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Background ::  During thoracoabdominal aortic aneurysm repair, a temporary interruption of the spinal 

cordd blood supply can result in cord ischemia and subsequent neurologic deficit. The 

aimm of this study was to evaluate whether selective segmental artery perfusion could 

reversee ischemia and maintain adequate spinal cord motor neuron function during 

aorticc clamping in pigs. 

Methods ::  Spinal cord motor function was assessed with transcranial motor evoked potentials 

(tc-MEPs).. In ten pigs the abdominal aorta and segmental arteries were exposed. The 

aorticc segment containing critical segmental arteries was identified via subsequent 

segmentall artery clamping, starting with the L6 artery, and concomitant tc-MEP 

recording.. This segment was bypassed via an aorto-aortic bypass pump system and 

excludedd from the circulation with aortic damps. After disappearance of tc-MEPs, an 

aortotomyy was followed by selective segmental artery perfusion for 60 min with specially 

designedd catheters, which were connected to the bypass system. The effect on spinal 

cordd motor function was assessed with tc-MEPs. 

Results ::  After exclusion of the critical aortic segment, tc-MEPs disappeared in 3.7  3.7 min in 

alll animals. Tc-MEPs returned in all animals in 8.5  5.3 min following selective perfusion. 

Threee animals showed full recovery (110% -113%) within the study period, and the 

remainingg 7 animals increased to values between 28 - 63%. Tc-MEP-amplitudes 

recoveredd to 49% (median and range 30 -113%) of control. Total bypass flow was 

8800  294 ml/min, of which 184  54 ml/min was directed to the selective perfusion 

catheters.. The average flow in individual catheters was 52  13 ml/min. In 5 animals, 

33 segmental arteries were perfused and 4 arteries inn the remaining 5 animals. 

Conclusion ::  Selective segmental artery perfusion with specially designed catheters can provide 

sufficientt spinal cord blood flow to reverse tc-MEP evidence of spinal cord ischemia 

causedd by aortic clamping and maintain motor neuron function in pigs. 
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Introduction Introduction 
Duringg thoracoabdominal aortic aneurysms (TAAA) repair, spinal cord ischemia can develop 

followingg aortic clamping. Strategies described to maintain adequate spinal cord perfusion 

duringg aortic replacement are segmental aortic crossdamping combined with distal aortic 

perfusion,, cerebrospinal fluid drainage and reimplantation of segmental arteries.13 However, , 

aa period of spinal cord ischemia can not be avoided when feeding arteries of the spinal 

cordd are located within the excluded aortic segment and collateral circulation is insufficient. 

Spinall cord function monitoring using transcranial myogenic motor evoked potentials (tc-

MEPs)) provides information regarding the ischemia sensitive anterior horn motor neurons. 

Thiss information can help to identify the aortic segment containing critical segmental arteries 

andd confirms successful reimplantation and adequate distal aortic perfusion during TAAA 

repair.44 However, reimplantation of segmental arteries will increase crossclamp duration. 

Durationn of aortic crossdamping is an independent variable associated with the incidence 

off paraplegia.5-6 Consequently, in type II repairs, reimplantation of multiple segmental 

arteriess can cause an increased crossclamp time, resulting in paraplegia rates up to 31 %.5 

Therefore,, it would be advantageous to selectively perfuse segmental arteries during graft 

inclusionn and segmental artery reattachment. 

Selectivee spinal cord perfusion has thus far not been successful because commercially available 

perfusionn catheters can not provide sufficient flow to reverse spinal cord ischemia. This 

studyy describes the feasibility of selective segmental artery perfusion in pigs by means of 

speciallyy designed perfusion catheters. We investigated whether selective perfusion could 

reversee spinal cord ischemia during aortic crossdamping, as evidenced by return of tc-

MEPs,, and maintain anterior horn motor neuron function for 60 minutes. 

Methods Methods 
Animall care and all procedures were performed in compliance with The National Guidelines 

forr Care of Laboratory Animals in the Netherlands. The study protocol was approved by the 

Animall Research Committee of the Academic Hospital at the University of Amsterdam, the 

Netherlands.. Ten female domestic pigs, weighing between 40 and 60 kg, were studied. 

Thee anesthetics used in this experiment have no major effect on tc-MEP responses and are 

similarr to those used in TAAA patients in our clinic.47 Ketamine (15 mg/kg) was used as 

premedication.. Anesthesia was induced with 2.0% isoflurane by mask in a mixture of 50% 

022 in N20. After induction, two intravenous lines (18 G) were introduced in two ear veins. 

Thee animals received sufentanil 15u,mg/kg and clonidine 2jimg/kg. Isoflurane was 

discontinuedd and anesthesia was maintained with an infusion of ketamine 15 mg/kg/ 

hour,, sufentanil 5u,mg/kg/h, clonidine 1 (img/kg/h and N20 (60%). Animals were intubated 
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andd ventilated using intermittent positive pressure ventilation. Ventilation was adjusted to 

maintainn end-tidal C02 (mainstream capnograph [Hewlett-Packard, Boebingen, Germany]) 

withinn 4.8 to 5.3 kPa (36 to 40 mmHg) throughout the experiment. Adequacy of ventilation 

wass confirmed with blood gas analysis at 37 . Proximal mean arterial blood pressure 

(PMAP)) was measured with a carotid line andd distal mean arterial pressure (DMAP) with an 

iliacc line. Central venous pressure was measured by means of a catheter placed in the right 

jugularr vein and advanced into the superior caval vein. Electrocardiogram (ECG), central 

venouss pressure (CVP), PMAP and DMAP, end-tidal C0 2and nasopharyngeal temperature 

weree monitored continuously. Before initiation and at 60 minutes of selective segmental 

arteryy perfusion, hemoglobin concentration and arterial blood gas analysis were determined. 

Arteriall pressures were maintained above 70 mmHg, with fluids replacement with Ringers 

lactatee and a modified gelatin (Gelofusine®), as required. Peri-operative blood loss was 

collected,, processed in a cell saver device (Haemonetics, Soest, the Netherlands) and re-

infusedd during the procedure. 

Tc-MEPss were evoked using a transcranial electrical stimulator (Digitimer D185 cortical 

stimulator,, Welwyn Garden City, UK). The stimuli were applied to the scalp with four needle 

electrodes.. The stimulus consisted of a train of 5 pulses. The interstimulus interval between 

pulsess was 2.0 ms. The anode was placed at the occiput and the cathode consisted of 

threee interconnected cathodes placed behind the ears, in the mastoid bone, and in the soft 

palate.. Compound Muscle Action Potentials were recorded from the skin over the quadriceps 

musclee and foreleg muscles using adhesive gel Ag/AgCI electrodes.(Fig. 1) The signals were 

A/ A/ 
Cathodes s 

Anodee on occiput 
o®::  H 

transcraniall Cortical Stimulator 

pss muscles 
Myogeni cc Tc -MEPs 

Amplifier r 

Latencyy Amplitude 

A A 

Figur ee 1 . Schematic representation of tc-MEP recordings in the experimental animal (ventral view) 
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amplifiedd 5.000 to 20.000 times (adjusted to obtain maximum vertical resolution), and 

filteredd between 30 and 1500 Hz using a 3T PS-800 biologic amplifier (Twente Technology 

Transfer,, Twente, The Netherlands). Data acquisition, processing and analysis were 

performedd on computer with a AD-converter and software written in the LabVIEW 

programmingg environment (National Instruments, Austin, Texas). The supramaximal stimulus 

(typicallyy 400-500 V) was assessed and tc-MEPs were recorded at a stimulus intensity of 

10%% above the level that produced maximal tc-MEP-amplitude. Baseline tc-MEP-amplitude 

wass assessed during laparotomy by averaging five consecutive responses before the first 

ischemiaa inducing intervention. A 25% intra-animal variation of tc-MEP-amplitude was 

acceptedd as normal.4 Ischemic spinal cord dysfunction was defined as a tc-MEP-amplitude 

decreasee below 25% of baseline values. Re-establishment of spinal cord perfusion was 

definedd as a recognizable, reproducible tc-MEP-signal with an increasing tc-MEP-amplitude 

exceedingg 200 uV. Tc-MEP-responses of forepaws were used to recognize possible systemic 

orr technical causes of tc-MEP-decrease. 

Thee catheters used in this experiment were designed and manufactured by our department 

andd the department of Medical Technical Development at the Academic Medical Center, 

Universityy of Amsterdam, the Netherlands. The device consisted of a configuration of six 

perfusionn catheters, with a one-to-six connector, which could be connected to the 3/8th 

tubing,, used for the extracorporeal bypass system. The 15 F catheters consisted of 600 mm 

doublee lumen tubing with 3 mm internal diameter. The 20 mm tip had a 2 mm external 

andd 1 mm internal diameter. An inflatable latex balloon at the tip assured fixation in the 

ostiaa of the segmental arteries.(Fig. 2) The large lumen was used for perfusion and the 

smalll lumen for balloon inflation. The configuration was connected to the bypass system 

ass a side-arm, using a 3/8,h x 3 connector. In this way, oxygenated blood from the proximal 

aortaa could be directed into the iliac arteries, as well as to the critical segmental arteries. 

Balloon n 

}3 3 mmm }1 mm 

600 cm 20 mm 

Figur ee 2. Schematic representation of one of six double lumen perfusion catheters 
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Eachh perfusion catheter was connected to a Transonic flowmeter (Transonic Systems, Ithaca, 

NY,, USA) during selective perfusion. 

Beforee performing the animal experiments, ex vivo flow measurements of individual catheters 

att different bypass pressures were executed, using the identical bypass configuration as in 

thee following animal experiments, but without a counter pressure at the tip. Packed cells 

(humann blood) diluted with saline to a hematocrit of 28 % were used for this purpose. A 

bypasss pressure of 20 mmHg resulted in a catheter flow of 25  3 ml/min and increased 

linearlyy to average flows of 86  11 ml/min at bypass pressures of 100 mmHg. 

Thee animals were placed in the right decubitus position. A laparotomy was performed 

throughh a midline incision and the viscera were placed to the right. The left kidney was 

mobilizedd and placed to the right. The abdominal aorta was carefully exposed. Thereafter, 

thee lumbar arteries, the aortic bifurcation and the sacral artery were exposed. First, in vivo 

floww in the lumbar arteries L1 to L5 was assessed with flowmeters (Transonic Systems, 

Ithaca,, NY, USA). Heparin (100 lU/kg) was then administered. Thereafter, critical segmental 

arteriess were identified by sequentially clamping the lumbar arteries in a caudo-cranial 

direction,, starting with the L6 artery. After placement of each additional segmental artery 

clamp,, an observation period of 5 minutes was allowed to detect whether ischemic spinal 

cordd dysfunction developed, as evidenced by a tc-MEP-amplitude decrease below 25% of 

baseline.. When tc-MEPs indicated spinal cord ischemia, the presently clamped set of 

segmentall arteries was considered critical for spinal cord blood flow and clamps were 

immediatelyy removed.(Fig. 3) A period of at least 15 minutes was allowed for the tc-MEP 

responsess to recover completely. 

Thee aorta was canulated one segment above the defined critical aortic segment with a 

Sarnss 6.5 High Flow Canula for inflow of the bypass pump. In order to maintain lower limb 

perfusionn for tc-MEP recording, the aortic bifurcation was canulated with a Medtronic 12 F 

Highh Flow Venous Return canule (Medtronic DLP, Grand Rapids, Ml, USA). The canula 

weree connected to the bypass system, resulting in an aorto-aortic bypass. The bypass system 

consistedd of 3/8* heparin coated tubings (Baxter, Uden, the Netherlands), a Sarns Delphin 

centrifugall pump, a Biotherm heat exchanger (A.B. Medical, Roermond, the Netherlands) 

whichh was connected to a heat exchanger pump (Hyp 10, Gambro, Sweden). 

Afterr the pump was started, the proximal clamp was placed distally from the aortic canula 

andd the distal clamps were placed on the distal aorta and the sacral artery. Hereby, the 

aorticc segment containing the set of previously defined critical segmental arteries was 

excludedd from the circulation. DMAP was maintained above 70 mmHg. After the tc-MEPs 

decreasedd below 25%, the aorta was opened via a longitudinal incision. The tips of the 

perfusionn catheters were inserted into the orifices of the critical segmental arteries and the 

balloonss were inflated for fixation. Flow to the critical segmental arteries was started by 
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STEPP 1: clamp L6 STEPP 5: clamps L6-L2 

Myogenicc tc- MEPs Myogenicc tc MEPs s 

u u 

M M 

Figuree 3. Identification of a set of critical segmental arteries with tc-MEPs. Successive clamps are placed 
onn individual segmental arteries every 5 min in a caudal to cranial direction, starting at the L6 artery, until 
spinall cord ischemia is detected with tc-MEPs. This example only shows the first and last step (step 1 
andd 5) of the identification of critical segmental arteries The tc-MEP-amplitude decrease demonstrated 
thatt the L6-L2 arteries were critical for the spinal cord blood supply. L1-L6: lumbar arteries, Land R:tc-
MEPP response from the left and right leg. 

unclampingg the selective perfusion catheters, and continued for 60 minutes.(Fig. 4) During 

thiss period, tc-MEPs were recorded every minute to determine whether selective perfusion 

couldd restore and maintain motor neuron function. Initial bypass flow was adjusted to 

maintainn distal arterial pressures above 70 mmHg, when necessary. Therefore, initial selective 

perfusionn catheter flow was determined by the bypass flow. When tc-MEPs remained absent 

despitee 10 min selective perfusion, the flow per selective perfusion catheter was increased 

inn steps of 10 ml/min every 10 min until tc-MEP-amplitude returned. This was accomplished 

byy increasing bypass flow. 

Afterr 60 minutes of selective segmental artery perfusion, selective flow was interrupted by 

clampingg the selective perfusion catheters. It was assessed whether tc-MEP responses 

disappearedd when selective perfusion was interrupted. At the end of the experiment, the 

animalss were terminated with pentobarbital i.v. 

Alll data are expressed as mean  standard error of the mean (SEM), except for tc-MEP-

amplitudes,, which are expressed as medians + 10th and 90th percentile, because of skewed 

distributions. . 

79 9 



Chapterr 4 

Figuree 4. Aorto-aortic bypass from L1 to the aortic bifurcation. Placement of the proximal aortic clamp 
att the L1 level and distal clamps at the aortic bifurcation and sacral artery. After a longitudinal aortotomy 
andd introduction of the perfusion catheter tips into the critical segmental arteries, selective segmental 
arteryy perfusion is performed through the L2-L6 arteries. L1-L6: lumbar arteries, BP: bypass pressure, 
BF:: total bypass flow, P: centrifugal pump. Only 5 perfusion catheters are shown. 

Results Results 
Reproduciblee tc-MEPs could be recorded in all animals. Median response amplitude at 

baselinee was 2836 (1943-5368) u.V. Hemoglobin concentration, arterial pH and base excess 

duringg laparotomy and at 60 min selective perfusion were 8.6  0.9 and 5.9  1.2 g/dl, 

7.54andd 7.41 and +3.55 and -2.36 mmol/L, respectively. Mean PMAPand DMAP remained 

betweenn 70 and 100 mmHg in all animals during the entire experiment. 

Sixx lumbar arteries were present in all animals. In 2 animals, the set of critical segmental 

arteriess was L6 to L4, in 7 animals L6-L3 needed to be clamped and L6 to L2 in one animal. 

Averagee in vivo lumbar artery flow was 2 8 + 1 3 ml/min, and there were no significant 

differencess between individual lumbar arteries. 

Placementt of the proximal and distal clamps, and thereby excluding the aortic segment 

containingg the set of critical segmental arteries, resulted in a tc-MEP-amplitudes decrease 

beloww 25% within 3.7 + 3.7 min in all animals. Aortotomy, introduction of the selective 

perfusionn catheters into the critical segmental arteries and establishment of selective 

perfusionn was accomplished within 5.9  2.9 min. Tc-MEP signals returned in all animals in 
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Figuree 5. Tc-MEP-amplitudes during 60 minutes of selective perfusion. 1: start bypass pump, 2: placement 
off proximal and distal clamps, resulting in tc-MEP loss, 3: start selective perfusion, 4: stop selective 
perfusion,, resulting in tc-MEP loss. 

8.55  5.3 min after initiation of selective perfusion. Tc-MEP-amplitudes increased above 

25%% of baseline within 14.6  6.8 min after initiation of selective perfusion. During the 60 

minutee study period, tc-MEP-amplitudes increased progressively in all animals and were 

49%% (28-113) of baseline after 60 minutes.(Fig. 5) Three animals demonstrated complete 

tc-MEP-amplitudee recovery within the study period, reaching amplitudes of 110-113%. In 

thee remaining seven animals, tc-MEP-amplitudes recovered to values between 28% and 

63%,, but a progressive increase was still present at this time. Tc-MEP recovery was 

accomplishedd by perfusing 3 lumbar arteries in five animals and 4 lumbar arteries in the 

remainingg five animals. During selective segmental artery perfusion, total bypass flow was 

8800  294 ml/min, of which an average of 184  54 ml/min was directed into the selective 

perfusionn catheters. Average flow per perfusion catheter was 52  13 ml/min. Bypass 

pressuree was 159  19 mmHg. In 2 animals, selective flow was increased 10 ml/min per 

catheter,, because tc-MEP-amplitude was less than 25% of baseline after 20 min of selective 

perfusion.. As a result, amplitudes increased above 25% within 10 min in these animals. 

Whenn selective flow was interrupted after the 60 min study period, tc-MEP-amplitudes 

decreasedd below 25% in 3.4  3.2 minutes. 
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Discussion Discussion 
Inn the present porcine experiment we demonstrated that tc-MEP evidence of spinal cord 

ischemiaa following aortic crossclamping can be reversed by selective perfusion of critical 

segmentall arteries and anterior horn motor function can be maintained for at least 60 

min.. The duration of spinal cord ischemia, determined by the time necessary to apply the 

multicatheterr perfusion system, was reduced to minutes. Selective spinal cord perfusion 

hass the potential to reduce the incidence of paraplegia during aortic surgery, by minimizing 

thee duration of transient spinal cord ischemia, caused by the repair. 

Effortss to optimize spinal cord perfusion during aortic surgery have been the major topic in 

investigationss for the prevention of paraplegia in TAAA patients. Distal aortic perfusion in 

combinationn with segmental aortic clamping can provide sufficient blood flow to the spinal 

cordd when crucial segmental arteries originate within the perfused segment. Several clinical 

reportss demonstrated a beneficial effect of this technique.28 Nevertheless, this technique 

cannott completely prevent paraplegia and neurologic deficit rates still reach 15% in type II 

TAAAs.1'33 In pigs, distal aortic perfusion after intercostal artery ligation could not protect 

thee thoracic spinal cord.9 Possibly as a result of the small diameter of the anterior spinal 

arteryy above the level of the arteria radicularis magna, retrograde aortic perfusion can not 

alwayss provide sufficient spinal cord blood flow to this region.10 Furthermore, retrograde 

aorticc perfusion is not effective when critical segmental arteries originate between 

crossclamps.. Permanent restoration of spinal cord blood flow by reimplantation of 

segmentall arteries is therefore essential to prevent neurologic deficit. However, 

reimplantationn of segmental arteries prolongs crossclamp time and thus increases the 

durationn of transient spinal cord ischemia, which increases the risk for paraplegia.5 In order 

too decrease crossclamp time during TAAA surgery, it was investigated whether 

reimplantationn of segmental arteries, previously identified as critical to the spinal cord 

circulation,, was possible. Nonetheless, identification using evoked potentials or HICI 

(hydrogenn induced current impulse) in combination with sequential aortic clamping did 

nott prevent paraplegia.4'1112 As a result, several authors proposed that all segmental arteries 

betweenn level T11 and L1 should always be reimplanted.13 Still, Svensson reported 

neurologicc deficits in 29% of a subgroup of patients when this strategy was followed. 

Iff selective spinal cord perfusion is applicable in man, this technique could shorten the 

durationn of spinal cord ischemia during reattachment of segmental arteries. This would be 

advantageouss when a prolonged aortic clamping time is expected in order to reimplant a 

largee segment of segmental arteries, as in type II aneurysms. An other important benefit 

forr the surgeon would be the fact that expeditious surgery is no longer required, and a full 

effortt could be made to reimplant all presenting segmental arteries. 

Previouss attempts at selective perfusion were unsuccessful in maintaining spinal cord neuron 
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function,, possibly as a result of limitations in catheter flow or the use of a shunt.13 Considering 

thatt the ostia of human segmental arteries measure approximately 2 mm in diameter, 

obtainingg physiologic flow through commercially available catheters with this diameter will 

requiree unacceptably high ECC-pressures. We reduced resistance of the perfusion catheters 

usedd in this experiment, by increasing the inner diameter from 1 to 3 mm directly after the 

tipp area. This allowed us to reduce resistance considerably, because diameter is represented 

too the 4th power in the Poiseuille equation for flow and resistance. (Poiseuille: flow = ̂ .^.(Pl -

P2)// Ti.h.L, and resistance = flow.Ti.h.L/jt.r4) As a result, sufficient selective perfusion flow 

waswas generated to restore and maintain motor neuron function during one hour of aortic 

clamping. . 

Selectivee perfusion, following aortic crossclamping with loss of tc-MEPs, resulted in a 

progressivee increase of tc-MEP-amplitude in all animals, but a complete return to baseline 

amplitudess (between 75% and 125%) was only achieved in 3/10 animals. The other 7 

animalss reached tc-MEP-amplitudes of 28%-63%, which is above our currently used criterion 

forr spinal cord ischemia. Because tc-MEP-amplitudes in these seven animals were still 

progressivelyy increasing at 60 minutes selective perfusion, a longer period of selective 

perfusionn might have demonstrated further recovery. In our clinical reports, return of the tc-

MEPP signal above 25% always predicted normal motor function postoperatively, irrespective 

off whether tc-MEP return was incomplete.4'1415 Therefore, we believe that incomplete 

recoveryy of tc-MEP amplitudes in these animals is more likely a consequence of a short 

observationn period than a result of insufficient protection by selective perfusion. 

AA possible drawback of the experimental design is that it remains to be established whether 

selectivee segmental artery perfusion can actually prevent paraplegia. Nonetheless, tc-MEPs 

providee direct information about the functional status of the anterior horn motor neurons, 

whichh are most sensitive to ischemia. In addition, in clinical evaluations of tc-MEPs during 

TAAAA repairs, no false negative results were encountered.4'1415 Because each animal 

demonstratedd evidence of spinal cord ischemia directly following aortic clamping and 

recoveryy of spinal cord motor neuron function after the initiation of selective perfusion, this 

techniquee potentially produces adequate spinal cord protection during aortic crossclamping. 

Inn conclusion, selective segmental artery perfusion during aortic crossclamping with specially 

designedd catheters was effective in reversing tc-MEP evidence of spinal cord ischemia and 

couldd maintain motor neuron function during 60 minutes of aortic crossclamping in pigs. 
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