Reperfusion injury in skeletal muscle: controlled
limb reperfusion reduces local and systemic
complications after prolonged ischaemia
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Previous studies in tsolated limbs using crystalioid perfusion solutions have shown that control
of the initial reperfusion reduces postischaemic complications. However, no experimental study
has been undertaken to evaluate the concept of controlled limb reperfusion experimentally in
2n /n vive blood-perfused moedel and ta assess the local as well as systemic effects of normal
blood reperfusion and contralied limb reperfusion. Of 20 pigs undergeing preparation of the
infrarenal aorta and iliac arteries. six were observed for 7.5h and served as controls: 14 others
underwent 6h of complete infrarenal occlusion, Thereafter, embelectomy was simulated in
eight pigs by removing the aortic clamp and establishing normal bleod reperfusion at systemic
pressure. [n six ather pigs, the composition of the reperfusate and the conditions of reperfusion
were controlled during the first 30min, followed by normal blood reperfusion. Some 6h of
infrarenal aortic occlusion leads to a severe decrease In high-energy phosphates and muscle
termperature, tagether with a slight increase in creatine kinase and potassium in the systemic
circulation. Normal blood reperfusion resulted In severe reperfusion injury: massive cedema
developed, the tissue showed a marked decrease in oxygen consumption. glucose consumption,
tissue ATP, total adenine nucleotides, muscle pH and total calcium in the fernoral vein.
Furthermore, a massive increase was seen in plasma creatine kinase concentration and
potassium, together with the development of muscle rigidity. In sharp contrast. initial
treatment of the ischaemic skeletal muscle by contrelied limb reperfusion resulted in normal
water content, oxygen consumption. glucose consumnption, flow and muscle rigidity.
Furthermare, controlled limb reperfusion resulted in higher total adenine nucleotides content.
less fissue acidosis, markedly reduced creatine kinase release, and potassium release as
compared with that of noermal blood reperfusion. This study shows that 8h of acute infrarenal
aortic ceciusion will result in severe reperfusion injury {(postischaemic syndrome} if normal blood
at systemic pressure is given in the initial reperfusion phase, In contrast, initial treatment of the
ischaemnic skeletal muscie by controlied limb reperfusion reduces the metabolic, functional and
biechemical alterations.

Keywords: limb ischaemia, reperfusion, skeletal muscle, acute ischaernia, postischaemic
syndrome
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Trealment o ischaemic skelelal muscie: Z. Mitrev et al,
Revascularzarion of limbs after prolonged, severe
ischacmia is associared with a high incidence of
postoperative complications™?. Mortality rates vary
between 7.5%' and 41%7. Subsequent amputation
rates range from 12% 1o 22%*, and pastoperative limb
function is only approximately 60=70%". The principal
actiology of these increased morbidity and morrality
rares {postischagmic syndmmc}"‘“ is the restoratian of
blood Haw, which cavses reperfusion injury in additien
to the_damage produced by the preceding ischaemic
period”, regardless of whether reperfusion is accom-
plished surgically! % or medically®, The only treatment
option is usually symptomatic management of each
complication after the onser of the postischaemic
syndrome. There is no strategy to avoid the complica-
tions,

The authors® experimental studies in a crystal-
loid-perfused isolated rat hindlimb model, together with
the results of others™ 2", have shown that the
deleterious consequences of reperfusion after prolonged
ischagmia in skeletal muscle can be substanrially
reduced by modifying the initial reperfusate. However, a
controlled study in an in vive, bload-perfused madel to
cviluaze the local and svstemic effects of the authors'
new rechnigue of controlled limb reperfusion compared
with thosc of normal blood reperfusion has not been
conducted,

The present study in an ¢ wivo pig model was
undertaken to: (1) investigate the effects of reperfusion
in 2 blood-perfused, in vivo system, which resembles the
clinical situation; (2) evaluate the sequelae of normal
blaod reperfusion at systemic pressure after severe
ischaemia (i.e. 6h of infrarenal aortic occlusion); (3}
investigate the effect of a 30-min controlled limb
reperfusion phase followed by normal blood reperfu-
siong [4) study the practicability af the avthors' new
technique of controlled limb reperfusion for fulure
clinical application; and (§) examine the consequences
of controlled limb reperfusion on systemic biochemical
changes {ollowing revascularization.

7.2-11

Materials and methods

Twenty adult domestic pigs of both sexes (mean(s.d.)
weight 63{13) kg) were anaesthetized with ketamine
{10 mp'kg), metomidare (2 mg/kg), and pentobarbitone
(45 mg/kg per h). The pigs were intubated and the lungs
ventilated by positive-pressure with 30% oxygen at a
rate of 12—15 cycles/min. Physiological saline {0.9%]
was continuously infused art a rate of 3-3 mltkg per hto
maintain hydration.

The electrocardiogram (ECG) was recorded with an
cight-channel ECG recorder (Gould; Cleveland, Ohio,
USA). The right carotid artery was cannulated. to
monitor arterial pressure continuously with a strain
gauge transducer. A thermodilution catheter (Hoyer,
Bremen, Germany) for cardiac output monitoring was
also inserted in the right carotid artery and connecred to
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a cardiac owrpur computer (HMY 7903; Hayer
Bremen, Germany). The right external jugalar vein wa:
cannulated to administer saline and heparin, and &
sample central venous blood. A Swan-Ganz cathete
was inserced into the left internal jugular vein
monitor haemodynamics. A catheter was alse place
into the left carotid artery to obtain arterial bloo.
samples. Blood gases were maintained at pH7.3-7.¢
Pegs at 40-3.3kPa {30-40mmHg}) and Pg
> 133 kPa (> 100 mmHg).

Experimental preparation

The abdomen was opened using a lower left pararect.
incision, and the infrarenal acrta, aortic bifurcation an
both iliac arteries dissecred extraperitoneally. T}
dissection of the left iliac artery provided a na
branching arterial conduit from the aorta to the femor
arteries, and blood flow to the thigh was measured usi
an clecrromagneric flow transducer. A polyethyla
catherer was placed into the left iliac vein for blac
sampling and pressure monitoring. Both hindlimbs we
made ischaemic by applying an atraumatic vascul
clamp to the aorta below the renal arceries. B
additional preparation to the lumbar arteries w
performed. Bleod flow to the ischacmic hind limbs w
again assessed by an electromagnetic probe, and in pil
studies, using aortography. The abdominal incision w
closed and the anaesthetized animal was kept ar roc
remperature during the ischaemic interval of 6h. Ji
befare starting reperfusion, an intravenous bolus dose
sodium heparin (300 units/kg) was administered, sim
lating the clinical stituation, when the patient is enten
hospital.

Measurements

Regional blood flow

Dissection of the left iliac artery provides a m
branching arterial conduit from the aora to the feme
system and blood flow to the thigh was measured us
an electromagnetic blood flow transducer (Flow-Pr
5P7515; Statham, Cleveland, Ohie, USA) placed aran
the iliac artery and recorded with a rwo-char
flowmeter (SP2202; Statham, Cleveland, Ohia, USA
ml{min.

In pilor studies (n=35), the left hindlimb
amputated at the level of the hip joint. The mean(s.c.
weight of these limbs was 6.3{0.4)kg whereas
mean(s.e.m.) body weight was 47.4(3.0) kg [i.e. |
weight was 13% of body weight). In all ather pigs, |
weight was caleulared as 13% of the body weight.

Flow {mlfmin per 100g tissue) in the limb
calculated as:

Flow in theiliac nrt:r}-}

Flow = 100 x
Limb weight

where flow in the iliac artery is measured in ml/min
limb weight in grams,
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Vascular resistance
Vaecular resistance in the iliac artery was calculated as:

(MAP —VP) x 80
'l,‘f{ = ——
Flaw

where VR is vascular resistance (dynes % sicm®), MAP
the mean arterial pressure (mmHg) and VP the pressure
in the iliac vein [mmHg). Flow is expressed as mlimin
and 80 is a constant,

Musele rigidity

After the animal was anaesthetized and intubated,
=-='h|.5c]c rigidity was measured by determination of the
hge of motion of the knee joinc in the right limb. Data
¢ recorded by measuring the range of maotion in
L _rees. The measurements were performed before and
6 h after ischaemia, and 90 min after reperfusion,

Enzymnes and electralytes

Blood samples for all parameters were preparced
routinely for measurement on the same day [centrifuged
for 5 min at 3500 revolutions/min). 'Optimized standard
methods’ conforming to the ‘Deutsche Gesellschaft fir
Klinische Chemie’ were used. Each method was
modified for automared analysis with 2 random access
analyser (Hirachi 717; Boehringer Mannheim GmbH,
Mannheim, Germany), and potassium, toral calcium
and creatine kinase were assessed.

lonized caleium was deteemined using two different
mechods: (1) by means of a caleium-selective elecrrode
{Calcium Selective Electrode 93-20; Orion Besearch,
Cambridge, Massachusetts, USA) against a reference
slecrrode, which directly measures calcium ions; and {2

lcording to the technique deseribed by Siggard-

---fe:scn et of.*2, The larter uses a nomogram in which
t_ ! calcium, protein and pH must be correlated, and
the ionized calcium can be read. Toral calcum was
measured photometrically with a calcium determination
kit (Calcium Test Combination; Boehringer, Mann-
heim, Germany). Protein was assessed with the biuret
method [Merckorest Total Proteing Merck, Darmstady,
Germany), and pH was measured with an elecrrade
{Ingold Electrode 405 57; Ingald, Steinbach, Germany)
and a microprocessor ionalyser (Microprocessor fonaly-
2e1-201 Device; QOrion Research, Cambridge, Mas-
saucheserts, USA]

Orxygen metabolism

Haemoglobin was measured (CO-Oxylite AVL 911,
Linz, Austria) at the same time as blood pgases
{Automatic blood gas system AVL 947, Linz, Austria)
from samples drawn from the carotid artery and iliac
vein, Oxypen content was calculared as:

Co, = (Hb x %sat. x1.39) + (Pg, x 0.0031)
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where Co, is oxygen content [ml Ox/100 ml blood), Hb
is hacmoglobin (mg/dl), % sat. is oxygen saruration
(%], Poz is partial oxygen pressure (mmMg), and 1.33
and 0.0031 are constants.

Oxygen delivery (ml/100 g per min) was caleulared as:

Oxypen delivery = Cag, X Flow

where Cag, is arterial Cg, (ml/100ml) and flow s in
ml/100 g per min.

Arteriovenous oxygen difference {ml Ou/100ml blood)
was caleulated as:

avlp, = Cag; — Cvg, where Cvg, is venous Co,

Oxygen consumpiion ("}'02} iml{100 g tissue per min)
was calculated as:

Ve, = avlp; % Flow

Measurements and caleulations were  performed
betore and 3 and & h after ischaemia, and after 5, 30, &0
and 90 min of reperfusion,

Glucose metabolism

Arteriovenous glucose difference {avCy,) is expressed in
mg/dl and caleulated as:

avCy, = Arterial glucose concentration — venous
glucose concentration

Glucose consumption [mgf100g nssue per min) was
ealculated as:

Glucose consumption = av(Cy, x Flow

where Flow was measured in dV100 g tissue per min.

Measurements and calculations were performed
before and 3 and &h after ischaemia and after §, 30, 60
and 20 min of reperfusion.

Muscle pF and temperatire

A precalibrated, 21-gange stainless-stecl electrode (In-
gold Elektrode U-402-M3; Ingold, Steinbach, Germany)
was inserted into the tibial muscle. The electrode was
precalibrated, using pH standard solutions (pH 4 and
7). The electrode was connected to a pH merer (Digital
pH Meter; Knick, Berlin, Germany}, providing con-
tinuous muscle pH readings. An intramusculae needle
temperature probe (Myocardial Temperature Sensor;
Sims, California, USA) was inserted elose to the pH
clectrode and connected to & temperature recorder.
{Tastoterm D 700; Impace, Hanau, Germany), which
corrected pH according ro the muscle temperature. Care
was taken to maintain a constant electrode and necdie
position. Measurements were performed before and 3
and &h afrer ischacmia, and after 3, 30, 60 and %0 min
of reperfusion.
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Tresumant of ichaamic skaletal muscle: Z, Mitrev et 3,

Skeleral muscle water content

Water content in the anterior tibial muoscle was
determined by weighing the muscle biopsies before and
afier freeze deying. The weight of the biopsy specimens
(approximately 0.6~1.2g) taken before and 6h after
ischaemia, and after 90m of reperfusion was ascer-
tained, following which the muscle was dried for 48 h ar
—‘SI}"C in a vacuum lyophilizor (Freeze Dryer Modulya,
Edwards, Crawley, UK). Weighing was performed on a
precision balance (Sarrorius 2442; Sartorins-Werke
GmbH, Gattingen, Germany). Tissue water cantent was
calculated according to the following equation:

fwel ssue weight —
dry tissue weight)
Water content (%) = ® 100

wet tissue weight

High-energy phosphates

Adenosine triphosphate (ATP), adenosine diphosphate
(ADP), and adenosine meonophosphate (AMP) were
analysed from tibialis muscle biopsies with the lucifer-
in=luciferase reaction described by Lundin et al.®*. This
highly sensitive luminometric method allows measuce-
ment of ATP concentration down o 107" mold. The
luciferin—luciferase reagent (ATP monitoring reagent;
LKB Wallac, Turku, Finland) emits light of almost
constant intenstty that s propartional o the ATP
concentration and can be measured with a luminometer
(rype 1250; LKB Wallac, Turku, Finland). Biopsics were
taken with a Tru-Cut (Travenol Laboratories, Deerfield,
Hlinois, USA) needle biopsy before and after 6h of
1schaemia, and after 90 min of reperfusion, They were
immediately frozen in liquid nitrogen and hemegenized
together wich 500wl of perchlorate and 4 mmaol
cthylenediamine tetraacctic acid. Some S0mg tris
{hydroxymethyl) methylamine was added before centri-
fugation and a small aliquot of the samples withdrawn
for protein assessment. All values were related o the
protein content of the biopsy (pmol'g protein). Toral
adenine nucleatides were determined by adding the
concentrations of ATP, ADP and AMP.

Experimental groups

All pigs underwent preparation of the aorta and iliac
areerics.

Control group (n = 6}

The animals were observed for 7.5k [without
ischaemia) after preparation of the acrta and iliac
Artercyes.

Normal bload reperfusion after 6 b of acute aortic
occlusion {uncantrolled reperfusion)

Eight pigs underwent 6h of acure infrarenal aortic
occlusion followed by reperfusion with normal blood at

T

systemic pressure (accomplished by removing the
vascular clamp). Blood samples were collected from the
carotd artery, jugular vein and iliac vein after 5, 30, 60
and 90min of roperfusion. This experimental group
mimics acute, prolonged aortic ocelusion treated by
embalectomy,

Treatment of the ischaewmic limb before normal blood
reperfusion {controlled limb reperfusion)

In six pigs, the aorta was occluded for 6h; after 5.5k
during this periad, preparations for controlled arterioar-
terial limb reperfusion were made by eannulating the
aorta proximal to the occlusion with a 26-Fr cannuls
(VC Cath. HKV-36B; Jostra, Hechingen, Germany)
which was used as arterial inflow. The aorra discal to the
occlusion was cannulated with a 14-Fr cannul:
(Retroplegia; Research Medical, Salt Lake City, Utah
USA) as outflow for the contralled limb reperfusan
(Fipure 1). Oxygenated blood was drawn from the
proximal aorta and modified by the addition of :
crystalloid solution in a ratic of 6:1 (blood:crysialloic
solution) (Table 1), This was passed through a coil and
heat exchanger (at 37°C) (Perfusionsspirale; HP
Medica, Augsburg, Germany), and infused into rthe
acrta distal te the occlusion with a Scdckert roller pump
The conditions of the reperfusion (i.e. intra-aortic
pressure 40 mmHg; flow 400-500ml/min, temperature
37°C) were comrolled during the first 30min ol

Flgure 1 Experimentzl madel of infrarenal aortic occlusion  an
tannulation for controlled limb repsrfusion
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fasle 1 Cacpositon of the controlicd Emb reperfusate

Pradiae Method Concentrazian dalivered
Prownge ogygen Bloed Haemagiotin TA-B2 g4
Awgad opdéma Hyperosmalanty 340- 350 mosmol
Pravce subsirate Glucose S00-500 maid
Clutamate 13 mmgll
Aspartale 13 mmnoll
Beversa acdosis Tromathamol sH75.76
Lt Cat* influs Citrate-phasphiate-  TotaiCa®® 1.7 mmols
dextross
Prevent free radical Lipose acid (Thisetaad) 1 2.5 mgA (80 prnoid)
farmation

", befusion. Blood samples were collected at § and
30 min during controlled reperfusion from the jugular
v+ iliac vein and the controlled reperfusate at the
sa...¢ time. The aorta was decannulated and repaired
with 4/0 polypropylene interrupted suture, Normal
blood reperfusion at systemic pressure was restored (o
both limbs and blood samples collected at 60 and
90 min of reperfusion from the jugular vein, iliac vein
and carotid artery.

Statistical analysis

Seatistical analysis was made using the Epistat computer
package and the Bias computer package provided by the
Johann Wolfgang Gocthe-University, Frankfure am
Main, Germany, in conjunction with Dr H. Ackermann,
a  biomathematician  (Johann  Wolfgang  Goethe-
University), Comparisons between groups were made
with the one-way analysis of variance {ANOVA] and
nominal dara by Fisher’s exact test. Differences were
~=nsidered significant at P < 0.05. Data are expressed as
ants.e.m..

R lts
Severity of ischacmia after G h of infrarenal aorric
occlusion

In the fiest five experiments, angiography of the aorea,
iliac and femaoral arteries was pecformed and radiogra-
phy showed no staining of the iliac or femoral arteries;
collateral formation was minimal. In all other experi-
ments, blood flaw (as measured with an clectromagnetic
flow probej was zero and high-energy phosphartes [ATI,
creatine phaosphare and total adenine  nucleotides)
decreased 1o 50% of the control values {Tables 2 and 3},
Muscle temperature decreased from  36.3(0.2) 1o
30.3(0.4)°C (P < 0.000001}, muscle pH from 7.4(0.1)
to 5.9(0.1) ("=<0.000001) and muscle rigidity from
122(1) to 90{2)° (P <0.000001). There was a marked
increase in creatine kinase [2068{529) versus S13(80)
unitsd; P=<0.01) as well as porassium (6.7(0.2} versus
4.4{0.2y mmold; P <0.00001) {Table 4) in the systemic
circulation after 6 b of ischacmia,
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Table 2 Water content and Lissue levels of ATP, ADP and AMP during
7.5-h abservation withaut ischaemia {control graup, i = 6) and afler Gh-
infrarenal aorsie seclusion fallowesd By narmal blood reperfusion {group 1.
= B} ar contralled limb reperfusion (group 2, 2 = 6}

Time(n}  Contral Group 1 Group 2
Water content (%)

0 76 140.5) FE6(0.4)° T6.8(02)
& 75.7(0.4) T1A10.7) T1.2:0.6]
75 76.9(0.4) BOGWOLTY TG
Muscle ATP {pmolfg proten)

0 34.1(1.1) 36.110.9) 34.4(1.4)
60 30001.2) 163{1.0 12.9{0.9)
7.5 256099 183119 205(12)
Muscle ADP {pmol'y proteing

0 6.9(13) 5.7(0.7} 480100
6.0 75(1.2) 4.9(1.2) 35(08)
15 8.5(1.7) 3.9(0.9) 6.8(03)
Muscle AP (umolg protemn)

o 54000 3807 3.2i02)
B0 49007} A1(1.1) 3.301.6)
75 £.1(06) 45(0.9) 40(1.0)

Values are meanjse.m) P<00009 wisus baseline. "P<0D4 versus
normal bloed repefusion. 'A< 0002 wersus S0-min reperfusion,
VP2 00007 versus baseling, " P < 0002 versus cantrol

Table 3 Tissua levels of creatine phosphate and total adenine nuclcoticdes
{nmolig protein) dunng 7.5-h observation without ichaemia (centrol
graup, 7 = 6}, and after G-h infrarenal aortic occhugen follgwed by normal
Bload reparfusicn (group 1,2 = 8) or contralled reperfusion (group 2. 4 =

6]

Time (h) Cantrot Group 1 Group 2
Muscle creating phosphate

] 243(2.7) 28.5(0.7) 336023
& 29.8(2.4) 16.8(2.8 17.8(2.8)
75 23324 21.3(0.9; 25.B(3.1)
Wuscle total 2dening nucieolides

a AG.O02.2) 458(1.5} 403(1.9)
6.0 42 801.8) 253i2.5) 18.72.5)
7.5 228’ 26.3(2.8) 30

Values are mesn(sem) P<002 wersus baseling, "P< 004 versus
basaline

Ischaemia and repecfusion
Ouxygen metabolism

Oxygen delivery [Table 5) was comparable m both
groups undergoing reperfusion  before ischacmia,
However, alter ischacmia and §min of normal blood
ceperfusion, there was a severe decrease in oxygen
delivery {95.9(9.1} versus 36.0(6.2) ml/100 g tissue per
min; P<0.0001) and it remained low throughout the
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peniod of uncontrolled reperfusion. [n conrrast, oxygen
celivery was only slightly reduced during the first
0 min of controlled limb reperfusion because of the low
flow. Thereafter, however, the increase in oxygen
delivery was significant and at the end of the 90-min
reperfusion period the values did not differ from the
control data (77.0(14.4) versus 100.9(5.7 ml 0,100
tissue per mun) (Table 3).

Furthermore, there was a sipnificant reduction in
oxygen consumption (Figure 2} during the entire period

Table 4 Levels of crestine kinase and potassigin in the diac win curing
7 53en otseration without ischagemia (control group, @ = &), and afer 6-h
infrarenyl aortic occlusion feliowed by normal biood reperfusion (Group 1.
A = 8) gr controlied imb repecfusion (group 2.0 = &)

Tirme (h)  Conteal Group 1 Group 2
Creating kirase (units/))

Q S27B5) 51.3B0) 468{73)

3 BoA0151) 9305202) o208

G SGB15E) 2068|529 1717,802)
6.083 S65(192) 51181048} 1514{762)
&5 983(192) T515(1562) 1 5451655)
70 1034 (205) 10456{2163) 19850370
75 1H1E237" 12 743{2563)° 2618(702)*
Potazsam (mmol)

0 37i0.2) A4102) 3501}
3 40(0.1) 58102} 47103
] 4310.2) 6702)" 55(0.4)
6.033 43{0.2) 8.3(0.1) 51003}
£5 4.4i0.3) 7502) 5403
7.0 4503} 83[04) 52105}
75 a47(0.4)° 7503 Saat

Values are mean{sem) F<004 wersus baseling. 'A< 001 versus
basehne, "P<0.0003 verses control. 'A< 002 versus normal bleod
reperfusion. “P<003 versus baseline, A< 000001 versus bastiing,
TP O00001 wersws control. A< D0002 wvsws normal blood
reperfusion

Table 5 Ouygen delivery during 7.5-n observation withou: ischaemia
feontrol group, » = ) and after 6-h infrarenat 200tis ooclusion folkowed by
normal biood reperfysion {group 1, 2 = B} or controlied limb reperfusion
{group €. n = )

Time () Contral Graup 1 Croup 2

0 83.6(2.1)

5 95.9(9.1} 100.5(5.7)

6083 B2.4(11.1) 25.0(8.2)" 24312.1)

65 80.4111.5) 34A4T) 23.402.1)

70 75.009.5) a1,104.000 708076
75 76.2(85) 40.5(4.1)" T70{14.4)

Values 2re mean(sem) "P<O002 rerses contiol 'P<004 sersur
norenal blocd reperfusion, 'A< 0.001 warmus contral. ¥ P< 003 versus
control. *P< 00001 wersus baseling

Ta2

e L .
5 0 1 50

Uxfgcn consumpiion (mi100g per mind

Reperfusion (min}

Figure 2 Wean{se.m.) Oxygen consumption of skeletal muscie after Gh
of acute infrarenal aartic acclusion followed by rarmal Biood reperfusion
(®) or controlled limb reperfusion (). Control velues are shown in the
stippled area

of uncontrolled  reperfusion  [14.3(2.3)  versus
£.2{1.6) ml/ 100 g tissuc per min; P < 0.02). This marker
of reperfusion injury could be completely avoided by s
period of controlled limb ceperfusion afeer ischaemiz
and oxygen consumption at the end of reperfusion dic
not differ from that of the control animals (14.9{3.3
versus 13.2(1.6)mlf100g tissue per min) (Figure 2).

Glucose metabolism

In all groups there was a progressive decrease in arteri;
plucose concentration during the ebservation peried «
7.5h (Table 6). The reduction in arterial pgluco:
concentration did not differ berween the contro
{withour ischacmia) and the group with 6 h of ischaem
followed by normal blood reperfusion. However, tf
hyperglycaemic-controlled limb reperfusare increast
arterial glucose content significanty during the fir
30min of reperfusion and hyperglycaemia persist
during reperfusion. Furthermore, only in the group wi
controlled limb reperfusion was there a highly sigmi
cant glucose uptake during the first 30 min of reperl
sion (7.5(2.1) versus 238.7(48.9) mg/dl; P < 0.000
This increase was present only during the 30min
contralled reperfusion whereas in the subsequent 60 n
of normal blood reperfusion, the arteriovenous gluce
difference did not differ from the bascline {Table
even though the arterial glucosc levels were s
mereased (> 150 mp/dl).

Whereas glucose consumption (Figure 3) decrea
scverely afrer uncontrolled reperfusion (0.19(0.
versts 0.31{0.01) mg/100 g tissve per dl), reatmem
ischaemic skcletal muscle by controlled reperfus
resulted in a marked increase in glucose consumpt
during the first 30min and controlled values cauld
achieved thereafier (D.58(0.19) versus 0.46{0.11}
100 g tissue per min) [Figure 3).
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isle & Arterial glucose condentration and arteiovencus gCose
Herence guring 7.5-h observation without ischaemia {tontral group, A =
| andt after Bh infracenal aortic occlusion foRowed by ngrmal biood
worfusion (group 1. & = B) of tontrolied Yimb reperfusion (group 2,
2 6)

ime (m) Cantral Group 1 Croup2
dltose (arterial) (mgdhdl)

¥ 128013 143(15) 5321

i FHH) T8H A6(16}

3 5215 i3 EGL11)
5063 52{15) “E16] 402(42)

65 SE(15) 449 423:43)
70 561161 4209 1T
15 55018y 36(8) 15314}

Al Jenous glucase difference (moid)
0 45016 7.4(1 6] 7521}
3 68(1.7} 22.2(31) 12.7[3.0)
G~ 20103 16.5(2.6 12.3(3.5)
G. 2:0(05) 121437 23m 7483
85 32109 14,6075 165.7(48.3)"
7.0 35013 11.3:22) 6403
75 4.3(08) GA(LT) So2)

Values are meanfsam) A<0002 wersus rormal blood reperfusion.
Vp e 00T persues normal Bieod reperfusion. P 00002 versus Daseling

Warer content of skeletal muscle

Water content did not differ during the 7.5-h observa-
tion period in the control group {Table 2). Some 6h of
infrarenal aorti¢ occlusion did not produce any increase
in water content {77.4{0.7) versws 76.6{0.43% ). Howev-
er, 90 min of normal blood reperfusion produced severe
oedema in skeletal muscle {76.6(0.4) versus 80.6{0.7);
e (),0009). In conrrast, normal values for water
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Figure 3 Mean(s.em.) Glucose consumption of Seeleidl ruscle afer Gh
of acute infraresal aoruc ooclusion folicwed by normal blood reperfusion
{®) or contzolied limb reperfusicn {0, Conteal walues are shown in the
stippled area
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content were achieved with controlled limb reperfusion
{76.8(0.3) versus 77.6(0.4)%) and werc significantly
lower than in those animals undergoing normal blood
reperfusion (77.60.4) versus 80.6(0.7)%; F<0,04)
{Table 2),

High-energy phospluares

Same 7.5 h anaesthesia in the control animals resulted in
a marked decrease in tissuc ATEP (25.6{0.9) versus
34,1{1.1) pmolig protein; P<0,0001}, creatine phos-
phate  [23.3(2.4) wersus 34.3{2.7)pmol/g  protein;
P<0.02) and total adenine nucleotides (38.2(2.5)
versus 46.002.2) umollg protein; P < 0.04), The degra-
dation products of ATP (i.e. ADP and AMP} were not
affected in the contral group (Table 2).

The made of reperfusion did not influence tissue
contents of ATP, ADP, AMP and creatine phosphate,
However, baseline values for ATP, ADP and AMP in the
controlled limb reperfusion proup were always lower
when compared with those in the normal blood
reperfusion group (Table 2} so that the total adenine
nucleotides, expressed as a percentage of baseline
values, were markedly increased in the controlled limb
reperfusion group (78% wversus 57%) (Figure 4).

Muscle damage as assessed by creatine kinase and
potassium release

In the contrel animals, there was a steady increase in
creatine kinase ([1112{237) wversus 527(89) units/l;
P<0.04) and potassium (4.7(0.4) versus 3.7{0.2}
mmoll; P<0.03) in iliac venous blood during the
observation period (Table 4). There was pronounced
and marcked muscle damage afier reperfusion with
normal blood alter éh of infrarenal aortic occlusion:
creatine kinase levels rose from 513(80) units/l to

-
j‘ 140
=
=
5 B0 ST
1+
B s
R
L= Y
m o
H
2% a0
Lt
ke
=]
= {1
¥
¢ J
&
= (]

Controlled limf
reper fusion

Mormal blocd
reperfusion

Figure 4 Recovery of total adenine nucleotides, expressed as 3 percentige
of the contral, after & h of infrarenal aortic ocelusion foliowing reperfusion
with normal blood at systemic pressure or controlled imb reperfusion
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12743(2563) units] (P =<0.0003) and potassium in-
creased from 4.4(0.2) to 7.9(0.3) inmold (P < 0.00001).
This merease was almost avoided by controlled limb
reperfusion, There was only a slight increase in ereatine
kinase (2618{702) versus 1112{237) units/l; not signifi-
cant) and this was significantly lower compared with the
value afier normal blood reperfusion (2618(702) versus
12743{2563) wnitsl; P<0.02). Furthcrmore, potas-
sium release did not differ from thar of the controls
($.1{0.3) versus 47004 mmold; oot significant) and
again was lower when compared with the uncontrolled
reperfusion geoup (3.1{0.3) wrersws 7.9{0.3) mmoli;
P <0.0002).

Flow and vascielar resistance

MNormal blood reperfusion was followed by a marked
low-reflow phenomenon. Flow in the iliac artery
decreased  from 453297 1w 191{27) ml'min
(P 0.00001) and flow as expressed per 100g limb
weight decreased from 6.4(0.6) 1o 2.6{(0.3) ml/100 g per
min {(£=<0.0001}. The low-reflow phenomenon was
avoided by controlled reperfusion and even resulted in a
slight hyperaemte response (438(20) versus 343(58) mlf
min or, as expressed for limb weighe 5.4{1.1) versus
iG{ﬂ.j}ml;‘lGﬂg per miaj.

The low-reflow phenomenon after normal blood
reperfusion was accompanied by an increase in vascular
resistance  which oceurred  already  after Smin of
uncontrolled reperfusion from 22.8(1.7) to 37.9(4.3)
dynes X slem® (P < 0.006}. Controlled limb reperfusion
did noc resule in any increase in vascular resistance, in
fact, there was even a shight decrease (14.7(3.4) versus
19.5(1.9) dynes x siem®) (Table 7).

Calciunt

In the control group, there was no significant change in
the ionized caleinm content of the systemic circulation
during the observation period. However, systemic total
calcium decreased from 2.6(0.1) to 2.2(0.1) mmol;
P < 0,003 (Table 8). A similar reduction in the regional
total calcium content {femoral artery and vein) was also
obsecved (2.2{0.1} versus 2.5{0.1) mmoll; P<0.01)
{Table 9). Narmal blood reperfusion after 6h of
ischaemia resulted in a similar fall of the systemic and
regional total ealcium content. Furthermore, ischaemia
and normal blood reperfusion also resulted in a
significant decrease in the systemic ionized calcium
(1.1000.03) versus 1,33(0.03) mmold, P=<0.02}, In the
controlled repecfusion group, a similar drop in ienized
calcium was seen as wcﬁ as a significant decrease in toral
calcium in the systemic circulation and the femoral
artery and vein. The most significant reduction was
observed in toral caleium content of the femoral artery
and vein during hypocaleaemic controlled limb reperfu-
sion (Table 9. ¥

T44

Table 7 Flow and vastular resistancg guring 73-h cbservation withaut,
ischaemia {rontrol group, # = &) and after Sh infrarenal acruc occlusion
foliowed by narmal blood reperfusion (oroup 1. a = 8) or tontrolied limb
reperfusion [group 2, 7 = 6)

Tirme [h) Control Growp 1 Group 2
Fiow in the diac artery (mil‘min)

[+ 448(73)

6.0 45329 458(20)
G082 357(75) 184019) 162(14)
55 A53(69) 1589121} |62i14]
TG 337125 198(26} 3337
75 337(338) 19127 343(38)
Flow in the limb (mild 100 g per mind

0 £.40.4)

G0 £.4(06] 4.6/05"
6083 5.1(0.7) 2103 2503
65 5107} 22003 24{02
7.0 5.0(0.7 2703 52108
75 5.010.8) 2.6103) Sa(1.1
Vascular resistance {dynes x slem®)

1] 230(2.4)

60 228017 195(19
6083 22533) 37.9(4.3) 17.5(25
&5 23.E{32) 40,716.6) 1756011
70 22.1(28) 256(23) 158022
75 21.6{2.2) 295(39) 14734

Values are mean(s.em.)

Table B Systemic concentration of ionized csloum and lotal calciur
during 7.5-h obsenvation without ischaemia {<ontrol group, 7 = 6) an
after 6-h infrarenal aartic ceclusion followed by nermal bicod reperfusic
{group 1, 7 = B) or controlled limb reperfusion {group 2. @ = B)

Time (k) Coniral Group 1 Group 2
lemzed calowm (mmeld)

Q 1.3800,00) 1.33(2.03) 1 28(0.0!
6 ‘ 1.2200.03) 1.16(0.03) 1.08{0.0¢
75 131{002) 1.10(0.03)* 0.9G{0.0
Total calciurm (mmalt)

0 2.56(0.13 2.700.1) 270.10)
3 25(0.1) 2.6(0.1) 25[0.1)
6 23(0.1) 23000 23(0.)
6083 23[C.1) 23[0.1) 2.140.1
€5 220010} 2210.1) 1901
T 2.2(04) 230.1) 2.2(0.1)
15 2.20.0° 230, 2.2(0.1]

Values are¢ mean{sem) “P<002 vasus basehne, 'F< 0003 wen
baseling )

MusclepH

Mormal blood reperfusion for 90 min after 6h of aor
occlusion did not reverse the severe tissue acido
(5.900.1) versus 7.3(0.1); P<0.000006). In contra
30 min of controlled limb reperfusion increased tiss

CARDIOVASCULAR SURGERY DECEMBER 1934 YOLZ N



atle 3 Total caltium concentration in the femoral artery and vein during
5 ctmervation without ischaemia [Contrel group. 1 = G). and after 6-h

“fratenal aoruc edciusian folldwed By normal blood reperfusion (group 1,
= 8] or controlled imb reperiusion (group 2. a = 6)

fame ) Coatral Group 1 Group 2
Total caoum (femoral arery) (mmolh)

v 25{0.1) 2.7(0.1) 2.7{0,1}
3 2510 25001} 2300.1)
g 22(0.4) 2310.4) 23{0.0)
6063 2.210.1) 2.210.1) L0}
65 22(0.1) 2.140.4) 1.200.1)
70 2,150 21(@1) 22(0.1)
75 221011 22(0.4) 2.2101)
T zaloum (Femaral veind (mmoeld)

t 25(00) 2.7(0.1) 2.6(0.1)
1 25(0,1) 250013 2.5{(0.1)
€ 2.3{0.%) 2.310.1) 22(0.1)
[ 2310.1) 22001} 2:000.1)
£ 2.110.4) 2:140.0) 2.0{0.1}
7.0 2300.1) 21001 FALCRY
75 2210.1) 2.0 22(0.]

Values 2:¢ mean(s.em) P<O01 wus bassine, 'P< 0002 versus
baszling

pH significantly compared with that of normal blood
reperfusion {6.6{0.2} versus 5.9(0.1); P < 0.002} {Figure
A%

Musclerigidity

Muscle damage, estimated by muscle rigidity, was least
if controlled reperfusion was used (106{d) wversus
122(1)°) ln conteast, severe muscle stiffness oceurred
following normal blood reperfusion after the period of

haemia (60011) werssws 122{1)%; P < 0.00008) (Figure

Muscio pH

Hormal blood
reparfusion

Controlied limb
repecfusion

Figure 5 Mustie pH after 6 nof acute infrarenal 3oric ctchusion foliowed
by mormal blood reperfusion or contralied limb reperfusion. Cootrol values
are shawn in e stippled area. *F < 0.002
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Flgure 6 Muscie rigidity after Sh of acute infrarenal aortic occlsion and
narmal biood reperfusion or controlled imd reperfusion. Control values ce
showen i the stippled area. =A< 0.00008

Discussion

Studics of ischacmia and reperfusion injury in skeletal
muscle have been hampered by the difficuley of
adequately reproducing acute aortic occlusion in an
experimental model. The i wive pig model was
therefore chosen to simulate this clinical situation. The
model enabled study of the local and systemic
biochemical effects of prelonged ischaemia and reperfu-
siop of skeleral muscle.

This study of scvere, prolonged ischaemia of both
lower extremities, produced by infracenal aortic clamp-
ing, shows that a significant improvement in the
metabolism, structure and function of limbs can be
achieved after revascularization, provided that the
ischacmic tissue is treated carefully duning the initial
reperfusion  period. Delivery of a  hypocaleaemic,
hyperosmotic, substrate-enriched limb repecfusate ar
40 mmHg for 30 min after 6-h ischaemia resulted in
higher postischacmic flow rates, less oedema, higher
oxygen and glucose consumption, less creatine kinase
and potassium relcase, and improved high-energy
phosphates than normal blood at systemic pressure.

The critical importance of the reperfusion strategy per
se in determining the fate of ischaemic skeleral muscle
cells is emphasized by the production of ‘reperfusion
injury’ characrerized by reduced oxygen (30% of
control) and glucose consumption (37% of control}
(Figieres 2 and 3) marked ocdema (81 % water cantent),
a persistent decrease in total adenine nucleatides (57%
of control), explosive creatine kinase (2484% of
control) and potassium release (179% of control),
low-rcllow rates (only 41% of the control flow rate) and
a marked increase in vascular resisrance (131% of
conerol), as well as persistent rissue acidosis [muscle
pH 3.9 and increased muscle stiffness in the normal
blood repecfusion group. These data emphasize the
importance of developing a treatment modality during
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the mitial reperfusion period that avoids further injury
1o cells already jeopardized by ischaemia.

It 15 apparent that the severe damage produced by
normal blood reperfusion after 6-h infrarenal aortic
occlusion (combination of ischaemic and reperfusion
injury) can be reduced when the conditians of
repecfusion and the composition of the reperfusate are
controlled for 30min, The initial 30-min controlled
hmb reperfusion phase restored oxygen and glucose
conskmption to control levels {Tables 5 and 6), avoided
nssuc oedema {Table 2), restored tissue total adenine
nucleotides to 78% of control, and significantly limited
creatine kinase and potassium release. Furthermore,
cantrolled reperfusion in the limb increased flow above
control values {117% of control] and decreased vascular
resistance {75 % of control) (Table 7).

The imporrance of specilic attention to glucose during
reperfusion is emphasized by studies showing that
hypoxia stimulates glucose uptake in skeletal muscle,
Glucose-enriched perfusion solutions increase carbohy-
drate metabolism, which in turn improves the ischaemic
tolerance of skeletal muscle®®. Further insight into the
need to supporr anaerobic and aerobic metabolism
simultancously can be found in reports®” suggesting that
there is a fundamental compartmentalization of glycaly-
tic and oxidative merabolism even during oxygenation.
Recent data suggest chat glycolysis supports sarcolem-
mic function (i.e. sodium—-potassium pump activiey)*,
curtails postischacmic enzyme release™”, and limits the
sensitivicy of injured cells 1o phosphalipase activation™,
which may lead to massive ealcium averload. Oxidative
metabolism and further repaic can oceur only if
sarcolemmic funcrion is preserved and sufficient mera-
bolizable substrate (e.g. glucose) is provided®'. Normal
blood reperfusion resulted in a rapid decline in the
arterial glucose concentration and a decrease in glucose
consumption {Table 6). In sharp concrast the controlled
limb  reperfusate  with  marked  hyperglycaemia
(>400mg/dl) during the first 30 min resulted in a
700-1100% increase in glucose consumption compared
with that of the controls, This improved anaerobic
metabolism cannot be explained by hyperglycaemia
alone, because an increase in glucose content abave
control levels during the subsequent normal blood
reperfusion (> 150 mg/dl) resulted in a normal, but not
increased, glucose consumption (Tuble 6). Therefore,
either marked hyperglycaemia alone (> 400 me/dl) or
the combination of marked hyperglycacmia and other
factors of controlled limb reperfusion are responsible
for the improved glucose metabolism.

The authors’ data show that normal blood reperfu-
sion resulted in severe postischaemic ocdema (81%) and
increased tissue turgor and muscle rigidity (restriction of
joint motion to 50% of contral, Figure 6). Previous
studies”**? have suggested that these alterations may
be caused by calcium influx. Conceivably, some of the
muscle coneracture that follows normocalcaemic reper-
fusion is related to calcium loading of previously

T46

ischaemic tissue that has insufficient energy production
to maintain normal calcium homocostasis, This patho-
logical mechanism is supported by the present results
showing that ionized calcium in the systemic circulation
as well as roral calcium both show a marked decrease
after normal blood reperfusion (Tables 8 and 9). This
severe reduction in systemic calcium which occurs
initially during ischaemia and continues to decrease
during reperfusion might be a causc of myocardial
depression in patients with severe limb ischacmia,

Postischacmie ocdema and increased tissue wrgor
may be responsible for the ‘low-reflow phenomenan’
alter normal blood reperfusion and thus restrict
subsequent oxygen delivery 1o ischacmic and teperfu-
sion-damaged skeletal muscle, The authors suspect that
the marked oedema formation was caused by persistent
impairment of the capacity of the skeletal muscle cell to
regulate cell volume? and was compounded by the
sudden reperfusion praduced by removal of the vaseular
clamp at systemic pressure. This is further supporeed by
a recent study by Forrest et al®® showing that no
improvement was seen with vasodilators, suggesting
that local vasoconstricrion is not the primary mechan-
ism for the low-reflow phenomenon, The role of
leucocytes in preventing the low-reflow phenomenon in
skeletal muscle is still controversial 14 19.20.08

The authors’ observations on the merabolic response
of skeleral muscle to severe prolonged ischaemia
followed by reperfusion showed that there is an
immediare (within 3 min of reperfusion) decrease ir
oxygen consumprion {Figure 2), which remains depress:
cd throughout the observed reperfusion period o
90min, This decrease in oxygen consumption has beer
described in previous studies using cardiac muscle®” anc
explained by the fact that reperfused muscle has :
limited capacity to take up oxygen because of substrac
depletion and mitochondrial damage*®+*?, The presen
authors’ controlled limb reperfusion serategy: (1
avoided the development of tssue oedema; {2} reduce
vascular resistance; and (3) may have restored some ¢
the cellular regulatory mechanisms. This might explai
the retained capacity for oxygen consumption.

Ouxygen consumption of skeletal muscle appears to b
critically dependent on extracellular fluid pH*, D
creased hydrogen ion concentration {i.e. alkalosis) ¢
blood perfusing an isolated canine hind limb wi
consistently associated with an increasc in oxype
uptake by the limb with a change in pH of 0.1 unit
leading to a 10% alteration in oxygen consumption”
This relationship appears linear throughout the enti
physiclogical pH range (7.0-7.6)"". As the presc
authors’ therapeutic approach to ischaemic skeler
muscle using controlled limb reperfusion is based
cellular repair by aerobic and anaerobic metabolis
high oxygen consumption is necessary to gener:
encrgy. The study by Harken™ underscores t
importance of having an alkalotic initial reperfusate,

Control of reperfusate calcium is critical becal

CARDIOVASCULAR SURGERY DECEMBER 1594 YOL2 N



stosolic calcium activity gradually increases during
chaemia when cellular metabolism is inhibited. This in
izn may activate cytosolic or membrane calcium
ermeabiiny®! and may set the stage for massive
alcivm influx during reperfusion. Furthermore, there 1s
vidence that ccllular calcium overload and free radical
reneration cach contribute to ischaemia—reperfusion
njury and that free radical gencration and subsequent
'cprrfusion injury is a functien of calcium concentra-
non®,

The authors’ proposced approach of controlled limb
reperfusion to reduce reperfusion injury in skeletal
muscle incorporated alf the principles of modification of
the conditions of reperfusion and the composition of the
repecfusate evolved from previous studies™#=13:3037,
T  wodified conditions of reperfusion included: {1}
gedtle reperfusion pressure [ie. 40mmHg) o himit
¢ - ‘schaemic oedema; {2) normathermia (i.e. 37°C) 1o
¢ anize the rate of cellular repair; and (3) prolonged
durarion of controlled limb reperfusion {i.c. 30min) o
allow recovery of cellular regulatory mechanisms before
regular blood flow is re-established. The reperfusate
composition was madified o allow incorporation of:
{1} hyperasmolanty to minimize postischaemic oedema
and allow cell volume regulation 1o occur more
gradually when flow with normal blood is restored; (2)
oxygen free radical scavengers (i.e, lipoic acid) to [imit
the cytotoxic effects of oxygen free radicals; {3) adding
citrate—phosphate—dextrose 1o normal blood, to reduce
calcium influx by lowering the calcium ¢oncentration of
the rcpcrfusatc; i4) increased glucose concentration 1o
enhance osmotic effects and perhaps initiate anacrobic
encrgy production at the start of reperfusion; (3)
replenishment of amino acid precursors of Krebs' cycle
intermediates (i.c. glutamate, aspartate) needed to
ensure more effective oxidarive metabolism and energy

wloetion for cell repair; and (6) reversal of tissue
a-losis with a buifer {i.e. tromethamol, 10 provide an
¢« — mal intracellular milieu for effective resumption of
mwabolic function.

Control of the conditions of ceperfusion and composi-
tion of the reperfusate was achieved in this study by
cannulating the aorta proximal to the clamp with a
26-Fe cannula and the aorta distal to the clamp with a
14-Fr cannula, The controlled limb reperfusate was
delivered directly into the distal aorta, The conditions of
reperfusion were controlled by a coller pump (llow and
pressurc) and a hear exchanger (temperature) and che
compasition of the reperfusate was achieved by mixing
the oxvgenated blood with a erystalloid solution {six
parts blood and enc erysealloid solution).

The authors conclude that che fate of temporarily
ischacmic skeletal muscle is determined largely by how
the tissue is treated during the initial reperfusion phase,
before normal blood flaw is re-established. The present
data show that muscle salvage is possible alter 6-h
infrarenal aortic occlusion if controlied limb reperfusion
is used as the initial treatment for the injured usswe, and
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controlled limb reperfusion can be performed casily in
the operating room. Future studies will determine how
further modifications of the initial reperfusion may
increase skeletal muscle salvage.
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