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Revascufanzahon aiter profonged complete limb ischemia may result in severe dam-
age to skeleral musele and systemic alleraiions [pesischenic syadrome). Qar previs
aud experimental studies have showea that this wfure can be reduced substariially by
tregiing the jeopardized exiremiy by controiling the conditions of reperfusion and
composiiian of the witial reperfate. In the present shudy this concem af controlled
limb reperfusion was applied in palients weth profonged severe limb ischemia. Con-
trefled limp reperfusion was used in 14 patienis aofier prolonged complete uni- or bi-
laveral fschemea, The tschemee interval ranged from 3 1o 2T 7 Twe paiients were 10
cardiogenis shock, 11 had assacicted cardiac disease, gnd seven coexalent peeiph-
eral vascular duisose. A}'{er syrbemic Beparinization, stendard thromboewnboleciomy
wis danie wiing 6 Fopary catheler. Cannwlas weee placed inta the iliae, profisde,
and superficial femoral arteries and were conrecied 1o g reperfusion set. Qxypenated
blood was drawa froum ilie diac arlery and mived with an asenguineous solulion (ratio
Gk Thiv conteodled reperfusate was delivered into the profuada and superficia!
Semoral areerier wiing a single rollerpamp, The syitem aflows control of the compozi-
tion af the reperfisnte {oalciem, pH, asmolarity, glucose, subsirate, pO,, free rudical
seavengers) and the conditions af repecfusion (presiure, flow, emperature), Afier 30
atn af controlled fmb reperfusion, the cannulas were removed and normal blovd
repedfusion siarted, ANl 12 patients who were stable hemodynamically before the op-
eraiion shrvived ihe revascularizatan. Eleven pastenis, ineluding one with acure agr-
tie accluswn for several hours, were discharged with funclional recovery of their ex-
tremeires, Despele (he severe oichemer engult, controlled limb reperfusion avarded
ampuiation and profound Jysfemee complications, Two palients who were in cardio
genie shack preoperatively died from progressive eardiar fatlure. We conclude that
conirolied arterspariesial limb repedfusion may reduce the local monifestarions of the
posiischemes svndrome after pralonged periods of ischemia, may salvage lmhs
thought previously o ke damaged wrreversibly by prolonged ischemia, and can be
dore casify in the aperating roons,
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larization syndrome. postischemic syadrome.,
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Revascularization after prolonged complete limb ischemia results in a scvere injury of
skeletal muscle, which may lzad eventually o amputation in 12 to 22% of cases.'” The
washout of myoglobin, patassium, lactate, and microthrombi from the damaged skeletal
muscle cells into twe sysiemic circulation may cause renal failure, archythmias. shock,
and eventuully death'# and merality rates vary from 7.5 1o 415,17

Skeletal muscle is relatively resistant (o ischemin>® Even after prolonged periods of
severe ischemia there is a remarkable cellular and structural integrity of skeletal muscle
cells. 5 However, if normal reperfusion is instituted afler prolonged periods of ischemia,
additional damage (reperfusion injury) is superimposed on the injury already produced by
the nany hours of complete ischemia®~ and the combination of ischemic and repertusion
injury may lead to imeversible tissue loss, Inra- and extracellular swelling, Ussue seido-
sis, free radical-mediated damage, loss of adenine nueleotide precursars, and intracellular
calcivm overload have been suggested 1o be the mechanisms responsible for reperfusion
ey

Our experimental studies in isolated rat hindlimbs have shown that carelul contrel of
the composition of the reperfusate {hyperosmolarity, hyperglycemia, hypocalcemia,
alcalosis. free radical scavengers, precursors of Krebs cycle intermediates) and the condi-
linns of reperfusion (temperature, pressure, flow, duration) will reduce the additional
damage imposed during normal reperfusion and might serve as a “lUreatment” for imbs
damaged by ischemia~" Beneficial effects of modifications during the early repertusion
phase afler extremily ischemia have alse been reported by other authars, and include
leukoeyle depletion,’® the addition of prostacyclin analogues,'™ mannital™ macromoie-
cules.™ free radical seavengeors,3-4H00180222 nwering initial reperfusion Mow. ™ and
slow inerease in oxygen conlent of the reperfusuie. ™ 7 Afler having established the prin-
ciples ol controlled limb reperfusion in an isolated rat hindlimb model b1 we investi-
aated the clinical applicability and the local as well as systemic effects of this new surgi-
cal strategy in an in vive pig model after 6 h of acute infrarcnal aortic occlusion.® The
ohservations made during these cxperiments have indicated that the significant salvage of
skeleta) muscle and reduction in systemic alicralions can be achieved with controlied
limb reperfusion &1222

In this clinical report, we detail cur experience and describe the surgical technique
far controlled arierioarterial limb reperfusion. document the functional recovery of limbs
undergeing prolonged ischemia, and sugpest that an aggressive lreatment is necessary
after prolonged ischemia to improve limb function and patient survival,

Patients and Methods

Patient Population

Controlled arteriarterial limb reperfusion was used in 14 patients (11 men, lhres women)
with camplete ischemic limbs, The design of the study was approved by the ethical com-
mittes of the Johann Walfoang Goethe-Universily FrankfuriMain.,

The onset of acuie Bimb ischemia was defined as the tme of pain andfor inability o
walk as reperted by the patient or the referring physician. The diagnosis of acule lower
limb ischemia was made by history and physical examination (pain. pulselessness, pallor,
paralysish, and Doppler senographic csamination, Angiograms were nol routinely em-
played preaperatively,

In /1 patiens, initial signs and symploms, length of time from sudden occlusion to
start of reperfusion, severny of ischemia, associated disease, source and localion of
thrombi and emboli, type of surgical intervention, and outcome of surgery were rezistered.
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Surgical Technique for Controlled Arterivarterial Limb Reperfusion

Fluid and electrolyte levels and cardiovaseular abrormalities were corrected a5 much as
possible before surgery, After the induction of general anesihesia, the patient received
complete heparinization (300 mgfkgd. A central venous catheter and a urinary catheler
were introduced. Blood pressure. hean rale, and elecirocacdiogram were monitored con-
tinueusly. In order @ avoid Neid sverload during conlrolled limb reperfusion, the anes-
thesiologists were restrictive in flund replacement, and furosemnide (10 mgl was given in-
Iravenously.

From a groin incision, the common femoral adery and the superficial and profunda
femoral aneries were dissected and encircled with rubber bands, A longitudinal arteri-
atomy wis performed just above the bifurcation and a Fogarty catheter was passed into the
iliac, superficial, and profunda femoral arteries in order 1o remove all occluding material
ithramt andfor emboli). After all material had been successtully remaved, no heparinized
Ringer's solution or any other kind of irigation of the vessels was performed. Fram the
longitedinal arteriolomy a wire-entorced 22F cannula with a bullit lip was passed into the
dlize antery in erder 1o aspirate oxyzenated blood. This cannula was connected to the blood
line (Fig 1} of the reperfusion set (HP Medica, Aupsburg, Germany). This bload line, 1o-
gether with the asanguineous solution line (Fig 1), was put in the head of a roller pump.
The oxygenated blond from the iliac artery was mixed with the asanguineous solution
{Table 1} at a ratio of 1:6 (] pan asanguineous solution:6 pirts blood) in order (o achieve
the composition of a controlled reperfusate, ic, a hyperosmolar, hyperglycemiz, alkalotic,
substratz- and allopurinol-enriched, hypocalcemic reperfusate with o hemoglobin of 7-9
gfdL. The 1:6 ralio was automatcally delivered by the |56 ratio of the inner diameters of
the asanguincous solution and bluod line: no manual mixing or measuring of the con-
stituents was necessary, Both lines were connected with a Y-piece 10 form the delivery
line (Fig I). The modified blood was then passed through a heat exchanger and an arerial
filier and m the end of the delivery line a Y-piece allowed the connection with two reper-
fusion cannulas. The reperfusion cannulas were placed inta the superficial and profunda
femoral arterics and consisted of a 9F catheler with sebf-inflating balleen and an additional
pressure-manitoring line, The reperfusion set was primed with blood and crystalloid solu-
tion, and bath reperfusion cannulas were carefully deaired and introduced jnto the superfi-
cial and profunda femoral arteries. The pressure-monitoring lines of the reperfusion cannu-
las were connected to a monitor and contralled limh reperfusion was started. The
intra-urterial pressure did not exceed 90250 mum Hy in cither vessel {profunda or superfi-
cial femoral artery). If the pressure increased in one vascular bed, g tubing clamnp was
placed on the line in order W increase the resistance so that both vesscls had approximataly
the sume intra-arterial pressure. The flow of the controlled reperfusate. which could be ad-
Justed with the roller pumnp, was approximalety betwesn 200 and 300 mLfmin,

The duration of the controlled limb reperfusion was limited to the first 30 min.
Thereafler, the cannulas were removed and the arleriolomy cinsed with a venous piich.
Mormal blood was then allowed 10 reperfuse the limb. During the first 24 h afrer the oper-
ation, the systemic systolic pressure did not exceed 120 mm Hg. Heparin therapy was
continued postoperatively, but conversion to warfarin sodium was underiaken anly in
cases with docuinented sources of embali (ie, cardiac),

Results

The patients ranged in age from 19 to 83 years (mean of 54 + 20 years). Eleven patients
(79%) had a histary of accompanying cardiac disease, seven (S0%) had coexistent periph-
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During the 30 min of controlled anericarierial |imb reperfusion, no complications
were noticed secondary (0 the infusion of the asanguinzous solution necessary to modify
the oxygenated blood, Normal blood reperfusion was allowed Lo oceur afler decannula-
ten and closure of the arterictomy with a venous patch, A prophylactic fasciolomy was
done in 10 of 14 patients,

The overall survival rate in these severely compromised patients was 86%. The two
patients who died were both in cardiogenic shock preoperatively when they developed
sudden veelusion of the lower limbs. In bath patients, insertion of an intra-aortic balloon
pump was the cause of the thrombus formation. One of the patients had an acute throm-
botic ecclusion of the distal aorta and death was related to congestive fajlure and sys-
temic complications afler revascularization. The other patient with unilateral occlusion of
the femoral artery had no severe sysiemic alterations sceondary 1o reperfusion of the is-
chemic limb, but died in pump failure. The other 12 Patients of our series were long-term
survivors and experienced no episodes of severe systemic complications after revascular-
izatien of 1he ischemic limb. A patient with complete ischemia of both limbs for more
than 18 b ois alse included in this group: he was treated by embolectomy and controlled
bilateral limb reperfusion. Severe systemic alteralions were avoided and he had a full re-
covery of both limbs at the time of discharpe.

Eleven of the 12 surviving patients left the hospital with functional recovery of their
extremitics. One patient with incomplete revascularization after 16 h of severe ischemia
did not regain motor contral of the limb.

Discussion

In this clinical repont, control of the initial reperfusion period is undertaken o treat skele-
tal muscle cells damaged by the preceding ischemia, and 1o reduce reperfusion injury
caused by normal reperfusion of ischemiz skeletal muscle. The principles of this new op-
eralive procedure are based on experimental studies in isolated rai hindlimbs*? and more
recently in the in vivo pip model Data from these studies have shown that a significant
impravement in the metabolism, structure, and function of the limb can be obtained after
severe ischemia, if control of the composition of the reperfusate and the conditions of
reperfusion are done carefully. Consequently, this contralled limb repecfusion sirategy
was applied in humans,

Table 1
Composition of the Controlled Limb Reperfusate

Principle Method Concentration
Provide oxygen Blood Hb 7.8-8.9 p/dL
Avoid edema Hyperosmolarity 340350 mosmol/L
Provide substrate Glutamate L3mM/L

Aspartale 13mM/L
Glucose 330-340 mpg%
Reverse acidosis THAM pH 7.5-7.8

Avaid Ca** overload
Prevent free radicals

Ca** reduction {CPD)
Allopurine]

total Ca** |.5 mM/L
100 mg 1otal dose

Mase.  THAM. romethamal: CPD, citrate- phosphate-de xtrase.
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The reperfusate composition was modified to allow incorporation of the following
principles:

{1y Limiarion of calcium igflux by adding citrate-phosphatle-dexirose {CPD), which

reduces the caleivm concentration, 1o the blood. Skeletal muscle cells do not ac-
cumulate large amounts of calcivm during ischemia," ' but significant calcium
uplake oceurs during reperfusion?s = either because of defects in the membrane
itec]f or altesations in membrane calcium channcls ! The overloading of cellular
and mitochondrial calcium during reperfusion may impair mitochondrial func-
tion and mediate cell death, and thereby contribute 1o injury, impaired recovery,
and onpoing muscle destructjan, 55157 Therefore, lowering the caleium concen-
Iration in the initial reperfusate is thought to decrease itracellular calcium dur-
ing reperfusion. Previons studies have demonstraled the beneficial role of lower-
ing calcium congentration in ischemic myocardium®* and skeletal muscle M
However, these beneficial effects are dose-dependent!! and data suggest that
there might be a calcium parados i skeletal muscle, similar to myocardium, if
lhe ischemic tissue is initially reperfused with a calcium-itee or very low cal-
cium reperfusate.!!

(2} Hyperosmolarity (ie. plucose) to minimize postischemic edema and to allow cell

(3

—

volume regulation to occur more gradually when flow is restored, because a
major part of reperfusion injury is massive lissue edema, endothelial swelling,
and further capillary block that lead to lissue hypoxia and the no- or low-reflow
phepamenon.™

Prevention af the production of axygen free radicals with xanthinz-oxidase in-
hibitor (ic. allopuringl} w limit the cvtolotic effects of these compounds. Studies
during reperfusion of human extrennities have shown that there were immediate
increases in plasma levels of «anthine-osidase activity, uric acid, and histamine
upon reperfusion afler tpurniguet ischemia.™* Skeletal muscle is unique among
Gssues in that its xanmthine-dehydrogenase is nol converted to xanthine-oxidase
during ischemia,® which might serve as one explanation for the observation that
skelelal muscle is more resistant ta ischemic injury than other lissues.™* Xan-
thinc-oxidase was found 1o be the primary source af active axygen metabolites.™
However, dering reperfusion an increased concentration of cytosolic calcium
leads o the proteolytic conversion of xanihinc-dehydrogenase 1o xanthine-oxi-
duse 1 The rate of this conversion and the production of superoxide radicals ane
maximal eacly 10 the process of reperfusion, once sufficient oxygen is reintro-
duced in the presence of hypexanthine o drive the reaction.

Ierease i plecose conceniralions 1o enhance osmalic effects and perhaps initi-
ate anzerobic encrgy production at the siant of reperfusion.?? Furthermore, alu-
cose uptake in skeletal muscle was found to be dependent on arlerial plucosc
conceniration during exergise,® and we found an ineroased glucose uptake dur-
ing controlled reperfusion after ischemia in the in vivo pig madel®

(5} Replenishment of amine acid precursocs of Kreby cyele ittermediates (ic, ghuta-

inate and aspartale) necded to ensure NOre sffective oxidative metabolism o
produce cnerzy for cell repair and subsequent mechanical funclion. Recently,
Svedjeholm et al.*' reported 2 significantly increased uptake of several aming
acids, including espartate and glutamale, by skeleral muscle after a peried of re-
duced flow (ie, extragorporal circulation}. Furthermore, plutamate uptake by
skeletal muscle was related o arterial plasma levels, which may unply that sub-
sirate availability was rate-limiting.
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(6) Reversal of tissue acidosis with a buffer {ie, tromethamine) to provide an optimal
intracellular milicu for effective resumplion of metabolic function, Harken® re-
ported that oxygen uplake of skeletal muscle is related 1o the pH of perfusing
blood, in that acidusis decreases and alkalosis stimulates oxygen uplake, This re-
lationship appears linear throughout the entire physiclugic pH ranpe (7.0-7.6),%
and provides the basis for our approach ta buffer tissue acidosis.

The composition of the asanguineous solution to be mixed with blood in order o
achicve the controlled reperfusate was chosen to give maximal protection to skelatal
muscle and 1o aveid any undesirable side effects due o the systemic application of the
reperfusate. The relatively small wnount of CPD (50 mL) added o the blood was chosen
50 thal it did not reduce the jonized ealeium in the systemic circulation. The addition of
tremethamine as a buffer could not avoid completely the systemic acidosis in all of our
patients, and vecasionally, sodium bicarbonate had 1o be given in addition. Since vol-
uime wverloading was not a problem in our patients. each received infusions with
Ringer's solution upon arrival in the inlensive care unit. There are reports showing the
beneficial effecis of the systemic application of amino acids in order to enhance myocar-
dial function after acute coronary ocelusiont On the background of these and other
sludies™ i scems favorable to give aming acids systemically in order 1o prevent acute
cardiomyopathy. However, an overdose of glutamate and aspartate might result in new-
rotoxicity and reduced peripheral vascular resistance.” Persistent hyperglycemia did not
DOCLUr in oUr patients,

The resulis of aur previous studies™* indicated that the beneficial effects of con-
trolled imb reperfusion cannol be auributed 1o a single factor in his siratcgy. Rather,
contsol of bath the reperfusate and the conditions of reperfusion are necessary 1o avaid
ihe deleterious effects of narmal reperfusion,

A prerequisite of successiul reversal of acute Timb ischemia is the possibility for
complete revascularization. Chronie distal occlusions in a patient with thrombetic ocelu-
sion based on severe arteriosclerosis inay prevent complete revascularization and limb
loss will be inevitable regardiess of whether controlled limb reperfusion was used. In our
patients cemplete revascularization could always be achicved with embolectomy or
thrombectomy. In addition, one patient needed a thromboendarieriectomy of the iliac
artery o amprave inflow and in one paljent the through-and-through bullet wound of the
popliteal artery was reconsiructed with @ vein wrafi.

The controlled reperfusate is given at a flaw of 200-300 mLAmin in an adult patient.
Since & parts blood ure mixed with | pan asanpuineous solution, the patienl will receive
B60-1300 mL of extra fluid during this lime period. In order to avoid Quid overload, the
patients receive divretics immediately upon acrival in the operaling room and no infu-
sions are piven to the patient by the anesthesiologists. Mevertheless, careful contral of the
central venous pressure is done centinuousiy and an increase in central venous pressure
would be a reason 1o terminate the controlled reperfusion. This, however, was not neces-
sary in our patienls. On the conlrary, we frequently observed a short {up 1o 10 min) by po-
volemic phase with reduced bload pressure during priming of the reperfusion set with
blovd from the patient’s iliae arteey, This has led us to prime the set with banked blood in
paticnis in cardivgenic shock.

Buth patients wha died were in cardingeniv shock preoperatively and hoth patients
died in propressive congestive failure. The other 12 puticnts left the hospital and had anly
minor o moderate sysiemic signs of limb reperfusion. Hemaodialysis for renal fajlure, ar-
rhyvitmias, and hyperkalemia (6 mEq/L) did not occur.
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The described surgical approach 1o limit reperfusion injury in skeletal muscle can be
used atso to sncorporate additional forms of treatment (eg, leukocyte depletian), incorpa-
ration of flters, ar other modifications of the inmal reperfusate that might evelve from
Futere studies in this field. Furthermore, this clinical technigque for reducing
ischemicireperfusion injury to skeletal muscle might alse be used in replantation and traps-
planiation of skeletal muscle being employed to treat fascial paralysis and YWalkmann's is-
chemic contraciure.

These preliminary clinical resulis may give the impetus for further studies compar-
ing controlled and normal reperfusion after prolonged ischemia in a prospective, ran-
domized manner, Hopefully, our studies will provide a basis for future studies 1o deter-
mine how further modifications of the conditions of reperfusion and the compositicn of
the reperfusale may IMprove patients” conditions after revascularization for pcute arter-
ial occlusion.
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