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Extensive the rmal in j u ry is one of the most severe stresses cx—
.perienced b y indi viduals in contemporary society . Metabolic , ci rcula-
to ry ,  and thermoregulatory al terations characterize the major compensa—
to ry adj ustments following injury and , to a large extent , dete rmine

• > the survival potential  of the pat ient .  The initial response to in jury ,
terme d “burn shock , ” usually lasts 2 4—48 hours and is associated w i t h
a marked depression in the patient ’s metabolic rate , bod y tempe ra t u re ,c..) and circulation . Following successful resuscitation , the pat ient  grad—

u_i ually becomes hypermetabolic and febrile . These increases in body tern—
__j perature and metabolism vary with the extent of injury , reach a peakU within the f i rst two weeks , and then slowly re turn  to normal with wound

coverage and healing. Since these metabolic and thermoregulatory ad—

C1~~ 
justments have been well documented by Wilmore and colleagues (1—4),
the in tent of these experimen ts is to characterize the associated car—
diovascu lar changes which occur with  thermal in jury . Par t icular  em-
phasis is placed on wound blood flow to include factors involved in its
regulation , and the impact of wound perfusion on the total circulatory
status of the burn patient.

Acute loss of blood volume precipita tes the ini tial burn shock
phase of in jury  (5). During this phase , the pa t ient  become s h ypo t en—
sive and cardiac output drops below normal. With volume expansion and
increased to tal peri pheral resistance , blood pressure returns toward
nor mal , and card iac ou tpu t beg ins to recover. After 24—48 hours , blood
pressure stabilizes at a normal level but cardiac output continues to
climb , associated with a progressive increase in plasma volume and de-
creasing peripheral resistance . The extent of this rise in total body
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AULLCK and WIL MORE

c i rcu la t ion  is generally re la ted  to the s ize of the su r fa c e  wound and
may reach levels 2—3 t ime s norma l in the more c x t e n s i v & l :  i n ju red  pa-
t ients . The magnitude of th is  c i rc u l a t o r y  response is he~ t appreci-
ated in the sleeping pa t ien t  when the level of a c t i v i ty  r e f le c t s  Lhe
minimal requirements for life . Typically, a p at i e n t  w i t h  a 50% t o t a l
body surface wound will , in this basal sta le , maintain a heart rate
of 120—140/mm and a cardiac index in excess of 7 L/m2~ znin (6). For
normal uninjured persons to generate comparab le l evels of total body
blood flow , they would have to work at roughly one h a l f  of their
aerobic capac i ty .  For most  peop le , th i s  would cor respond to a good
brisk jog .  While the  well t ra ined  a th ie l t  may do t h i s  amoun t of exer-
cise fo r  several hours each day , the burn  p a t ien t  must  s u s t a i n  t h i s
hyperdyn amic circula tion for at least several weeks . The exact t ine
course of this circulatory response to thermal i n j u r y  has not been
well defined b ut presumabl y follows a course similar to metabolism
and body temperature and returns toward normal with wound healing.

Gump and associates (7), in 1970, were the f i r s t to par ti tion
this extra blood flow . They noted that , as th exercise , the res t ing
cardia c index of burn patients was linearly related to oxygen con-
sump tion bu t, at every level of aerob ic me tabolism , burn patients had
higher cardiac outputs than other febrile surgical patients . They al-
so found that splanchnic blood flow in three severely burned pa t ien ts
was slight ly increased but  represented a smaller por t ion  of the car—
diac output than it  did in normals or pa t i en t s  wi th  pos topera t ive  in-
fection. From this , they concluded that a large portion of the in-
creased cardiac output of burn patients was directed to the periphery.

Later , Wilmore , et al (3), provided additional indirect evi-
dence to sugges t tha t mos t o t the ex tra per ipheral circulation was
directed to the body surface . They found that burn patients mai:~—
tam ed above—normal surface temperatures despite increased evapora-
tive cooling of the wound and concl uded tha t this eleva ted skin
temperature could be the result of increased superficial blood flow .
Add itional suppor t for this thesis was prov ided by demonstrating that
the coefficient of core—to—skin heat conductance , an index of skin
blood flow, was twice normal in burned patients. Although these in-
direc t measuremen ts did sugges t an increase in super f i c i a l  bl ood f l o w
in burn patien ts, the influence of the burn wound on the distribution
of this elevated peripheral blood flow remained unknown . To address
this problem , a series of studies were designed to measure peripheral
blood flow in injured and uninjured limbs of burn patients and to
partition this flow into that  d i rected to the burn wound , norma l skin ,
and res t ing skeletal  muscle of the limbs .
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MATERIAL S AND METHODS

Subjec ts

Over 60 thermally injured patients were studied. The size of
injury ranged from 3—86% of the total body surface . Patients selected
for study were 1) from 15 to 55 years of age and free of any disease
prior to injury ;  2 ) normot ensive and hemody namically stable a f t e r  an
uneventful resuscitation ; 3) In a normal state of hydration with a
hematocri t  greater than 33 , and w i t h o u t  abnormalities in serum elec-
trolyte concentration , osmolality , or p hI ;  4) f ree  of systemic infec-
tion as determined by clinical symptoms and signs and daily blood
cultures ; 5) 6—27 days postinjury , after removal of the eschar , and
before significant healing had occurred.

The wounds were treated by a variety of techniques. Most pa-
tien ts were trea ted by the expos ure me thod and received top ical ap-
plications of a silver sulfadiazine cream (Silvadene cream) to the
in jured sur face , bu t  several pa t ien ts  were treated wi th  l1~: mafen ide
acetate top ical an t ib io t ic  (Sulfamylon cream) . Some wounds were
covered with dressings soaked in saline , 5% ma fen ide—satur a tcd  dres-
sings , or 0.5% silver nitrage ; two were treated with cutaneous allo—
graft biological dressings . Although the effects of these treatments
on limb blood flow are unknown , they do involve considerable manipu—
la tion of the pa tien t, often resulting in discomfort . Therefore, to

• insure that each subject was well rested for the study ,  such proce-
dures were minimized fo r  at least 8 hours prior to the s tud y.

Study Design

Two basic studies were performed . In the first , total limb
blood flow was measu red by a specially designed venous occlus ion
plethysmograph.  In the second s tudy ,  restin g skele tal muscle blood
flow was determined by a standard clearance technique .

The experiments designed to measure leg blood flow took place
in an environmen tal chamber described previously (3). Room tempera-
ture was maintained at 30 ° C , and relative humidi ty  ranged between 40
and 50% . Control subjec ts  were s tudied in shorts  or shorts  and ha l te r ,
and pat ients  were s imilar ly draped wi th  li ght cot ton towels . The pos t—
absorptive sub jec t  was moved to the s tud y room in the ear ly mo rning
and placed in bed.  Water  was given on request and , in some patients ,
intravenous infusion of 0.04 N sodium chloride solut ion was mainta ined
to insure normal h ydra t ion . Nine coppe r—cons tan ta l i  thermocouples were
at tached to the skin at the same si tes for  all sub jec t s  (dorsum of
foot , lateral and posterior calf , poster ior  and an t e r io r  thi gh , dorsuin

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of hand , forearm , abdomen , and low back). Leg skin temperatures were
monitored from both legs , using five additional thermocouples , in pa-
tients with asymmetric leg burns . In those patients treated in dres-
sings, the thermocouples were placed on the wound unde r the dressing.
A rectal probe was inserted to a depth of 10 cm from the external
anal sphincter. Rectal and total body mean skin temperatures were
monitored at 5—minute intervals throughout t h e  s tud y to insu re tha t
subsequent manipulation of the subject had no appreciable effect on
bod y tempe rature .

Afte r the subject had rested quie t ly  for  at leas t one hour ,
the steady—state  mea n leg skin temperature was determined for the
lef t  leg, and the thermocouples were removed . This leg was then in-
se rted into a sof t  pliable , water—impermeable boot and placed in a
full—le ngth  p lethysmograp h.  Water was added to the p leth ysmog rap h at
a tempe rature equal to the predetermined mean leg skin tempe rature
and maintained at this temperature throughout a 30—minute equilibra-
tion pe riod and the following 8—10 blood flow measurements . Setting
water temperature equal to that of the leg surface when exposed to
the ai r maintained comparable rates of heat exchange across the limb s
while in the pleth ysmograp h and prevented either transient or pro-
longe d changes in body temperature during leg blood flow measurements .
A 2— to 3—minute interval separated the blood flow determinations .

The validity (8), simplicity, and noninvasive character of
venous occlusion pleth ysmograph y make this the optimal app roach to the
stud y of pe ripheral blood flow in crit ically injured patients . The
plethy smo gr aph used in this study , a ri gid , rec tangular  box made of
clear plexiglass , is illustrated in Fig. 1. To fac i l i t a te  its use in
injured limbs, it can be disassembled into three section s , a thi gh
plate and attached boot , a trough section with mesh sling to support
the leg, and a fu l l  length top . The patient ’s leg was slipped through
a tailor made opening in the thi gh plate and into a large loose f it—
ting, polyvinyl boot. The boot served to form a freely expandable ,
wate r t i ght seal between the limb and the p leth ysmo graph , p reventing
fluid exchange across the burn wound and minimizing contamination . The
boot and thigh p late we re ad van ced to the p roximal thigh and the leg
placed in the mesh sling of the plethysmog rap h .  The th ree sections of
the p lethysmograph were then locked together and the box fi l led wi th
water  equal to the mean skin temperature of the leg under study .

Venous occlus ion was accomp lished b y rapid in f l a t ion  of a 10
centimete r wide tourniquet  cu f f  placed as high on the upper thigh as
possible . Occlusion pressure was varied for each subject to obtain a
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maximal rate of limb swelling . With venous occlusion , the l imb
swells , and the change in limb volume causes water  to rise in a chim-
ney located on top of the plethysmograph. The increase in column
hydrostatic pressure is converted to an electrical signal , amp~.ifiedand recorded.

Th e plethysmograph was calibrated pe r iodically w i t h  the leg
in place . The volume of the limb wi th in  the pl ethysmograph was de-
termined by subtracting the volume of water in the plethysmograph
from its known capacity . The eight to 10 flow measurements were
averaged and leg blood flow expressed in ml/l00 ml leg volume per
min ute .

In a separate set of experiments , resting skeletal muscle
blood flow was determined in 10 burn patients (mean burn size = 42.5%
total body sur face , range 25 .5—82%) .  The criteria for pat ient  selec-
tion were the same as described earlier. All subjects were confined
to bed for a minimum of one hour prior to muscle blood flow measure-
ments. The actual studies took place in the Nuclear Medicine Clinic
of the hosp ital where the ambient temperature was 2 5—27° C. Since
this was slightly below thermal neutrality for resting burned pa-
tients , patient comfort was achieved by covering them w it h  l igh t cot-
ton blankets. All subjects rested supine throughout the 20—30 minute
study. Only those patients who rested quietly during the actual test ,
w ithout  any leg and/or foot movements , were included in this stud y.

Blood flow in the tibia lis anterior  muscle of the lower leg
was measu red by 133Xe clearance as described by Lassen , et al (9 ) .
Basically, radioactive xenon gas (l33Xe ) is dissolved in sterile 0.9%
NaC l solution to a concentration of 0.5—1.0 me/mi , and 0.1 ml of this
solution is injected 1—2 cm into the tibialis anterior muscle through
a 25 gauge hypode rmic needle . The disappearance of 133Xe is monitored
fo r 20—30 minutes postinjection by a collimated scintillation probe
p laced di rectly ove r the injection site . Simultaneous measurements
were performed on both legs in four control subjects and five pa-
tients . Muscle blood flow (MEF) is calculated f rom the tangent to the
logarithmic curve of 133Xe washout .

MBF (ml/ lOO g muscle~ min) 4~.1oo. dQ/ dt
Q ( t )

where + is the partition coefficient for 133Xe (amount of tracer in
one gram of tissue/amount of tracer in one ml blood) and —dQ/dt

Q(t)
desc ribes the clea ran ce rate of ‘33Xe relative to the amount presen t
at time t ;  0. 70 was the value uti l ized for .~ in both cont rol subje cts
and pa t ien t s .
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RESULTS

Total leg blood flow was essential ly norma l in the un in j u red
legs of burn patients  (Table 1), but increased in a curvi l inear  man-
ne r with  the size of leg burn and approached a plateau of 8.0 ml/l0O
ml~ min as the extent of leg in jury  exceeded 60% (Fig. 2 ) .  Resting
skeletal muscle blood fl ow , howeve r , was norma l in burn pat ients
(Table 2 ) .

DISCUSS ION

These leg blood f low meas ur emen ts( lO , ll) clearly d emonst ra ted
that  pe ri pheral blood flow is increased during the hyperme t abolic—
hype rdynamic p hase of the rmal in jury and strongly suggest that  a ma-
jo r portion of this extra blood flow is directed p r imar i ly  to the
bu rn wound.

Increased wo un d blood flow was supported b y two addi t iona l  ob-
se rvations . For example , in the th i rd  degree wound , which is associ-
ated with superficial vascular thrombosis , leg blood flow was near
control levels shortly after injury . Neovascularization is a constant
feature of wound repair, and the development of granulation tissue in
the open wound corresponds s t ruc tura l ly  wit h  a dense , superf icial ,
vascular bed.  With time , therefore , b lood flow increased to reach
levels predicted f rom the size of limb burn , p resumably associated
with the formation of a richly vascularized wound bed. In contrast ,
par t ia l—thickness  in jury  does not ablate the superficial  vascular bed
and blood flow was elevated in these limbs as soon as c i rculatory
volume was restored. A second example of increased wound perfusion
developed subsequent to leg blood flow measurements befo re and a f t e r
excision to fas cia of a 82.5% leg surface wound . Wi th the removal of
the burn tissue , leg perfusion dropped from 5 . 2 7  to 3.33 ml/l0O ml~
m m .

The increased rate of wound perfusion is, in part , responsible
for the elevated surface temperatures of these pa t ients . This is most
evident in two groups of patients with and without  leg burns but  with
comparable co re and total bod y mean skin te mperatures (Table 1).
Since these two groups maintained similar levels of body heat content ,
the highe r surface temperature s of the burred legs can only be the re—
sul t of higher supe r f ic ia l  blood flows . Considering t h e  increased
evaporative cooling which occurs from the burn wound , the impact of
increased superf icial  blood flow in maintaining an elevated surface
tempe rature  is even more impressive .
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These peripheral blood flow measurements in burn patients make
it possible to characterize the shift in limb perfusion following
thermal in jury  (Fig. 3). Stolwijk (12) has partitioned resting leg
blood flow as follows : 29% to muscle , 46% to skin , and 25% to the re-
mainder. Assuming little or no change in e i ther  muscle , f a t , or bone
pe r fus ion , blood flow to the skin of an unburned leg, in a typ ical
patient  with a 50% total bod y surface b urn , increases by no more than
7% above normal. If this same burn patient had a wound covering 50%
of his leg, limb blood flow would approach 8 ml/lOO ml leg volume per
minute . Since the size of limb burn has no e f fe c t  on resting skeletal
muscle blood flow , 80% of total leg flow in this patient would be di-
rected to the surface with the vast majori ty  going to the burn wound .

What are the factors responsible for this redistr ibution of
pe riphera l blood flow following thermal in jury ? Leg b lood flow in
uninj ured legs of burn patients is norma l , in sp ite of the elevated
rectal temperature . A comparable degree of hyperthermia in res t ing
no rmal man would result in a 4—5 fold increase in leg blood flow( 13) .
Control  levels of blood flow to the uninjure d l imb s suggest that  these
febri le  pat ients  vasoconstrict normal skin . Since such cutaneous
vasoconst riction is an appropriate heat conservation response during
feve r , wh y does the wound remain dilated? The selected elevation in
wound blood flow can not be explained by a complete loss of int rinsic
vascular smooth muscle tone . This was demonstrated by the capacity
of seve rely burned legs w ith high basal f low s to vasodilate fu r the r
when limb surface  temperature was increased (Fig. 4) (10) . The burn
wound appears to be “functionally ” denervated , however, since it fa i l s
to vasodilate when its temperature is held constant and the patient ’s
core temperature elevated 0.4—0.5°c by external heating (Table 3)(14).
This loss of neurogenic vasomotor control of the burn wound , when nor-
mal skin vasodilates appropriately (Fig. 5), is mos t likely the com-
bined result of 1) actual physical disruption of sympathetic vasomotor
nerves at the time of inj ury , and 2) the presence of local inflamma-
tory  and metabol ic  factors  which interfere with neuromuscular trans-
miss ion  in vessels which retain their innervation . Possible chemical
vasod i lato r s  i den t i f i ed  in the bu rn wound include such inf lammato ry
p roducts  as h is tamine , k inins , and various prostaglandins (15,16,17).
The anaerobic n a t u re of g ranulat ion tissue is evident by increased
ra tes  of l a c t a t e  p roduction in the injured extremities (6) . This
m e t a b o l i c  envi ronment wi th  the as sociated release of lactate  in the
woun d may also cont r ibute to local vasodilation and in ter fere  w i t h
ext r ins ic  vasomotor in f luences .  Actual physical dene rvation of wound
m i c r o v a s c t i l a t u r e  is most apparent a f t e r  in ilanunat ion subsides and the
wound is complete ly healed. While local chemistry should approach
tha t  of no rmal skin with  wound closure , re f lex  vasomotor control to 
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the healed wound is s t i l l  markedly  reduced.  The most l ikely exp la na-
tion for  this lag in reinnervation of the burn wound is the evidence
that regeneration of sympathetic nerves in granulation tissue is slow
and vascular reinnervation often incomplete , particularly if split—
thickness skin grafts are utilized (18,19).

Regardless of the precise mechanisms responsible for the loss
of neural control of wound vasculature , this fu nctional denerv at ion
will allow loca l environmental factors to exert a greater inf luence
on wo und perfusion . Consequently , the control of wound circulation
beco mes less like that of norma l skin and more like that  of other
critical tissues (heart, brain , and active skeletal muscle), the
blood flows of which vary as a function of local metabolic conditions
rather than as part of integrated total body thermoregulatory or baro-
receptor reflexes .

What is the impact of this h igh ob ligato ry wound blood flow on
the dist ribution of total  bod y ci rculation in the burn pa t i en t?  The
estimated ca rdiac index of a “ typical” pat ient  wi th  a 50% total  bod y
surface bu rn wound exceeds 7.0 L/m2

~ min .  Based on actua l measurements
of splanchnic (7) , limb (10), muscle (11) and renal (unpublished data)
blood flow, and assuming no change in brain circulation but a rise in
coronary perfusion proportional to change in total flow , one may par—
tition the cardiac index of this hyperdynamic patient (Fig. 6). This
estimate describes a general shift in the distribution of total body
ci rculation toward the periphery w ith the major portion of the extra
flow going to the wound.  This increase in superficial flow is, how—
eve r , well within maximum levels of cutaneous flow observed in
resting—normal man under severe heat stress (20).

The dominance of local wound effects on the distribution of
pe ripheral blood flow in patien ts with marked systemi c a l terat ions in
metabolism and therinoregulation demonstrates the pr ior i ty  of the wound
in the bod y ’ s homeostat ic  response to in jury . High obligatory wound
blood flow is the major cause for the marked increase in total bod y
circulation following thermal injury . Our calculations indicate that
as much as 50—60% of the extra blood flow is directed to the burn
wound. This increased superficial blood flow severely reduces the
capacity of the patient to conserve body heat and maintain the febrile
state. The associated increase in body heat product ion  necessary to
compensate for this insulative defect places additional metabolic de-
mands on the cardiovascular sys tem.  In o ther  words , the majo r  por t ion
of the increase in total body circulation either goes directly to the
burn wound or develops indirectly as a consequence of the effects of
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this high obligatory wound blood flow on the thermal balance of the
patient.

The combined magnitude and duration of these circulatory ad—
just uients to therma l injury represent a severe test of the bod y ‘s
cardiovascular system. The capacity to generate and sustain the
require d circulatory activity is a major  determinan t of the pa-
tien t ’s abi l i ty to survive the init ial  injury and ul t imate ly  heal
the wound.
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Figure 1. Leg pleth ysnio grap h .  This design
provides a safe ,cotnfor table , noninvasive ap-
proach to the study of peripheral bl ood flow in
critically injured patients .

Tempe rature (°C) Controls No Leg Burn Leg Burn

Rectal 37 .0 ± 0. 37.9 ± 0.2 38.0 ± 0. 1

Mean Skin 34 .5 ± 0.1 35 .4 ! 0.3 35 .8 ± 0. 2

Mean Leg Skin 33.9 ± 0 .2 34.6 ± 0.3 35.4 ± 0.2

Leg B lood Flow
(m i/ lOU ml.min) 2 .7 4 + 0 .15 3 .13  ± 0.21 5J~9 ± 0.68

Table 1. Local effects of leg b urn wound on
limb blood flow and surface temperatures.
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Fig. 2. The effect of local injury on leg blood f l ow .
Leg blood flow increases with the extent of limb burn ,
sugges ting that  the ex t ra  blood f low is d i rec ted  to the
surface wound .

CONTROLS 3.29 ± 0.24

SMALL LEG BURNS 3.47 
~ 0.50

LARGE LEG BURNS 3.57 ± 0.28

Table 2. Resting skeletal muscle blood flow
(ml/ lO O g.min) following thermal in j ury . The
local presence of a burn wound has no effect
on muscle perfusion . Values represent group
means ± S.E.M. 
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Fi gure 3. The estimated
dis t rib ut ion of per ipheral

‘~ blood flow following a 50%
total body su r face  ( %TBS )

-
‘ ~ burn . Leg blood flow is es—

~ -
~~ sentiall y norma l in the un-

inj u red limb s (0% LS — % leg
~-°  r ru su rface burn )  but  increases

I ~~ markedly when 50% of the
limb surface is burned (50%
LS) . The vas t maj ori ty of

•~~~~ this inc rease in peripheral
b lood flow is directed to
the wound.

0 ____  _____

1; ‘~ - - - 1 - r u  1- ~~ ii~ ~-u~~e b~ ’-’
- 

~
_
~
_i -

LEG BLOOD FLOW
(m i/lOU mi - m m )

SUBJECT S A T re BE FORE AFTER ~
. INCREASE

CONTROLS + 0.4°C 2.93 4.56 56

SMALL LEG BUR N S
(0-2.5%) + 0.6°C 3.86 6.34 64

LARGE LEG BURNS
(37.5-70%) 

- 

+ 0.5°C 8

Table 3. Changes in leg blood f low following
30 minutes of external heat ing.  Leg sur face
temp erature is held cons tant .

_ _ _ _ _ _ _  -~~~ 
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Fi g. 4 .  Peri phe ral vascular

Burned response to local hea t ing .  Leg
surface temp e rature  was in—I creased 5° C fo r 30 minutes.I _-‘

~~~
-‘ Burn wound vasculature  has

some basal tone whi ch responds- 

app ropriate l y to changes in

~: ~~~~~~~~~~~~~~~~~~~~~~~~~ 

local te mperature .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t I ~36 37  38 39 40 4 1

LEG SURFACE TEMPERATURE ( C)

a75  a
r

70 
-
,

A - -
s 65  -u - o u d -  ~~

60 Fig. 5. Periph eral vascular
2 response to indirecL heat ing.

Limb temperatures held constant

~ ~ ,u.r~1o ,G and core temperr~m t u re increased
°

~ ~~~ 
I ~. 0.5° C b y 30 minutes of radiant

hea t .  Ref lex  cutaneous vaso—
~ 4 5  dilation only evi dent in time

uni njure d limb .
4 0  /
35

30 ~- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0 5 ID IS 20 25 30

F 1 .  N T4 L TIME IN MINUTES
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Fig. 6. E st imated chan ges in d i st r i b u t i o n
of the cardiac index following a 50% total body
su rface burn . The -major increase in skin blood
f low is directed to the burn wound . The greater
skin blood flow in heat stressed normals occurs
f rom a f u l l y  dilated cutaneous vascular bed while
u n b u r n e d  sk in  in the patient is vasoconstricted .


