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All patients undergoing resection of thoracic or thoracoabdominal aneurysms at 
Mount Sinai Hospital since November 1993 had spinal cord function monitored 
with somatosensory-evoked potentials as part of a mnltimodality approach to 
reducing spinal cord injury. In the segment to be resected, each pair of interseg- 
mental vessels was sequentially clamped, and they were subsequently sacrificed 
only if no change in somatosensory evoked potentials occurred within 8 to 10 
minutes after occlusion. Adjunctive protective measures included mild hypother- 
mia (31 ° to 33 ° C), distal perfusion, corticosteroids, maintenance of high normal 
blood pressures, avoidance of nitroprusside, and cerebrospinal fluid drainage. 
Ninety-five consecutive patients operated on since 1993 (group II) were compared 
with 138 earlier patients (group I). Preoperative characteristics such as age, sex, 
etiology of aneurysm, emergency operation, and reoperation did not differ between 
groups, nor did operative variables such as incidence of rupture and extent of 
resection. Group I had slightly more smokers and slightly fewer hypertensive 
individuals. Group l] patients had a significantly better outcome with respect to 
in-hospital mortality (10.5% vs 18%, p = 0.045) and paraplegia (2% vs 8%, p = 
0.008). By multivariate analysis, rupture and diabetes were associated with 
significantly higher in-hospital mortality, and smoking greatly increased the 
incidence of paraplegia. The extent of the aneurysm was a major determinant of 
mortality and paraplegia. The low paraplegia rate in group II was achieved without 
reattachment of a single intercostal or lumbar artery. No patient with fewer than 
10 intersegmental arteries severed had paraplegia, and spinal cord iscbemia was 
reversible in three patients after adjunctive maneuvers were performed to improve 
perfusion, suggesting that spinal cord blood supply is unlikely to depend on a 
single "artery of Adamkiewicz." (J Thorac Cardiovasc Surg 1996;112:1202-15) 

A s part  of  an ongoing effort to lower the incidence 
of  paraplegia after operat ions  to resect aneu- 

rysms of  the descending and thoracoabdomina l  
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aorta, we retrospectively analyzed the ou tcomes  of  
all patients who have undergone  operat ions  for 
these lesions at Moun t  Sinai Hospi ta l  since 1986. 
Dur ing the 10 years encompassed  by this study, our  
techniques for resection of  these aneurysms have 
undergone  a number  of  modifications, resulting in 
gradual  improvement  in operative mortali ty rate 
and a progressive decrease in the incidence of  spinal 
cord injury. 

The most  significant change during the interval 
under  scrutiny was the introduct ion in 1993 of  
rout ine intraoperative and postoperat ive  monitor ing 
of  spinal cord function by means  of  somatosensory-  
evoked potentials (SSEPs). On  the basis of  our  own 
laboratory investigations and those of  others, 1-3 we 
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were confident that measurement of SSEPs during a 
short interval of temporary occlusion would allow us to 
determine whether a segmental vessel was critical to 
spinal cord function, and that subsequent sacrifice of 
vessels for which no change in SSEPs was observed 
after temporary occlusion would be tolerated. We 
instituted this policy of stepwise evaluation and sacri- 
fice of segmental vessels, coupled with postoperative 
monitoring of SSEPs and intrathecal pressure, in No- 
vember 1993. We have since used SSEP monitoring to 
guide intraoperative and postoperative management 
of spinal cord perfusion in 95 cases. This study com- 
pares the recent patients operated on under the new 
protocol with 138 consecutive patients operated on 
before 1993, for whom rigorous intraoperative and 
postoperative assessment of spinal cord function was 
not routinely carried out. 

At the same time we instituted SSEP monitoring, we 
also modified our operative procedure in several ways 
to enhance spinal cord perfusion and to minimize 
spinal cord ischemia. These modifications also distin- 
guish the more recent cohort of patients from those 
operated on earlier. First, we began to pay increased 
attention to the maintenance of intraoperative blood 
pressure at a high normal level and to avoid the use of 
vasodilators, instead using partial exsanguination and 
rapid reinfusion of blood from the reservoir of our 
perfusion circuit to control blood pressure. We be- 
came more strict about ensuring that mild hypother- 
mia (32 ° to 33 ° C) prevailed during the sacrifice of 
intersegmental arteries and during the interval of 
aortic crossclamping. We began sacrificing interseg- 
mental arteries before incising the aneurysm, thus 
preventing backbleeding from open intersegmental 
arteries and potential steal from the anterior spinal 
artery. With the knowledge that we would want to 
keep blood pressures relatively high after operation 
without increasing the risk of hemorrhage, we changed 
almost entirely to the use of full-thickness anastomosis 
rather than endoaneurysmal technique, and we also 
became extremely meticulous about ensuring hemo- 
stasis. 

Since the institution of routine intraoperative 
SSEP monitoring and the changes in operative 
technique described here, we have never observed 
acute changes after serial temporary occlusion of 
segmental vessels. We therefore have not reattached 
intercostal or lumbar arteries in any patients in the 
recent group. The absence of any evidence of spinal 
cord ischemia after occlusion of intersegmental ar- 
teries during aneurysm resection has made us ques- 
tion whether there is in fact an "artery of Adam- 

kiewicz" whose integrity is essential for spinal cord 
function. We are more inclined to believe that there 
is a functionally continuous anterior spinal artery 
stretching from the foramen magnum to the cauda 
equina with multiple inputs throughout its length, 
and that no single segmental input is absolutely 
required for maintenance of spinal cord integrity. 

Our experience supports the existence of multiple 
inputs into the anterior spinal artery, a situation that 
usually allows serial sacrifice of segmental vessels 
without spinal cord ischemia, either during aortic 
crossclamping or thereafter. The situation is precar- 
ious, however, especially if a large number of inter- 
costal and lumbar arteries are sacrificed; ischemia 
can be avoided only if there is enough difference 
between intrathecal pressure and arterial pressure 
reaching the anterior spinal artery for adequate flow 
to occur. Spinal cord perfusion can be enhanced by 
increasing arterial pressure, by minimizing runoff 
from collateral vessels into low-pressure areas that 
compete for flow with the spinal cord, and by 
lowering intrathecal pressure. 

Even when intraoperative spinal cord ischemia is 
unavoidable, it may not result in irreversible spinal 
cord injury if its duration is short and its severity is 
mild. Spinal cord injury is less likely to occur if the 
metabolic rate during ischemia is low and if reper- 
fusion of the spinal cord after operation is sustained 
at adequate levels without lapses. To reduce meta- 
bolic demand, we use at least mild hypothermia 
during descending aortic operations in all cases and 
use deep hypothermia with complete circulatory 
arrest in some. To ensure sustained reperfusion 
after operation, we monitor postoperative intrathe- 
cal pressures for at least 24 hours, and cerebrospinal 
fluid (CSF) drainage is used to prevent CSF pres- 
sure from rising above 10 to 15 mm Hg. 

Use of SSEP monitoring to assess both intraop- 
erative and postoperative spinal cord function has 
been invaluable in monitoring the adequacy of 
spinal cord perfusion both during and after opera- 
tion. It has enabled manipulation of the various 
factors contributing to spinal cord perfusion when- 
ever signs of spinal cord ischemia have been noted. 
These new techniques have contributed to signifi- 
cant decreases in mortality and in the incidence of 
paraplegia among our more recent patients when 
compared with an earlier cohort who underwent 
operations on the descending and thoracoabdomi- 
nal aorta without the benefit of spinal cord function 
monitoring or as scrupulous a focus on the mainte- 
nance of spinal cord perfusion. 



1 2 0 4 Griepp et aL 
The Journal of Thoracic and 

Cardiovascular Surgery 
November 1996 

Aneurysm Etiology 

p - . 21  

70  °l 
50 ] [ ]Group I1 n = 95 

% of each 40 

0 

Atheroselerosis Dissection Other 

Fig. 1. Comparison of group I and group II patients 
with regard to etiology of aneurysms. Group I includes 
all patients operated on between January 1986 and 
October 1993. Group II includes all patients operated 
from November 1993, at which time SSEP monitoring 
and various modifications of surgical technique were 
initiated, until February 1996. There were 82 athero- 
sclerotic aneurysms in group I versus 59 in group II; 38 
dissections in group I versus 25 in group II; and 18 
aneurysms with diverse other causes in group I versus 
11 in group II. Statistical analysis showed that propor-  
tion of aneurysms of each type did not differ signifi- 
cantly between groups, suggesting that differences in 
outcome are unlikely to arise from differences in un- 
derlying lesions in each group, rather than from differ- 
ences in operative strategy. 

Materials and methods 

Patient population. All patients undergoing resective 
therapy of the descending thoracic or thoracoabdominal 
aorta for aneurysmal disease at the Mount Sinai Medical 
Center between January 1986 and February 1996 were 
included in the study. One hundred thirty-eight patients in 
group I underwent aneurysm operations before Novem- 
ber 1993, when SSEP monitoring became available at our 
institution, and 95 patients in group II underwent opera- 
tion with SSEP monitoring after that time. 

The groups were not significantly different with respect 
to a number of variables previously shown to have an 
impact on outcome in patients with aneurysmal disease, as 
shown in Table I. Specifically, the earlier and more recent 
groups of patients did not differ significantly with respect 
to age, sex, proportion of emergencies, ruptures or reop- 
erations, or percentage of patients with diabetes. The 
proportion of patients with a significant history of hyper- 
tension was higher in the more recent group, and a history 
of smoking was more frequent in the earlier group. 

The aneurysms also did not differ significantly in etiol- 
ogy between the groups, as seen in Fig. 1. Aneurysms were 
atherosclerotic in origin in almost 60% of each group; 
slightly more than one quarter in both groups had dissec- 
tions, and one eighth had lesions with diverse other 
etiologies. 

The extent of the lesions did not differ statistically 
between the two groups, as shown in Fig. 2, although there 
was a trend toward higher risk and more extensive lesions 

Table  I. P a t i e n t  character is t ics  

Group I Group 11 
(n = 138) (n = 95) p 

Age (yr) 63 65 0.40 
Male (%) 64 57 0.24 
Hypertension (%) 45 61 0.02 
History of smoking (%) 62 49 0.05 
Diabetes (%) 4 5 0.75 
CAD (%) 20 28 0.15 
Reoperation (%) 27 24 0.66 
Emergency operation (%) 22 18 0.47 
Rupture (%) 29 22 0.24 

CAD, Coronary artery disease. 

in the more recent group of patients. The distribution of 
lesions, arranged according to the number of interseg- 
mental arteries sacrificed, is shown for each patient group 
in Fig. 3. From 56% to 57% of patients in both groups I 
and II had lesions involving segments below T9, indicating 
that a majority in each group had lesions posing a 
relatively high risk for paraplegia. 

The two groups did differ significantly with respect to 
operative technique and perfusion methods (Fig. 4). More 
of the later group were operated on with profound 
hypothermia and circulatory arrest (38% vs 25%), and 
fewer of the later group had no distal perfusion. The 
higher percentage of the later group who underwent 
hypothermic circulatory arrest (HCA) probably reflects an 
increasing reluctance to place clamps anywhere near the 
arch vessels because of the danger of cerebral emboliza- 
tion. Because monitoring of SSEPs requires perfusion, the 
proportion of patients who had no form of distal perfusion 
dropped from 14% in the earlier group to 3% in the more 
recent cohort. The number who had some form of distal 
perfusion except during the performance of an open distal 
anastomosis remained the same. The differences in oper- 
ative technique probably explain differences in perfusion 
parameters; there were no significant differences in mean 
crossclamp times between the earlier and later groups (53.8 
vs 53.4 minutes, p = 0.92). The earlier group also differed 
from the more recent group in having slightly but signifi- 
cantly higher minimum esophageal and rectal temperatures 
during aortic crossclamping than the later group (Fig. 5). 

SSEPs. SSEP monitoring is performed with a Cadwell 
Quantum 84 generator/stimulator (Cadwell Laboratories, 
Kennewick, Wash.). Stimuli are applied at both ankles 
overlying the posterior tibial nerves, and potentials are 
recorded at multiple loci on the scalp by means of skin 
needle electrodes. Average signals of 200 potentials, cy- 
cled alternately between the left and right lower extrem- 
ities, are generated and displayed both as wave forms and 
as digital expressions of latency measurements. Continu- 
ous monitoring is initiated immediately after induction of 
anesthesia and is continued throughout the operative 
procedure. 

After operation, monitoring is carried out hourly until 
the patient is awake and can move both lower extremities 
on command. On several occasions, SSEP monitoring has 
been reinstituted later in the postoperative course in 
response to clinical evidence of spinal cord ischemia. 
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Fig. 2. Comparison between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to extent 
of aneurysms, categorized according to conventional clas- 
sification schemes for assessing risk of spinal cord injury 
after operation. Thoracic aneurysms were defined as those 
aneurysms that end above the diaphragm and are there- 
fore associated with low risk of spinal cord injury; 92 
patients in group I and 55 in group II had such aneurysms. 
Thoracoabdominal aneurysms include all lesions extending 
from the descending aorta into the abdomen and are most 
likely to result in spinal cord injury: 46 patients in group I 
and 40 in group I i  had aneurysms thus classified. Crawford 
i and H aneurysms are those that fit into groups defined by 
Stanley Crawford; these are the subset of thoracoabdomi- 
nal aneurysms in which paraplegia is most likely to 
develop after operation. There were 18 Crawford I and six 
Crawford II aneurysms in Group I, for a total of 24; there 
were 20 Crawford I and seven Crawford II aneurysms in 
group Ii, for a total of 27. The p value indicates that 
proportions Of patients falling into these conventional 
categories Of aneurysm extent--which define risk of spinal 
cord in jury--did  not differ significantly between groups I 
and II, making it valid to compare incidence of parapare- 
sis and paraplegia after operation. 

SSEP latencies usually increase 5% to 10% as the 
temperature drops from 37 ° to 33°C during the initial 
portion of the procedure. SignalS from the left leg are 
routinely lost after cannulation of the left femoral artery; 
signals from both legs usually disappear within 5 minutes 
of discontinutation of distal bypass during performance of 
open distal anastomoses. With restoration of distal perfu- 
sion and relief of peripheral nerve ischemia, SSEP signals 
return. 

Operative technique 
Incision and exposure. Patients are placed in the left 

lateral decubitus position, with the hips swiveled posteri- 
orly to facilitate exposure and cannulation of the femoral 
artery and if necessary the femoral vein. Lesions in the 
upper chest are exposed through the fourth or fifth 
intercostal space, and those in the lower chest or abdomen 
are exposed through the sixth or seventh interspace. One 
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Fig. 3. Comparison between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to extent 
of aneurysms defined by number of intersegmental (inter- 
costal and lumbar) vessels severed during aneurysm op- 
eration, which we propose as a more accurate way of 
defining risk of postoperative spinal cord injury. Seventy 
patients in group I and 36 patients in group II had fewer 
than seven arteries sacrificed; 46 patients in group I and 
36 in group II had fewer than 11 vessels cut, and 22 
patients in group I and 21 in group II had 11 or more 
arteries cut, putting them into the group at highest risk. 
The proportion of patients with more extensive aneurysms 
appears slightly greater in group II, but this difference was 
not statistically significant, as indicated by the p value. 

or two ribs above and below the intercostal incision are 
transected as needed to improve exposure. 

In thoracoabdominal incisions, the seventh interspac e 
entry is extended across the costal margin to the lateral 
border of the rectus abdominis muscle. Care is taken to 
preserve the integrity of the left internal thoracic-epigas- 
tric arterial axis to maintain anterior perfusion of the 
intersegmental arteries. When exposure of the entire 
abdominal aorta is required, the diaphragm is incised 
circumferentially and dissection is carried out in the retro- 
peritoneal plane posterior to the aorta. If exposure of only 
the upper abdominal aorta is required, a short radial incision 
of the diaphragm beginning at the aortic hiatus is used. 

Mobilization of aorta and sacrifice of intercostal and 
lumbar arteries. Beginning at the site of the anticipated 
proximal anastomosis, the aorta is mobilized circumferen- 
tially. Intercostals are exposed and temporarily occluded 
with a large Ligaclip Extra (Ethicon, Inc., Somerville, 
N.J.); usually one or two pairs are occluded simulta- 
neously. If no changes in the latency of the SSEPs are 
observed during an interval of 8 to 10 minutes, additional 
clips are applied and the segmental vessels are transected. 
The entire aneurysm is mobilized in this way from its 
proximal to its distal margins, with sequential clamping 
and then sacrifice of the intersegmental arteries during a 
cumulative interval of 30 to 90 minutes. 

Perfusion and anastomoses. Distal perfusion is carried 
out with a Bio-Medicus pump (Bio-Medicus, Inc., Eden 
Prairie, Minn.), with a reservoir to allow rapid blood 
withdrawal and reinfusion. Low-dose heparinization, 100 
U/kg, is used. The proximal cannulation site is the left 
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Fig. 4. Comparison between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to use of 
distal perfusion during repair of thoracic and thoracoab- 
dominal aneurysms. Eighty-four patients in group I versus 
56 in group I |  had partial bypass, 35 in group I versus 36 
in group II had HCA, and 19 in group I versus three in 
group II had no distal bypass. Although the proportion of 
patients who had partial perfusion--distal  perfusion with- 
out HCA--was  the same in both groups, there were 
significant differences in proportions of group I and group 
II patients who underwent HCA and in whom no distal 
perfusion was used. This results in a highly significant 
difference between groups, as indicated by the p value, with 
respect to distal perfusion methods, which reflects acknowl- 
edged differences in surgical techniques between groups. 

ventricular apex, left atrial appendage, or the left inferior 
pulmonary vein, with the last being preferred. In most 
cases, distal perfusion is through the left femoral artery, 
but the distal aorta can be used in cases of severe femoral 
artery disease. The perfusion rate ranges from 1500 to 
3500 ml/min and is adjusted to equalize proximal and 
distal mean blood pressures. 

In patients in whom an open distal anastomosis is not 
utilized, clamps are applied to the aorta proximal and 
distal to the aneurysm, and the aneurysm is removed in 
toto. A protein-impregnated Dacron polyester fabric graft 
(Hemashield, Meadox Medicals, Inc., Oakland, N.J.) of 
appropriate size is anastomosed to the aorta with a 
continuous 3-0 Prolene (Ethicon, Inc., Somerville, N.J.) 
suture and a cuff of Teflon (polytetrafluoroethylene) felt 
outside the aorta, with careful positioning of the graft 
inside the aorta. Before completion of the second anasto- 
mosis, appropriate flushing and deairing of the proximal 
and distal aorta are carried out; the suture line is then 
completed, distal perfusion is discontinued, and the 
clamps are removed. 

Open distal anastomoses. If a simple open anastomosis 
(most commonly a beveled anastomosis at the celiac 
trunk) is to be performed, distal perfusion is interrupted 
and the distal aortic clamp is removed. Adjustment of 
proximal blood pressure to a high normal level (mean 80 
to 100 mm Hg) is accomplished by opening the proximal 
aortic clamp slightly, resulting in partial exsanguination. 
The distal anastomosis is then carried out as described 
previously. 
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Fig. 5. Comparison between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to 
minimum temperatures recorded during sacrifice of inter- 
segmental arteries and during aortic crossclamping. Pa- 
tients who had HCA are excluded from both groups. As 
indicated byp  values, both esophageal and rectal temper- 
atures were slightly but significantly lower in group II 
patients, in whom a greater emphasis was placed on 
minimizing spinal cord metabolism during operation. 

If the entire abdominal aorta is to be replaced but there 
is still enough normal distal aorta to allow clamping at the 
bifurcation, a clamp is placed at this level and distal 
perfusion is continued to provide spinal cord perfusion 
through the hypogastric arteries. Carrel patches of the 
abdominal branches, either singly or in combinations 
dictated by proximity, are then prepared. Extensive back- 
bleeding, particularly from the celiac axis and the superior 
mesenteric arteries, is prevented with balloon-tipped cath- 
eters. The celiac, superior mesenteric, and right renal 
arteries are then attached to one or more openings in the 
side of the aortic graft by means of 3-0 Prolene sutures 
and Teflon felt buttressing. The clamp is then moved 
distally on the graft, restoring perfusion to these visceral 
vessels while the anastomosis of the graft to the abdomi- 
nal aorta is carried out. On completion of the distal 
anastomosis, removal of the clamp restores antegrade 
lower extremity perfusion. The left renal artery is then 
attached to the graft with a rubber-shod, side-biting 
clamp. 

Use of HCA. HCA is used in several different situa- 
tions: when the entire aortic arch, or a portion of it, is to 
be resected in continuity with a descending thoracic aortic 
aneurysm; when the aneurysm arises so close to the left 
subclavian artery that a clamp cannot be applied to the 
aorta without threatening the flow into the subclavian 
artery, which makes an important contribution to spinal 
cord blood supply; and when the aorta is filled with 
potentially embolic atheromatous material that might be 
dislodged retrogradely into the cerebral circulation. Un- 
der these circumstances, when use of HCA is anticipated, 
mobilization of the aneurysm and serial sacrifice of the 
intersegmental vessels with SSEP monitoring are carried 
out before cooling as described previously. 
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When the entire segment to be resected has been 
mobilized and its intersegmental arteries have been seri- 
ally severed, full-dose heparinization (300 U/kg) is initi- 
ated, cannulation for cardiopulmonary bypass is per- 
formed, and central cooling is begun. Venous cannulation 
is effected with a long catheter placed through the left 
femoral vein into the right atrium with the help of a guide 
wire and transesophageal ultrasonography. Arterial can- 
nulation is carried out through the left femoral artery. The 
left side of the heart is decompressed after the occurrence 
of ventricular fibrillation through the left inferior pulmo- 
nary vein or the left ventricular apex. When adequate 
cooling (as determined by the length of anticipated arrest) 
has been achieved, the patient's head is packed in ice, 
perfusion is discontinued, and the aneurysm is opened at 
the level of the anticipated proximal anastomosis. 

An appropriate cuff of aorta is prepared and the 
proximal anastomosis is carried out. Air is then flushed 
from the aortic arch and the heart by flowing from the 
cardiopulmonary bypass circuit into the right atrial cath- 
eter, and an arterial perfusion catheter is placed in the 
graft just distal to the anastomosis. When deairing is 
complete, the graft is clamped distally and cold perfusion 
of the proximal circulation is reinstituted. 

The distal anastomosis or anastomoses can be carried 
out with the open technique with no perfusion of the 
hypothermic lower body, or a clamp can be applied 
beyond the distal extent of the aneurysm and perfusion of 
the lower body can then be maintained through the 
femoral artery catheter. Warming is begun whenever the 
entire body can be perfused. 

Postoperative monitoring of spinal cord function. All 
patients have monitoring of SSEPs for at least 12 hours 
after operation as previously described in detail, longer 
for patients who awaken more Slowly. Each patient also 
has a spinal catheter placed after operation for hourly 
monitoring of intrathecal pressure and for drainage of 
CSF if required. CSF is drained if the intrathecal pressure 
rises above 10 mm Hg, even in the absence of any signs of 
spinal cord dysfunction. Once the patient is awake, spinal 
cord motor and sensory function are assessed clinically on 
an hourly basis. If any change is noted, spinal cord 
perfusion pressure is optimized by draining CSF to lower 
intrathecal pressure and by increasing arterial pressure, 
and SSEP monitoring is often reinstituted. 

Statistical methods. Risk factors for all patients in both 
groups I and II were screened for possible association with 
in-hospital mortality, including deaths in the operating 
room, by univariate analysis with X a tests or t tests, as 
appropriate. The same factors were then screened in the 
same way for association with paraplegia. Tests (X a and t 
tests) were also done to identify important changes in the 
occurrence rate of any factors after October 1993, the date 
after which patients were classified in group II as having 
had recent operations. Variables with significance levels 
of 0.25 of less were retained for further analysis by 
multivariate logistic regression. 

The first variables entered in the logistic regression 
analysis were factors known before the operation was 
begun. Operative variables were entered next. Finally, a 
variable for recent operations was introduced. Consider- 
ation of any influence of esophageal and rectal tempera- 
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Fig. 6. Comparlson between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to 
in-hospital mortality after aneurysm resection. All in- 
cludes all patients in each group; other categories are 
conventional classifications reflecting aneurysm extent, as 
defined in Fig. 2. There is a significantly lower mortality 
after operation among patients undergoing operation 
more recently (group II) when all patients are included: 25 
patients in group I died, versus 10 in group II. When 
smaller numbers of patients in other categories are com- 
pared, however, differences are not significant; 10 patients 
with thoracic aneurysms died in group I versus three in 
group II; 15 with thoracoabdominal aneurysms in group I 
died versus seven in group II; and nine with Crawford I 
and II aneurysms died in group I versus five in group II. 

tures and of pump and crossclamp times was limited to 
patients who had undergone what we termed "partial 
perfusion," excluding patients with no distal perfusion or 
with HCA. Multivariate logistic analysis was carried out 
separately for factors associated with in-hospital mortality 
and for factors associated with paraplegia. Mantel-Haens- 
zel tests were used to test for associations between specific 
factors and each of the outcomes (death and paraplegia), 
stratifying on the time of operation (recent or earlier 
group). 

Results 

Mortality. Overall  mortali ty was 18% in the ear- 
lier group, versus 10.5% among  the more  recent  
patients (p = 0.045). W h e n  stratified according to 
extent o f  the aneurysm, there was a clear-cut de- 
crease in mortal i ty in all subgroups (Fig. 6), but  
none  of  these comparisons reached statistical signif- 
icance. 

W h e n  the number  of  segmental  arteries involved 
was used as a measure  of  the extent of  aneurysms 
(Fig. 7), there was a decrease in mortali ty in the 
later group for all aneurysms in which more  than six 
intersegmental  arteries were involved. For  the sub- 
group with involvement of  seven to 10 segmental  
arteries, this improvement  in operative survival was 
statistically significant. Al though  patients with in- 
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Fig. 7. Comparison between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to 
in-hospital mortality after aneurysm resection. When clas- 
sified by extent of aneurysm as defined by number of 
intersegmental vessels severed, the more recent group II 
patients had a significantly lower mortality, not only 
overall (p = 0.03) but also in operations involving seven to 
10 severed intersegmental arteries; nine patients in group 
I died versus one in group II (p = 0.02). Eleven patients 
in group I with more than 10 intersegmental vessels 
severed died, versus six patients in group II, and in the 
group with the smallest number of intersegmental vessels 
cut, there were five deaths in group I and three in Group 
II. 

volvement of seven to 10 segmental arteries had a 
3% mortality in the more recent cohort, the sub- 
group of patients with extremely extensive aneu- 
rysms--involving more than 10 segmental vessels-- 
remained very high at 28.6%. 

When a multivariate analysis of all patients was 
undertaken to ascertain risk factors associated with 
higher mortality, the preoperative presence of rup- 
ture and that of diabetes both emerged as significant 
preoperative factors, with odds ratios as shown in 
Table II. Rupture was defined as blood in the 
pleural space or the presence of a contained hema- 
toma. A history of smoking significantly lowered the 
risk of death after operation, for reasons that are 
not readily apparent. Other factors, such as age, sex, 
previous operation, the presence of hypertension or 
coronary artery disease, the etiology of the aneu- 
rysm, and whether the operation was performed on 
an emergency basis had no significant impact on 
mortality in multivariate analysis. The significance 
of emergency operation as a risk factor disappeared 
when the stronger predictor, rupture, was intro- 
duced. 

Among operative factors, as expected, multivari- 
ate logistic regression analysis showed that patients 
in the more recent cohort were much less likely to 

Table II. Determinants of in-hospital mortality, 
multivariate analysis of all patients 

Determinant Odds ratio p 

Pairs  of i n t e r segmen ta l  1.3 0.0001 
ar ter ies  cut  ( con t inuous  

variable) 
Pairs of intersegmental 8.6 0.0001 

arteries cut (>9 vs <9) 
History of smoking 0.35 0.01 
New technique (group II) 0.38 0.03 
Rupture 2.4 0.04 
Diabetes 4.6 0.06 

Variables not significant: HCA, minimum temperature, etiology, thoraco- 
abdominal aneurysm, Crawford I and II classification, emergency opera- 
tion, hypertension, and all other factors not significant in univariate 
analysis. 

die after operation (Table II) than were patients 
operated on earlier. In addition, the mortality rate 
increased progressively with each pair of interseg- 
mental arteries sacrificed. When the number of 
intersegmental arteries sacrificed was entered not as 
a continuous variable but categorically, with all 
patients who had more than 10 intersegmental ar- 
teries severed considered as a group, members of 
this group with more extensive aneurysms were 8.6 
times as likely to die after operat ion than were 
those individuals with aneurysms involving fewer 
pairs of intersegmental  arteries (p = 0.001). Other  
operative factors that differed significantly be- 
tween the earlier and more recent groups of 
patients in univariate analysis, including use of 
H CA  and minimum esophageal and rectal tem- 
peratures,  were not independent  predictors of 
mortality in multivariate analysis. 

Paraplegia. The overall rate of paraplegia, like 
the mortality rate, was significantly lower in the 
more recent cohort of patients (2% in group II vs 
8% in group I ,p  = 0.008; Fig. 8). This decline in the 
incidence of spinal cord injury was statistically sig- 
nificant in the subgroup of patients with Crawford I 
and II aneurysms (p = 0.02) and in the larger 
subgroup of patients at risk, which includes all of 
those with thoracoabdominal aneurysms (p -- 0.04). 
In fact, among the 95 recent patients whose opera- 
tions were carried out with intraoperative and post- 
operative spinal cord function monitoring, only 
those whose aneurysms spanned more than 10 in- 
tersegmental arteries had paraplegia, at a rate of 
9.5% (Fig. 9). 

Multivariate analysis confirmed the fact that pa- 
tients operated on since the institution of spinal 
cord function monitoring were much less likely to 
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Fig. 8. Comparison between group I and group II pa- 
tients (defined in Fig. 1 and in text) with respect to 
paraplegia after resection of descending thoracic and 
thoracoabdominal aneurysms. Rate of spinal cord injury is 
significantly lower among group II patients overall (11 
patients in group I versus two in Group II), and also if 
thoracoabdominal aneurysms or Crawford I and II aneu- 
rysms are considered separately. Two patients with tho- 
racic aneurysms in group I had spinal cord injury, versus 
none in group II; nine with thoracoabdominal aneurysms 
had paraplegia in group I, whereas only two in group II 
had paraplegia. In group I, five patients with Crawford I 
and three with Crawford II aneurysms had paraplegia; in 
Group II, only two patients in the Crawford I and II 
group, both with Crawford II aneurysms, had spinal cord 
injury. 

have paraplegia than were those in the earlier 
cohort (Table III). Also as expected, the number of 
intersegmental arteries sacrificed was directly re- 
lated to the incidence of paraplegia, with the odds 
ratio reflecting the fact that paraplegia is progres- 
sively more likely to occur as more intersegmental 
arteries are sacrificed. When a multivariate analysis 
is carried out to examine the impact of sacrifice of 
more than 10 intersegmental vessels, the odds ratio 
indicates that the risk of paraplegia associated with 
these more extensive aneurysms is 29 times the rate 
of paraplegia associated with cases in which 10 or 
fewer intercostals are involved. 

Multivariate logistic regression analysis also re- 
vealed a powerful effect of smoking as a risk factor 
for development of paraplegia, with an odds ratio of 
20.5 (p = 0.01). Multivariate analysis failed to 
implicate any other risk factors as important influ- 
ences on the rate of paraplegia, including age, sex, 
etiology of the aneurysm, the presence of diabetes, 
hypertension or coronary artery disease, previous 
operations, emergency operation, rupture, use of 
HCA, and minimal esophageal or rectal tempera- 
ture. It is interesting to note that the influence on 
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Fig. 9. Comparison between group I and group patients 
(defined in Fig. 1 and in text) with respect to paraplegia 
after resection of descending thoracic and thoracoab- 
dominal aneurysms. When extent of aneurysm is defined 
by number of intersegmental vessels severed, group II 
patients show significantly lower rates of paraplegia in 
each category: only two patients in group II with more 
than 10 vessels severed had spinal cord injury, whereas in 
group I paraplegia developed in six of the patients with 
most extensive aneurysms, an additional four in the 
intermediate group, and one in the group with very few 
intersegmental arteries cut. 

incidence of paraplegia of both the combined Craw- 
ford I and II classification, and of the group includ- 
ing all thoracoabdominal aneurysms, compared with 
lesions limited to the descending thoracic aorta, is 
superseded by the impact of the extent of aneurysms 
as defined by the numbers of pairs of intersegmental 
arteries sacrificed. 

Irreversible paraplegia occurred in only two pa- 
tients in the recent series; in each of these, 14 pairs 
of intersegmental arteries had been sacrificed. In 
one of these, complete paralysis developed immedi- 
ately after operation, despite the absence of changes 
in SSEPs during the division of the intersegmental 
arteries. In the second case, paraplegia developed 
on the second postoperative day, after several epi- 
sodes of hypotension caused by poorly controlled 
arrhythmias; the patient continued hemodynami- 
cally unstable, and paraplegia persisted until death 
several hours later. 

Transient spinal cord injury was seen after oper- 
ation in three patients, each of whom had between 
eight and 14 pairs of intersegmental arteries sacri- 
ficed. In each case, on discovery of the abnormal 
SSEPs or clinical evidence of spinal cord ischemia, 
measures were immediately instituted to improve 
spinal cord perfusion. These included elevating the 
arterial pressure and draining CSF to decrease 
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Table III. Determinants of paraplegia, multivariate 
analysis of all patients 

Determinant Odds ratio p 

Pairs of intersegmental 1.8 0.0001 
arteries cut (continuous 
variable) 

Pairs of intersegmental 29 0.002 
arteries cut (<9 vs >9) 

History of smoking 21 0.01 
New technique (group II) 0.13 0.02 

Variables not significant: HCA, minimum temperature, etiology, thoraco- 
abdominal aneurysm, Crawford I and II classification, emergency opera- 
tion, rupture, hypertension, diabetes, and all other factors not significant in 
univariate analysis. 

intrathecal pressure. Heparin was administered in 
two cases; steroids were also given in all three. 
These measures were immediately successful in 
reversing the evidence of spinal cord injury in two 
of the three patients, who went on to recover 
without any evidence of lasting neurologic impair- 
ment. The third patient had proximal thigh weak- 
ness after a laparotomy 1 week after operation. 
The progressive weakness, although not immedi- 
ately reversed, was stabilized by supportive mea- 
sures directed at improving spinal cord perfusion, 
and complete recovery occurred gradually during 
the ensuing month. 

Renal failure. A total of 16 patients (7%) had 
renal failure necessitating dialysis after resection of 
thoracic and thoracoabdominal aneurysms: 11 pa- 
tients in group I (12.5%) and five in group II (5%). 
In nine patients, renal failure was an aspect of 
multisystem postoperative deterioration leading 
eventually to death before discharge from the hos- 
pital. Among the remaining patients, renal failure 
was transient in six, with only one survivor requiring 
long-term dialysis. 

Discussion 

The improvement in the results of operations for 
descending thoracic and thoracoabdominal aneu- 
rysms seen in our most recent cohort of patients 
shows that significant progress is being made, al- 
though death and paraplegia are still not sufficiently 
rare among patients with the most extensive aneu- 
rysms. The favorable outcome of recent operations 
for descending thoracic and thoracoabdominal an- 
eurysms is likely to have been achieved principally as 
a combined result of specific modifications to the 
operative procedure and of modifications in postop- 
erative care. There was probably some contribution 

from more general factors, including better anesthe- 
sia and nursing care. 

The only preoperative difference between the two 
groups of patients that may have had a favorable 
influence on the better outcome in the more recent 
group is the inclusion of fewer patients with a 
significant history of smoking in this group. Because 
smoking is a powerful risk factor for paraplegia (but 
has a favorable impact on mortality), a lower prev- 
alence of smokers may have contributed to the 
lower incidence of spinal cord injury in the more 
recent group. All the other differences between the 
groups did not involve risk factors that were signif- 
icant predictors of mortality or paraplegia by multi- 
variate analysis. 

The most fundamental change in our approach 
was the introduction of SSEP monitoring for the 
more recent cohort of patients. Intraoperative SSEP 
monitoring allowed us to serially evaluate the con- 
tribution of each intersegmental artery to spinal 
cord function. We were initially surprised that this 
evaluation failed to identify any vessels that had an 
immediate deleterious impact on spinal cord integ- 
rity when clamped. Our interpretation of this obser- 
vation is that maintenance of a high pressure in the 
intact descending aorta as the intercostal arteries 
are being sacrificed allows collateral vessels to grad- 
ually assume the function of those severed and 
prevents steal from the anterior spinal artery. A 
similar rationale has prompted Borst and Laas 4 to 
occlude all possible intercostal arteries with vascular 
plugs immediately on opening the aneurysm, and he 
has noted a lower incidence of spinal cord injury 
since adopting this technique. Similarly, Acher and 
colleagues s believe that their strategy of oversewing 
all intercostal vessels as soon as possible after the 
aneurysm is incised has contributed to the low inci- 
dence of spinal cord injury in their series of patients. 

Because in our experience temporary clamping of 
intersegmental arteries never resulted in changes in 
the SSEPs, our technique of evaluation and stepwise 
elimination of inessential intersegmental vessels 
evolved into a policy under which no intercostal or 
lumbar arteries were reattached to the graft. De- 
spite the gradual but nevertheless wholesale sacri- 
fice of intersegmental arteries in most cases, few 
patients had paraplegia: none of 74 patients who 
had 10 or fewer pairs cut and only two of the 21 
patients whose aneurysms involved sacrifice of more 
than 10 intersegmental arteries had permanent spi- 
nal cord injury. 

These results suggest that sacrifice of 10 or fewer 
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intersegmental arteries in a serial stepwise fashion is 
compatible with complete neurologic recovery. Isch- 
emia to the spinal cord during operation in these 
cases must be mild and transient, possibly mitigated 
both by the presence of distal perfusion, which is 
used in almost all cases, and at least mild hypother- 
mia, which decreases metabolic demands. Although 
the improved results in the more recent group could 
conceivably reflect the inclusion of a higher percent- 
age of patients who underwent operation with HCA, 
which has been advocated as a means of reducing 
spinal cord injury by Kouchoukos and associates, 6 
multivariate logistic regression analysis did not sup- 
port this view. Use of HCA did not emerge as a 
significant variable affecting development of para- 
plegia. 

In contrast to the absence of paraplegia among 
patients with less extensive aneurysms, intraopera- 
tive or postoperative spinal cord injury does occa- 
sionally occur when more than 10 pairs of interseg- 
mental arteries have been sacrificed. In some cases, 
the precarious circulation to the spinal cord during 
the first 72 hours after operation may manifest itself 
by transient changes in SSEPs, and our data dem- 
onstrate that the situation can often be alleviated by 
improving spinal cord perfusion. Draining CSF and 
increasing blood pressure have been successful in 
our hands in reversing late-onset paraplegia, and 
similar results have been reported by others. 7 Some 
patients have paraplegia without warning and de- 
spite these supportive measures, however, arguing 
that improved methods of detecting spinal cord 
ischemia and of preventing spinal cord injury are 
still urgently required for safe operation on patients 
with more extensive descending thoracic and thora- 
coabdominal lesions. 

In addition to demonstrating improved survival 
and lower rates of paraplegia in the recent cohort 
of patients with descending aortic and thoracoab- 
dominal aneurysms, multivariate analysis involv- 
ing all the patients in the study contributed to our 
knowledge regarding the relative risks of death 
and paraplegia after operation in different cases 
and allowed us to quantify some of these risk 
factors better. The presence of diabetes increases 
the mortality rate after operation almost fivefold, 
and the risk of death after operation is almost 
doubled if the aneurysm has ruptured. More 
puzzling, a history of significant smoking makes a 
patient one third as likely to die after operation 
than a comparable nonsmoker--but  the smoker is 
more than 20 times as likely to have paraplegia. 

Earlier studies have shown that smoking also 
predisposes the patient toward spontaneous rup- 
ture of aneurysms, s 

The multivariate analysis highlights the predomi- 
nant risk factor that has long been accepted empir- 
ically: the more extensive the aneurysm, the higher 
the risks both of paraplegia and of death after 
operation. The mortality rate rises progressively as 
the number of involved pairs of intersegmental 
arteries increases, and death is eight times as likely 
if aneurysm repair involves sacrifice of more than 10 
intersegmental arteries. Paraplegia is extremely un- 
likely if fewer than 11 intersegmental vessels are 
involved, but the risk increases with each pair of 
vessels sacrificed and is 29 times as great if more 
than 10 intersegmental vessels have been severed. In 
this series, quantitative prediction of risk of paraple- 
gia by number of intersegmental vessels cut was 
more powerful than by the widely accepted but 
perhaps less precise Crawford classification of tho- 
racic and thoracoabdominal aneurysms. 

The multivariate analysis thus clearly defines the 
group of patients with extensive thoracic and thora- 
coabdominal aneurysms at highest risk for develop- 
ment of paraplegia: those with involvement of more 
than 10 intersegmental arteries. In aneurysms re- 
quiring sacrifice of 10 or fewer intersegmental arter- 
ies, serial sacrifice of intersegmental arteries fol- 
lowed by failure to reattach any of them has not 
resulted in paraplegia, suggesting that the methods 
outlined, which emphasize gradual sacrifice and 
avoidance of steal phenomena, are safe and effec- 
tive. It is important to note that because the highest 
intercostal vessel that is a branch of the aorta is the 
third, the group of aneurysms carrying low risk for 
paraplegia--those that involve 10 or fewer interseg- 
mental arteries--includes not only all descending 
thoracic aneurysms ending proximal to the celiac 
trunk but also many thoracoabdominal aneurysms 
that begin in the midthoracic aorta and extend 
considerably more distally. 

For the patients whose aneurysms involve sever- 
ing more than 10 intersegmental arteries, however, 
it is clear that even compulsive attention to careful 
monitoring and to maintaining adequate perfusion 
pressure during and after operation cannot always 
prevent spinal cord injury. In this group of patients, 
who still had a 29% mortality and almost a 10% 
incidence of paraplegia in our most recent cohort, 
spinal cord perfusion is clearly extremely precarious. 
The tenuous character of postoperative spinal cord 
blood supply is also attested to by the 9.5% of this 
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group who had late but reversible spinal cord isch- 
emia. 

In light of the failure of SSEPs to identify specific 
critical vessels during operation, one approach might 
be to add monitoring of motor-evoked potentials, 
which measure anterior spinal cord function, as has 
been advocated by Laschinger and others. 9 It is possi- 
ble that adding motor-evoked potentials might in- 
crease the sensitivity of our efforts to detect spinal cord 
ischemia during and after operation, allowing augmen- 
tation of marginal spinal cord perfusion sooner and 
preventing irreversible injury. Similarly, although the 
use of deep HCA for spinal cord protection during 
operation did not have a significant impact on para- 
plegia in this series, HCA might be helpful by mark- 
edly lowering metabolic demand during operation in 
patients with extensive thoracoabdominal aneurysms, 
reducing the metabolic debt that must be repaid 
during reperfusion. Our results, however, suggest that 
the major problem with our technique is not inade- 
quate spinal cord protection during operation but the 
lack of stability of the spinal cord circulation after 
operation, especially when large numbers of intercos- 
tal and lumbar arteries are sacrificed. To address this 
problem, the routine implantation of several peridi- 
aphragmatic intercostal vessels, as recommended by 
Coselli, 1° may be the most promising approach. 

It is important to keep in mind, however, that serial 
sacrifice of almost all possible intersegmental arteries 
without any reattachment did not result in spinal cord 
injury in the vast majority of our recent cases, even in 
patients with more extensive thoracoabdominal aneu- 
rysms. The lack of intraoperative detection of spinal 
cord ischemia by SSEP monitoring, together with the 
favorable outcomes of many patients who underwent 
wholesale sacrifice of almost all of their intercostal and 
lumbar arteries, argues against the idea that there are 
any specific critical intersegmental arteries that must 
be preserved to maintain spinal cord integrity. Instead, 
these excellent results even for patients with very 
extensive aneurysms suggest that the model of a single 
anterior spinal artery with multiple interchangeable 
inputs is more accurate than a model in which any 
single intersegmental artery is a prerequisite for ade- 
quate spinal cord perfusion. If no single intersegmen- 
tal artery is critical, then the "artery of Adamkiewicz" 
is a mythical structure, and it is pointless to try to 
identify it either before or during operation. 

Conclusions 

The extremely low incidence of permanent spi- 
nal cord injury in our most recent cohort of 

patients suggests that serial sacrifice of interseg- 
mental vessels, careful monitoring of spinal cord 
function, and a multimodal approach to maximiz- 
ing spinal cord blood flow are effective in prevent- 
ing paraplegia after descending thoracic and tho- 
racoabdominal aneurysm operations. Because 
intraoperative SSEPs were not affected in any 
patient by gradual serial intersegmental artery 
sacrifice, the low incidence of spinal cord injury in 
our most recent group of patients was achieved 
without reimplantation of a single intercostal or 
lumbar artery, even when large numbers of inter- 
segmental vessels were severed. We conclude that 
spinal cord blood supply is unlikely to depend on 
a single artery, or even on a small number of 
critical intersegmental vessels. We therefore ques- 
tion whether there is indeed an "artery of Adam- 
kiewicz" of physiologic significance. 

The low incidence of spinal cord injury, and in 
some cases the reversal of transient spinal cord 
ischemia, has also demonstrated that spinal cord 
perfusion can be effectively manipulated with gen- 
eralized adjunctive measures without reimplanta- 
tion of segmental vessels in all but a few patients 
with the most extensive aneurysms. In these patients 
at high risk, we would like to be able to combine the 
intraoperative advantages of our approach to serial 
intersegmental artery sacrifice, which allows gradual 
maximization of collateral flow to the anterior spinal 
artery and safeguards against intraoperative steal 
phenomena, with a technique that results in a 
sturdier, less tenuous spinal cord blood supply after 
operation, capable of withstanding minor episodes 
of transient systemic hypotension without precipitat- 
ing obvious spinal cord ischemia. Concentrating our 
focus on ways to minimize intraoperative spinal cord 
injury and maximize spinal cord perfusion after 
operation in these very vulnerable patients is likely 
to be much more successful in eventually eliminat- 
ing paraplegia than prolonging the quest for an 
elusive "artery of Adamkiewicz." 
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Discuss ion 

Dr. Joseph S. Coselli (Houston, Tex.). I congratulate 
you on your continued efforts to address the morbidity 
and mortality after operative treatment of patients with 
extensive thoracoabdominal aortic aneurysms, particularly 
with respect to the reduction in postoperative paraplegia 
and paraparesis. I do, however, respectfully hold a some- 
what contrary view regarding the importance of the 
reattachment of intercostal arteries in such cases. The 
anatomy here, I believe, is quite important. The anterior 
longitudinal spinal artery provides the blood supply to the 
anterior two thirds of the spinal cord and is actually a 
vascular trunk composed of branches from the anterior 
radiculomedullary arteries which arise from the segmental 
spinal arteries, which in turn arise from the intercostal and 
lumbar arteries. The latter of which, in normal human 
anatomy, has been found to be inconsistent on multiple 
studies and is even more precarious in patients with 
diseased aortas, such as those treated surgically. The 
artery of Adamkiewicz has been described as the largest of 
these radiculomedullary arteries and most commonly 
arises from intercostal T8 to L2. Physiologically, however, 
it may actually be more than one vessel. The continuity, 
however, of the anterior spinal artery has been the source 
of differing opinions from anatomists, and consequently 
cannot be relied on as being a continuous vessel. The 
clinical and physiologic significance of the artery of Adam- 
kiewicz is the central issue of this report. I suggest that you 
explore an alternative interpretation of the data regarding 
the importance of the reattachment of intercostal and 
lumbar arteries when replacing thoracoabdominal aortic 
aneurysms. 

In an earlier experience, we reported up to 30% of 
postoperative paraplegia occurring as a delayed event. In 
our more recent experience, with an aggressive posture 

toward the reattachment of intercostal and lumbar arter- 
ies, delayed paraplegia has become all but nonexistent. 
This is consistent with the data presented here today, in 
which paraplegia is progressively more likely to occur as 
more intersegmental arteries are sacrificed. You found 
that the odds ratio for the risk of paraplegia in the more 
extensive aneurysms, those that had 11 or more intercostal 
arteries sacrificed, had a 29-fold rate of paraplegia com- 
pared with cases in which 10 or fewer were sacrificed. The 
sacrifice of the direct spinal cord circulation places the 
patient in a precarious anatomic position, dependent only 
on collateral circulation. This is very likely a natural 
occurrence in many diseased aortas but should not be a 
situation into which the surgeon deliberately places the 
patient. The patient is consequently at increased risk for 
paraplegia, both acute and delayed, when placed in such 
an anatomic position. The paraplegia in the postoperative 
period may arise secondary to hypotension or other 
cardiovascular and hemodynami c fluctuations, as oc- 
curred in one patient in this series. I would concur that the 
spinal cord may at times be dependent upon a single 
segmental artery, but this may not justify or support the 
need to sacrifice these intercostal arteries, but rather 
supports their reattachment. 

I have a few questions. Did you encounter any aneu- 
rysms in which ligation of all of the involved intercostal 
arteries before opening the aneurysm was anatomically 
not feasible? Were there any aneurysms that Simply could 
not be mobilized entirely, and did any of these aneurysm 
mobilizations result in embolization distally? And to what 
do you attribute the increased mortality with an increased 
number of pairs of intercostal arteries ligated? Finally, 
how do you explain the false-negative SSEP finding in one 
patient you encountered in your series? 

Dr. Griepp. We do not disagree that there i s significant 
input to the spinal cord blood supply from intersegmental 
vessels, and [ think that our data support the contention 
that this is the case. You can only sacrifice so many. On 
the other hand, the way in which you sacrifice them may 
have a substantial impact on how many you can get away 
with taking. 

I would call attention to the fact that the incidence of 
paraplegia in this series is not zero, which is what we 
would all like to see: among the patients with extensive 
aneurysms, with 11 or more pairs of intercostal vessels 
sacrificed, the incidence of paraplegia was still 10%. 
Nonetheless, 90% of these patients did not have paraple- 
gia. I think that the challenge facing us with our particular 
approach is how to deal with the 10% of patients in whom 
we have clearly stripped away too many intersegmental 
feeders into the blood supply of the spinal cord, leaving 
the cord in a precarious position that results in paraplegia, 
without losing the benefit of the technique for the other 
90% of patients. Attachment of intercostals in a somewhat 
blinded fashion, as Dr. Coselli advocates, may indeed be a 
reasonable alternative, and further work should be able to 
indicate whether that is the case. 

With respect to the sacrifice of all intersegmental 
vessels before opening the aneurysm, there were cases in 
which this was not accomplished completely: a few distal 
vessels, particularly in the lumbar region, were not visu- 
alized until the aorta was opened. In this case, they were 
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sacrificed as the first part of the procedure by being 
oversewn. There were, I believe, two patients in this series 
in whom rupture occurred during mobilization; those 
patients, of course, did not have any further intercostals 
sacrificed in a serial fashion, but intraoperative rupture is 
a relatively rare event. 

With respect to false-negative findings in at least one 
case, in which the SSEPs remained normal throughout the 
procedure but the patient awakened paraplegic, this is a 
hazard of the technique. SSEPs monitor the posterior 
columns, and the motor nerves pass  anteriorly; it is 
therefore certainly possible to have dissociation between 
these two in cord damage, and we have seen this on 
magnetic resonance imaging. 

Dr. Robert A. Dion (Brussels, Belgium). Dr. Griepp, our 
group has for 5 years shared with your prestigious group a 
similar conception of the spinal cord monitoring. So far, 
we have used SSEPs in 52 procedures involving the 
descending aorta. Our method differs slightly from yours 
in that we stimulate alternately the left and the right leg 
and that we record the SSEPs at four levels; we believe 
that these maneuvers have contributed to optimizing the 
specificity and sensitivity of SSEP monitoring. We also use 
the test of time, but instead of gradually clipping the 
intercostal arteries from outside, we apply two clamps 
above and under the aortic lesio n and follow the evolution 
of SSEPs during 15 minutes while venting the excluded 
aortic segment. By doing so, we probably stimulate a steal 
phenomenon i n addition to ischemia, which may explain 
why, in contrast with your experience, we had to reimp!ant 
intercostal arteries in eight patients to relieve spinal cord 
ischemia detected by SSEPs. Four of these intercostal 
artery reimplantations were performed outside the terri- 
tory of the Adamkiewicz artery, and we therefore also 
believe that this concept is a myth. 

In the 44 patients displaying preoperative SSEP alter- 
ation, we did not reimplant any intercostal artery. Two of 
these patients had delayed paraparesis; one of them 
recovered. Obviously, in both patients the metabolic equ i - 
librium of the spinal cord had been altered by a prolonged 
episode of relative hypotension and a sharp decrease in 
oxygen saturation. Ever since, even when the SSEPs do 
not change during operation, we would reimplant a couple 
of arteries if it is technically feasible, particularly in the 
case of an extensive aortic replacement. In our minds, this 
should provide some metabolic reserve for the postoper- 
ative course. In your situation, with all of the intercostal 
arteries clipped, how could you reverse a postoperative 
spinal cord ischemia detected by your continuous neural 
monitoring in the event that you are unable to rapidly 
correct a jeopardized metabolic condition? 

Dr. Griepp. Thank you, Dr. Dion. I acknowledge your 
precedence in applying this techn!que. You and Dr. 
Cunningham did it before we did, and we took a lot of 
hints from you. 

We considered using your particular technique of iso- 
lating segments of the aorta rather than clamping the 
intercostals directly, for the reasons you have indicated. It 
allows you to provide the more demanding stimulus of 
venting of the segment, actually promoting backbleeding. 
Dr. Dapunt in our laboratory a number of years ago 
showed that isolating a segment of the thoracic aorta with 

distal perfusion will frequently not result in spinal cord 
injury in the pig model, but if you actually vent that 
segment so that you can have blood coming out of the 
segmental arteries, you will then cause paraplegia. Clearly 
clamping and aspirating blood is a very severe test for 
whether those particular vessels make some contribution 
to spinal cord blood Supply. In most of our cases, unfor- 
tunately, we did not believe that multiple clamping of the 
aorta was possible, owing to the presence of clot and 
atheroma within the vessel itself. For that reason, we 
decided on direct temporary occlusion of the vessels. 

I certainly agree with you that the patients in whom we 
take many pairs of intersegmental vessels are in a precar- 
ious state. I think that one of the keys to preventing that 
precarious state from progressing to cord ischemia or 
necrosis is very careful monitoring and attention to post- 
operative hemodynamics. I think one of the reasons that 
the incidence of paraplegia is falling throughout the world 
in a number of centers has mainly to do with effective 
intraoperative techniques resulting in stable suture lines 
and stable hemodynamics after operation, and we will 
probably continue to rely on our ability to maintain a high 
normal blood pressure and hemodynamic stability rather 
than blindly doing intercostal implantation on every pa- 
tient. 

Dr. Hermes C. Grillo (Boston, Mass.). I have one 
question. Given the anatomic variability of the anterior 
spinal artery, its origins and major supply and collaterals, 
would you consider adding an anatomic factor to your 
clinical and physiologic study of the existence and impor- 
tance of this artery? Namely, would you do spinal angiog- 
raphy, which can be done safely nowadays--there used to 
be fear of it in the old days--and then clamp the specific 
one that is the artery of Adamkiewicz, which I think you 
will find, and then measure your potentials? I do not know 
whether this can be done with aneurysms. We do spinal 
angiograms with dumbbell neurogenic tumors that lie in 
critical areas. This might provide the critical answer to this 
question. If potentials dropped, I think you would have to 
conclude that the artery of Adamkiewicz is not a myth. 
Then you wQuld have the answer. By the way, a Polish 
visiting surgeon did assure us that Adamkiewicz is the 
correct pronunciation. We puzzled about that, too, for years. 

Dr. Griepp. I do not disagree that if one does angiog- 
raphy or postmortem studies that one will frequently find 
interruptions in the anterior spinal artery, and that one 
can clearly find an intersegmental artery tha t is larger than 
the others, as I believe Adamkiewicz described 80 or 90 
years ago. The question is whether, if you sacrifice that 
one vessel, other inputs into the system can provide 
adequate collateral flow. We certainly started out this 
study believing that we would find in some number of 
patients intercostal or lumbar vessels that, when we 
clamped them, would lead to clear changes in conduction 
in the sensory pathways. We just have not seen this so far. 
A negative study result does not mean that this is never 
going to occur, and there certainly have been cases in 
which a single artery has been occluded, resulting in 
paraplegia. Most of those cases where there were singular 
arteries, though, were cases in which angi0graphy was 
done, and perhaps the artery was traumatized rather more 
than when it is just being sacrificed. There are groups that 
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are looking at selective angiography. We have not pursued 
this because we believe that this technique is likely to be 
applicable only in a minority of cases. So many of these 
patients have large deposits of atheroma and clot within 
the aorta that the angiographers can delineate a few of the 
vessels, but they frequently have trouble delineating them 
all. And I think that the ris k of mobilization of that 
atheromatous material is real. So we are looking for a 
technique that would be widely applicable, and for that 
reason we have not taken up the mantle of spinal angiog- 
raphy. 

Dr. Chris K. Rokkas (Brookfield, Wis.). I think it is 
important to keep in mind that the posterior spinal 
columns, which are monitored by SSEPs, are not supplied 
by the arteria radicularis magna or artery of Adamkiewicz, 
therefore it may not be entirely surprising that you did not 
find this artery in your neurophysiologic quest. Recent 
experiences derived from the neurosurgical literature 
suggest that monitoring of magnetic, not electrical, motor- 
evoked potentials may be a more accurate way to predict 
postoperative motor deficits. I wonder whether you are 
planning to evaluate this new technology with subsequent 
patients. 

I also think that this is important because it is the first 
clinical report indicating that ischemi c preconditioning of 
the spinal cord may indeed have a protective effect on 
postoperative function: We know that there are two 
distinct ischemic insults in spinal cord ischemic injury: 
spinal cord ischemic injury secondary to aortic cross- 
clamping and spinal cord ischemic injury secondary to 
devascularization from interruption of the critical blood 
supply. It is therefore quite conceivable that gradual 
interruption of blood supply conditions the neuronal cells 
and prepares them for the more serious ischemic insult, 

that of the aortic crossclamping. Ischemic preconditioning 
in the central nervous system is known to be mediated by 
induction of heat shock proteins. It may be that intercostal 
and lumbar artery implantation is not as important if the 
cells at risk are preconditioned by a sublethal ischemic 
insult. I wonder whether you are planning to investigat e 
this phenomenon in the laboratory further. This ischemic 
preconditioning phenomenon in association with the mild 
to moderate hypothermia that you employed in your cases 
may indeed account for your excellent clinical results. 

Dr. Griepp. With regard to motor-evoked potentials, we 
have considered using them. Certainly, other investigators 
in this field are evaluating motor-evoked potentials as a 
more sensitive measure of cord function. I think at present 
our perception is that the SSEPs are somewhat easier to 
do on a routine basis, particularly in the postoperative 
period, so I think we will continue to use them at least for 
the time being and await the results of others to see 
whether there is indeed a better way of monitoring cord 
function, from both a theoretic and a practical standpoint. 

With respect to ischemic preconditioning, I think that 
this is a very interesting idea. One would expect that if 
there were some ischemic preconditioning that one would 
see some changes, at least in the posterior columns , and 
we have occasionally seen slight increases in latency that 
have then returned to baseline within a few minutes after 
clamping of some intercostal vessels. It is thus possible 
that there is a cellular explanation for what we have seen, 
in addition to an anatomic one. Our primary interpreta- 
tion has been that by occluding these vessels gradually and 
obviating altogether the possibility of steal, one allows 
other collateral pathways to gradually dilate during the 
period of serial sacrifice, explaining our result, but the 
cellular level is another interesting avenue to pursue. 
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