fluorescein predicted survival of untreated
flap was significantly less than that of the treated
flaps. Why this is so, in contrast to experiment 1
where no difference was noted is unclear. Seemingly
both groups of animals were subjected to the same
stress. This difference in fluorescein staining of the
untreated and treated flaps would tend_to cancel out the
trend towards significance seen in survival.

From the presented exper iments it has become

~ obvious that the design and execution of studies testing

drug effect on flap survival is more complex than
igitially realized. The choice of agent to bé tested is
done on a theoretical basis and the choice of route of
administration, dose and dosing interval are somewhat
arbitrary. It is imperative that some attempts be made
to measure serum or tissue drug levels or drug induced
changes in qutaneous blood flow.

The ideal experimental desién as related to timing
of treatment should be based on the potential clinical
applications. We feel strongly that therapeutic
measures should not be instituted in experimental flaps
until after flap elevation. The length of time that
treatment should be continued is still unclear. 1In
experimental pig studies collatéral.vascularization of

flaps is present by 5-8 days (17§), and the benefits of

surgical delay are onset by 5 days (45). It would seem

’
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clear that treatment
days to maximize its

When measu;ing
survival length Qhat
the present study we

Fluorescein was used
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should be maintained for at least 5
effectiveness.

therapeutic effects on skin flap

is the best control measure? 1In
have used three types of controls.

as a baseline assessment of the

flaps blood flow to ensure that all groups of flaps were :
starting with equal vascularity. The importance of this
measure was noted in expériment 2 where the trend

towards significance was cancelled by the unequal

fluorescein indices. The second control measure was
survival of untreated flaps on the same animal. The
third control measure was survival of placebo treated

flaps in a different group of animals.

~

In experiment 1,
there was no significant difference in these twoigypes
of survival control measures. The stress of treatment

injections had no effect on flap survival,

When choosing an experimental animal, we prefer
[

the pig not only because of its fixed skin but because
many flaps can be created on each animal. The variance

of flap survival lengths between animals was much

greater than within an individual animal. If each

animal serves as his own control the strength of the
statistical argument is greatly increased. Ideally one
would test several topical therapeutic measures all on

L ‘ (M) - each pig, each undergoing only one operation. Systemic

s
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drug treatments necessi?ate the use of different pigs

for each drug thus inducing a greater variance. The

variance in studies using rats is so great that larger
series need to be used than have in the past. 1In
addition, it is of great importance that findings be
reproducable by other reselmrchers. Conclusions are

often too quickly drawn and the drugs inappropriate1y

used in clinical cases.

1

/‘
¢

CRITERIA FOR FUTURE PBARMACOLOGIC STUDIES

Postoperative treatment only
2) Contrél flaps on same animal
3) Baseline fluorescein data
4) Double blind experimental éesign
5) Measurement of drug induced changes in flow
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Flap Treatment 129
SUMMARY

Pigs with random skin flaps were treated with
phenoxybenzamine, isoxsuprine or reserpine. No
significant increase in flap survival was detected. 1In
selected animals, cutaneous blood flow was measured
using the microsphere technique. Of the drugs tested,
regerpine was the only Sge to cause a significant
incre;;e n cutaneous blood flow. Previous clinical and
experimental studies on the treatment of failing skin

flaps are reviewed. The important criteria for

designing future pharmacologic studies are discussed.

)
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The experimental investigation of skin flap failure
was undertaken to improve our understanding and
management of clinigal skin flap failures. A new Qodel
was developed in a fixed skin animal. The vascular
supply to skin in pigs is anatomically more similar to
man's thén loose skin animals, such as rats and rabbits.
The survival patterns of the new pig buttock flap were
reliable and reproducable. The length of time that skin
flaps could endure an ischemic insul£ was tested. Both
totally ischemic flaps and distally ischemic flaps were
able to tolerate an average of thirteen hours of
bggéﬁémia. Thusl subsequent experiments were designed to
evaluate acutely elevated skin flaps within this initial
critical thirteen hours. ﬁé;mﬁgfﬂbds {stab- wound blood
analysis) of detecting impending skin flas/failure were
utilized on standard pig buttock flaps. Both hematocrit

readings and pB values were useful indices in predicting

which region of the flap had questionable vfability.

~ Further investigations were made into the precise

pathbphysioloqical events of acute skin flap failure
using the radioactive microsphere technique. Skin flap
failure occurred because of a marked decrease in both
nutrient capillary blood flow and total skin blood flow.
Arteriovenous shunt flow within the flap had no
detriﬁental effect on survival. Based on these flow

studies, attempts to salvage the failing flap were made

‘
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both anatomically and pharmacologically. Anatomical

»

augmentation of arterial flow improved flap survival
whereas increasing venous drainage had no beneficial
effect. The pharmacologic treatment of pigs with
failing "flaps with systemic phenoxybenzamine,
isoxsuprine or reserpine was unsuccessful at increasing
flap survival. Future attempts to treat flap failure
pharmacologically should be aimed at increasing arterial

inflow, or prolonging tolerance to ischemia.
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