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POSTOPERATIVE paraplegia resulting from spinal cord
ischemia is a devastating complication of thoracic aneu-
rysm (TA) or thoracoabdominal aortic aneurysm (TAAA)
surgery. Permanent neurologic deficits are a major cause
of morbidity and may shorten long-term survival.1,2 Fac-
tors that are associated with the development of para-
plegia are previous aortic surgery, preoperative renal
function, age, aortic cross-clamp time, and emergency
repair.3,4 The risk of injury also is significantly greater
after repair of more extensive aneurysms.3 Aneurysms
traditionally are classified by their extent and location
(table 1).2 At greatest risk is the patient with an aneu-
rysm involving most or all of the thoracic and abdominal
aorta (Crawford type II).2,3,5

Strategies proposed to protect the spinal cord during
TAAA repair aim to maintain spinal cord perfusion.6–8

Aortic occlusion increases cerebrospinal fluid pressure
(CSFP) and decreases distal aortic systolic pressure,
thereby decreasing perfusion of the spinal cord. Theo-
retically, decreasing CSFP by cerebrospinal fluid drain-
age (CSFD) should improve spinal cord blood flow and
decrease the risk of spinal cord ischemic injury. Indirect
evidence from canine models showing improved neuro-
logic outcome using CSFD in spinal cord ischemia was
first reported by Blaisdell and Cooley.6 Despite improve-
ments in neurologic outcome in other animal mod-
els,7,9,10 no prospective, randomized trial has demon-
strated any benefit of CSFD alone in humans undergoing
aortic aneurysm repair. The purpose of this article is to
provide a systematic review of the literature on the use of
CSFD in humans undergoing surgical repair of the TAAA.

Methods

Literature Search
A computerized MEDLINE search from 1966 to March

1999 was conducted using the Medical Subject Heading
“aortic aneurysm, thoracic,” with subheading “surgery.”
This was combined with the headings “paraplegia”
and/or “cerebrospinal fluid.” A second MEDLINE search
using the text words “aortic aneurysm” and “cerebrospi-
nal” combined with “and” was also conducted from
1966 onward. The reference lists of all relevant articles
were examined and additional relevant citations were
identified and retrieved. The Science Citation Index was
also searched from January 1989 to December 1997
using the terms “thoracic aneurysm” or “thoracoabdomi-
nal,” and yielded no additional references. The “Thoracic
Aorta” chapter in The Yearbook in Vascular Surgery
series from 1992 through 1998 was also reviewed for
any related articles.10A,10B These were retrieved and
their citations checked for relevant articles. Finally, four
vascular surgeons at McMaster University were con-
tacted to identify any published or unpublished work in
this area that may have been missed by the electronic
and manual searches.

Selection Criteria
To avoid selection bias, articles were reviewed inde-

pendently by two observers who were blinded to the
authors, institution, journal of publication, year of pub-
lication, and results of the article. Disputes were re-
solved by consensus. The criteria for eligibility were
determined a priori. Research was eligible for inclusion
if it met the criteria listed below.

1. Target population: humans undergoing elective or
emergent TA or TAAA surgery

2. Therapeutic intervention: intraoperative CSFD for
spinal cord protection

3. Outcome: postoperative neurologic deficits (paraple-
gia or paraparesis)

4. Study design: randomized controlled trials, nonrandom-
ized trials with concurrent controls, nonrandomized
trials with historical controls, and case series

Case reports were excluded.
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Validity Assessment
The methodologic quality of the studies was assessed

independently by both authors, who were blinded to the
authors, institution, journal of publication, year of pub-
lication, and study results. Separate criteria were estab-
lished a priori for each type of study design. For ran-
domized controlled trials, items assessed included
allocation of subjects (true randomization vs. pseudoran-
domization), specification of inclusion and exclusion
criteria, blinding of outcome, and patient follow-up. For
observational cohort studies, items assessed were design
(retrospective or prospective), method of patient selec-
tion, recruitment strategy, similarity of baseline demo-
graphics among groups, comparability of confounders,
blinding assessment of outcome, documentation of
cointervention, and patient follow-up. Studies with his-
torical controls were assessed using the same items as
the observational cohort studies, except that the first
two items were omitted.

Data Extraction
After the validity assessments were completed, the

articles were unblinded and data were extracted inde-
pendently in duplicate by both authors. Data were sum-
marized in tables to facilitate qualitative assessment and
data extraction.

Results

Study Selection
The initial MEDLINE search yielded 121 articles,

of which six met the inclusion criteria. The second
MEDLINE and Science Citation Index searches identi-
fied two possible additional references, but both failed
to meet the inclusion criteria. Nineteen additional
articles were identified through the citations from
relevant articles, and eight of these met the inclusion
criteria. One study was excluded after the data extrac-
tion phase because CSFD was used in eight patients of
the protocol group, but data could not be obtained
specifically on those patients.11 A total of 13 articles
were identified for this overview (table 2). No review
articles were identified through the search process.
Analysis of agreement between observers on article
inclusion based on selection criteria was calculated
using weighted k statistics and was found to be 0.70.
A kappa score between 0.6 and 0.8 was considered to
be good agreement. All disputes were resolved easily
by consensus and were the result of oversight in all
cases.

Table 1. Crawford’s Classification of Thoracoabdominal
Aneurysms

Group Location and Extent of Aneurysm

Type I Most or all of the descending thoracic aorta to the
celiac artery

Type II Most or all of the descending thoracic and abdominal
aorta

Type III Most or all of the distal descending thoracic and
abdominal aorta

Type IV Most or all of the abdominal aorta up to and including
the celiac artery

Table 2. Outcome Data According to Level of Evidence

Reference Design CSFD Confounders
Crawford Type

I/II/III/IV/TA
Outcome
Blinded

Advocate
CSFD

Crawford et al., 19901 RCT , 50 ml No 19/27/0/0/0 Yes No
(C) 25/27/0/0/0

Svensson et al., 199815 RCT , 10 mmHg Yes 13/4/0/0/0 Yes Yes
1 papavarine (C) 11/5/0/0/0

Svensson et al., 198816 OCS 5–15 mmHg Yes — — No
1 papavarine

Acher et al., 199417 OCS , 10 mmHg Yes 10/14/6/7/0 — Yes
1 naloxone (C) 9/19/6/15/0

Acher et al., 199818 OCS ? 1 naloxone Yes — — Yes
Acher et al., 199019 NRHC , 14 mmHg Yes 5/8/5/3/2 — Yes

(subset of Acher, 199417) 1 naloxone (C) 4/8/5/3/4
Murray et al., 199320 NRHC , 15 mmHg Yes 8/14/17/0/11 — No

(C) 15/4/6/0/23
Hollier et al., 199221 NRHC , 10 mmHg Yes 7/13/16/6/0 — Yes

(C) 22/16/23/47
Safi et al., 199822 NRHC , 10 mmHg Yes — — Yes
Safi et al., 19944 Case , 15 mmHg Yes 14/31/0/0/0 Yes Yes
Svensson et al., 19908 Case 5–15 mmHg Yes 5–Type I or II — No

, 50 ml 6–TA
1 papavarine

Safi et al., 199624 Case , 10 mmHg Yes 31/63/0/0/0 Yes Yes
(45 patients from Safi 19944)

Cambria et al., 198925 Case Unspecified Yes — — No

(C) 5 control group; Case 5 case series; CSFD 5 cerebrospinal fluid drainage; NRHC 5 nonrandomized historical cohort; OCS 5 observational cohort study;
RCT 5 randomized controlled trial; TA 5 thoracic aneurysm.
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Study Outcomes
The studies that met the inclusion criteria are pre-

sented in table 2 and are ranked according to the
strength of the level of evidence. These included two
randomized controlled trials, three nonrandomized ob-
servational cohort studies, four nonrandomized histori-
cal controls, and four case series. Data from the trials
were not statistically pooled in a meta-analysis due to the
heterogeneity in methodologic design.12–14 Method-
ologic deficiencies that weaken the strength of evidence
will be discussed within each group of study design.

Randomized Controlled Trials. The prospective
randomized controlled trial by Crawford et al.,1 which
stratified high-risk type I and II TAAAs, failed to demon-
strate a reduction in neurologic deficits using CSFD. The
incidence of neurologic deficit was 30% (14 of 46) in the
CSFD group and 33% (17 of 52) in the controls (P 5
0.80). Groups were matched for use of atriofemoral
bypass and reattachment of intercostal and lumbar arter-
ies. In this study, CSFD was limited to 50 ml and in only
20 of 46 patients was CSFP reduced to less than 10 mmHg.

Svensson et al.15 conducted the most recent prospec-
tive randomized controlled trial on patients undergoing
Crawford type I or II TAAA surgery. The methodology
included a planned interim analysis of the data for safety
and efficacy, which resulted in early termination of the
study after enrollment of 33 of 66 eligible patients (their
a priori sample size was 100 for a 5 0.05 and power 5
20%). The intervention consisted of a combination of
CSFD and intrathecal papaverine. Cerebrospinal fluid
(CSF) was allowed to drain freely during aortic cross-
clamping and was stopped after unclamping. Intrathecal
papaverine was instilled before cross-clamping. Postop-
eratively, CSF drained freely for CSFP greater than 10 cm
H2O. Other possible spinal cord protective measures
included distal aortic perfusion (DAP) using atriofemoral
bypass, aortic segments sequentially repaired to main-
tain proximal and distal perfusion, and segmental artery
reattachment; these were equally distributed between
the two groups. However, in the group of patients with
normal outcome, the use of active cooling using bypass
was higher (16 of 24) compared with the group with
postoperative neurologic injury (2 of 7; P 5 0.02). Aortic
cross-clamp times were also longer (32.3 6 15.1 vs.
50.3 6 19.3 min; P 5 0.008) in the group with neuro-
logic deficits. Neurologic outcome evaluation was
graded by a blinded neurologist. Overall neurologic def-
icit rates were 2 of 17 (12%) in the CSFD and papaverine
group compared with 7 of 16 (44%) in the control group
(P 5 0.039). They concluded that the combination of
CSFD and intrathecal papaverine significantly reduced
the incidence and severity of neurologic injury, and this
effect was additive if combined with atriofemoral bypass
with hypothermia. The study was terminated early be-
cause a statistically significant difference was reached
after one third of the patients had been entered. The

authors stated that, “if the study had continued, the
difference probably would have become stronger, but it
may also not have been borne out in a larger series.” The
issue of early termination in this study is discussed fur-
ther in the Discussion.

Nonrandomized Observational Cohort Studies.
Three nonrandomized observational cohort studies met
the eligibility criteria.16–18 Svensson et al.16 conducted
their prospective study in two countries (South Africa
and the United States) at different time periods. Baseline
comorbid disease was not described. It was not stated
whether patients were selected consecutively or
whether outcome assessment was blinded. The interven-
tion consisted of intrathecal papaverine and CSFD. Dur-
ing the study, the CSF drainage protocol was changed.
Initially, CSF drained freely, but later, volume was re-
stricted to 50 ml. In addition, more patients in the con-
trol group had intraoperative shunts or femoral–femoral
bypass. Although their results were not statistically sig-
nificant, they concluded that intrathecal papaverine pro-
tected the spinal cord during aortic cross-clamping. No
conclusions were drawn regarding the concomitant use
of CSFD.

Acher et al.17 published a retrospective observational
cohort study using consecutive patients in 1994. This
study included the data from the 47 patients in their
previously published study in 1990.19 Combined CSFD
and intravenous naloxone was used in the intervention
group (n 5 61). Three different protocols were used in
the control group (n 5 49): 13 patients received only
CSFD; eight received only naloxone; and 28 received
neither. Type of aneurysm repair, cross-clamp times,
premorbid risk, and surgical technique were distributed
equally among groups. Overall neurologic deficit rates
were 1 of 61 (1.6%) in the CSFD and naloxone group,
and 11 of 49 (22.4%) in the heterogeneous control group
(P , 0.001). They developed a formula to predict the
risk of neurologic deficit and concluded that combined
use of CSFD and naloxone protected against neurologic
deficits.

In 1998, Acher et al.18 conducted a prospective cohort
study using 217 consecutive patients undergoing TAAA
(all types) and TA surgery from 1984 through 1996 and
studied preoperative and operative factors for paraplegia
risk and survival. Surgical technique included simple
aortic cross-clamping without assisted circulation, mod-
erate hypothermia, renal cooling, and intercostal ligation
with no intercostal reimplantion. The intervention con-
sisted of CSFD and low-dose naloxone. It was not stated
whether CSFD was pressure or volume limited, how
long it was used, or if neurologic outcome assessment
was blinded. There were 5 of 147 (3 deaths) neurologic
deficits in the CSFD and naloxone group, compared with
12 of 58 (9 deaths) patients with deficits in the group
without CSFD and naloxone. Using a mathematical
model of paraplegia risk, they evaluated 80 potential risk
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factors for paraplegia and based their expected paraple-
gia rates in the two groups by using their previously
developed formula.17 Using univariate analysis, they
identified nine significant preoperative and operative
factors for paraplegia risk. Several mathematical models
were then created using logistic regression to investigate
the interaction of these variables, and it was concluded
that paraplegia risk correlated with the amount of aorta
replaced, acute dissection, temperature before aortic
occlusion, volume replacement, blood oxygen level, aor-
tic occlusion time and cardiac index. They also con-
cluded that with CSFD, naloxone administration, and
early ligation of intercostal arteries without reimplanta-
tion, the estimated risk of paraplegia was one seventh
that of graft inclusion and intercostal reimplantation
with or without assisted circulation.

Nonrandomized Historical Controls. Four studies
in this category met the eligibility criteria19–22 and are
presented in no special order.

Acher et al.19 compared 23 patients using CSFD to
maintain CSFP lower than 14 mmHg against 24 historical
controls over a 5.5-yr period. Twelve patients in the
CSFD group also received intravenous naloxone for 48 h
postoperatively. We could not identify if the distribution
of comorbid disease was similar in the study groups,
although both groups were comparable in terms of type
of aneurysm, cross-clamp time, presence of dissection,
and intraoperative technique. The incidence of neuro-
logic deficits was 1 of 23 in the intervention group and
7 of 24 in the control group (P , 0.03). The authors
support the use of both naloxone and CSFD, although
their relative contribution in reducing neurologic defi-
cits cannot be determined.

Murray et al.20 did not demonstrate improved neuro-
logic outcome using CSFD to keep CSFP lower than 15
mmHg. Groups were demographically similar except for
extent of aneurysmal disease; the control group had
primarily TAs, whereas the intervention group had more
diffuse high-risk type II aneurysms (14 of 50 vs. 4 of 49;
P , 0.05) and type III aneurysms (17 of 50 vs. 6 of 49;
P , 0.05). This reflected the changing nature of the surgi-
cal practice in that institution. Although not statistically
significant, intraoperative bypass (9 of 49 vs. 4 of 50) and
shunts (14 of 49 vs. 12 of 50) were used more frequently in
the control group. Another difference between the groups
was the use of mild hypothermia (passive cooling to 34°C)
in the intervention group. The volume of CSF removed
ranged from 3 to 150 ml, and the range of CSFP while
cross-clamped was 9.4 to 13.3 mmHg. There were techni-
cal difficulties withdrawing CSF in six patients, in whom
CSFPs were greater than 15 mmHg.

Hollier et al.21 described a multimodal protocol in the
intervention group to reduce neurologic complications
in a nonrandomized historical control study. The proto-
col included CSFD up to 3 days postoperatively, avoiding
solutions containing glucose, passive hypothermia, a bo-

lus of thiopental sodium before cross-clamp, use of man-
nitol and nimodipine, reattachment of intercostal arter-
ies, and expeditious surgical technique to minimize
spinal cord ischemia. There were no spinal cord deficits
in the protocol group (0 of 42) and 6 of 108 in the
nonprotocol group, but CSFD was used in three patients
in the nonprotocol group. Intraoperative details are pro-
vided for the protocol group, but none are provided for
the nonprotocol group.

Safi et al.22 examined the effect of cross-clamp time
greater than 30 min in all patients with TAAA or TA over
a 5-yr period. Of 370 patients, 280 met this criterion and
111 had type II TAAAs. There were nine intraoperative
deaths, yielding 271 survivors of whom 112 underwent
simple cross-clamp repair and 159 had the adjuncts of
DAP (left atrial to femoral bypass) and CSFD. The ratio-
nale of DAP is that by increasing distal aortic pressure
and decreasing proximal hypertension, perfusion to the
spinal cord will increase, providing protection during
the time of aorta cross-clamping.23 Contraindications to
CSFD, as stated by the authors, included previous oper-
ation on the spinal cord or blood effusion; the latter is
not further defined. In some instances, emergent surgery
prevented catheter insertion. It was not stated how
many patients in the CSFD group did not receive CSF
catheters because of these reasons. CSFP was maintained
lower than 10 mmHg for up to 4 days postoperatively.
Patient temperature was allowed to drift to 33°C. Neu-
rologic deficit occurred in 23 out of 271 patients; nine
patients died. For highest-risk type II TAAAs, the neuro-
logic deficit rate was 11 of 29 (38%) for cross-clamp
versus 6 of 82 (7.3%) for those with DAP and CSFD. This
was stated in the body of their article, as data was
presented as a function of cross-clamp time and risk
factors for neurologic deficit and not by the intervention
of CSFD and DAP. They concluded that perioperative
CSFD and DAP had great impact in preventing neuro-
logic deficit, most significantly in type II TAAAs.

Case Series. Four case series were identified that met
the inclusion criteria and are listed in no special or-
der.4,8,24,25

Safi et al.4 prospectively evaluated and reported com-
bined CSFD and DAP using atriofemoral bypass in 45
consecutive patients with high-risk type I and II TAAAs.
In this series, CSFD was used to reduce CSFPs to less
than 15 mmHg. Two patients awoke with paraplegia
(one had an intraoperative cardiac arrest), and two pa-
tients developed delayed paralysis. The range of CSF
drained was 5 to 80 ml intraoperatively and 0 to 698 ml
postoperatively. Median aortic cross-clamp time was
42 min, and pump time ranged from 12 to 87 min. The
incidence of paraplegia (two early and two delayed) in
this group was then compared with a historical control
group of 112 patients from their center, of whom 26%
had DAP. Another cohort of 98 randomized patients
from a previous study at their center1 was originally
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chosen for the control group, but because of their sig-
nificantly higher incidence of neurologic deficit (32%),
they decided to use the more recent cohort of 112
patients. However, this more recent cohort had a similar
incidence of neurologic deficit (31%); therefore, it is
unclear what their rationale was in their criteria for
selecting the control group. It is methodologically un-
sound to chose a control group post hoc in this fashion.
These data were therefore presented as a case series.

Svensson et al.8 retrospectively reported a case series
of 11 patients who underwent TA or TAAA surgery.
CSFD was used to withdraw 20 ml of CSF when the
pleural cavity was opened. Before aortic cross-clamping,
intrathecal papaverine was instilled via the CSF drainage
catheter. CSF was allowed to drain freely during the
period of aortic cross-clamping. Unfortunately, this pro-
tocol changed during the series, and the total volume of
CSF removed was limited to 50 ml in later patients. The
change in CSFD protocol is similar to that described in
their previous study.16 There were no instances of post-
operative paraplegia, but one patient developed delayed
paraparesis.

Safi et al.24 reported in 1996 another case series of 94
patients with type I and II TAAA treated with CSFD and
DAP. However, this series included the data from the 45
patients previously published in 1994.4 Approximately
one half of the patients had CSF pressures maintained at
10 to 15 mmHg, whereas the remaining had CSF pres-
sures maintained at less than 10 mmHg. Eight of the 94
patients developed paraplegia or paraparesis postopera-
tively (five early and three delayed). The authors com-
pared their results with those of a control group of 42
patients who did not receive CSFD or DAP; however, it
is not stated whether the control group represents a
consecutive historical cohort or these patients were cho-
sen randomly. Additionally, the control group is de-
scribed in the abstract as consisting of type I and II
TAAAs, but in the manuscript as type I and III TAAAs. If
the latter is true, the groups differ and have dissimilar
risks for developing neurologic complications.

Cambria et al.25 report their recent experience over a
decade with 55 patients undergoing TAAA repair. Dur-
ing that period, the surgical protocol changed to include
the Crawford inclusion technique, and therefore pa-
tients were divided into two groups for analysis (earlier
group 1 5 26; later group 2 5 29). CSFD was used only
in the final 15 patients of group 2. None of these patients
with CSFD received shunts or bypass intraoperatively,
and intercostal arteries were not consistently implanted.
The type of aneurysm and comorbidity were unspeci-
fied, but there were no neurologic deficits postopera-
tively. CSFD was pressure limited, but the pressure limit
was not specified. Over time, they found a significant
reduction in operative mortality, total operative time,
blood loss, and aortic cross-clamp times. Given the small
number of patients with CSFD, the authors draw no

conclusions on the influence of CSFD on spinal cord
deficit.

Discussion

This article provides a systematic review of the pub-
lished literature on the evidence supporting the use of
CSFD in TAAA surgery for prevention of paraplegia. We
followed rigorous methodologic strategies that meet cri-
teria developed previously to reduce error and bias in
scientific overviews.26,27 The results are therefore likely
to present a valid summary of the literature on the use of
CSFD in the prevention of spinal cord deficits in high-
risk patients presenting for surgery of the descending
thoracic and thoracoabdominal aorta.

Although we originally planned to perform a meta-
analysis of the published data on this issue, the lack of
randomized controlled trials in this research area led to
our decision to present a qualitative overview.

The strength of evidence from an overview depends
principally on the quality of the primary studies.28 Stron-
ger inferences can be made from studies designed to
minimize the possibility of bias. The most rigorous meth-
odologic design is the randomized controlled trial, fol-
lowed by (in descending order) the nonrandomized
observational study using concurrent controls, the non-
randomized observational study using historical con-
trols, the case series with no controls, and the case
report. Studies using historical controls are more intrin-
sically biased to find an apparent benefit in treatment
effect compared with studies using randomized con-
trols.29,30 Thus, the primary studies included in this over-
view are listed in table 2 according to rank order of study
design and strength of evidence.

Randomized Controlled Trials
The randomized trial of Crawford et al.1 failed to show

a reduction in neurologic insult using CSFD. Although
this study was well designed, intraoperative CSFD was
limited to 50 ml, which did not decrease CSFP in some
patients. Thus, the hypothesis that a reduction in CSFP
would improve spinal cord perfusion was not adequately
tested. In humans, removal of as much as 500 ml of CSF
may be required to reduce CSFP to less than 10 mmHg.21

Although there is no evidence from human studies that
reducing CSFP per se improves spinal cord perfusion,
data from animal studies have shown that reducing CSFP
by CSFD prevented paraplegia.6,7,9,10

Crawford et al.1 based their sample size on an event
rate of 25% in the control group and 5% in the interven-
tion group (CSFD) to give a total sample size of 100
patients. Their study had sufficient power to show an
80% reduction in neurologic deficit with b error 5 0.2
and a error 5 0.05. Such a dramatic reduction in event
rate in the treatment group is unlikely. Using the same
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nomogram presented in their article, a sample size of
400 patients would be needed to show a 50% reduction
in neurologic deficit assuming an event rate of 20% in the
control group and 10% in the intervention group. Chang-
ing the expected event rates in the two groups causes
the sample size requirements to change dramatically.
A 50% treatment effect would still be clinically impor-
tant, as would a 25% treatment effect. However, the
smaller the expected treatment effect, the larger the
sample size needed to demonstrate statistical signifi-
cance. It is interesting to note that the sample size in this
study was not achieved by many of the other studies
discussed in this overview, which brings into question
the validity of results from all studies.

Svensson et al.15 concluded from their randomized
trial that the combination of CSFD and intrathecal papav-
erine reduced the risk of neurologic injury after high-risk
thoracoabdominal surgery. This study was terminated
early after one third (n 5 33) of the estimated sample
size (n 5 100) was entered because of a statistically
significant difference in the rate of postoperative neuro-
logic deficit (P 5 0.039). To consider early termination
of a trial, one must have sufficiently strong evidence of a
treatment effect. The magnitude of the difference must
be considered, as well as the level of statistical signifi-
cance.31,32 Significance tests are a useful stopping crite-
rion; however, the main problem with significance test-
ing in interim analysis is that the more frequently one
analyzes accumulating data, the greater the chance of
finding an effect of treatment (type I error). For a se-
quence of interim analysis set a priori, as in the trial of
Svensson et al.,15 a more stringent significance level than
P , 0.05 must be set (i.e., P , 0.01) so that the overall
(cumulative) significance level is kept reasonable (P ,
0.05).31 Their P value of 0.039 would not be considered
statistically significant for an interim analysis of a clinical
trial, and it is unfortunate that the trial was terminated
early based on this result. It is probable that their con-
clusion is biased based on a type I error, and further-
more, the relative therapeutic effects of CSFD versus
papaverine remains unresolved.

Nonrandomized Trials
Major methodologic limitations that threaten validity

were identified in the observational cohort and historical
control studies. Variability in the treatment and control
populations, intervention, and distribution of confound-
ers (i.e., surgical technique) possibly affected the out-
come.16–22 Furthermore, bias in the trial designs may
exaggerate the treatment effect. Detail on the evaluation
of neurologic outcome was not provided in any study,
and all studies except two were retrospective.16,18 Some
studies included patients with TAs, but we were unable
to separate the data between these patients and the
high-risk TAAA patients; thus, these data are included in
table 2.

The three nonrandomized observational cohort stud-
ies16–18 provided inconclusive data on the potential ben-
efits of CSFD. In all studies, CSFD was used as an adjunct
to other modalities being tested for their benefits in
spinal cord protection. It is difficult to conclude the
relative benefits of each of the therapies given the con-
founding nature of the intervention itself, the small sam-
ple sizes, and the weakness inherent in the nonrandom-
ized observational design employed in these trials. It is
important to note that in the trial by Svensson et al.,16 a
sample size of 11 in the intervention group and 19 in the
control group would not have sufficient power to detect
a difference in the rate of neurologic complications.
Acher et al.17 grouped three different control treatments
together, which is inappropriate and reduces the statis-
tical power of the study. This is a major methodologic
flaw which, combined with the fact that naloxone-
treated patients received a high-dose opioid anesthetic,
makes the study design questionable and may invalidate
the authors’ conclusion.

Acher et al.17 used their previous results to estimate
neurologic deficit for their most recent study18 in which
extensive mathematical modeling was used to examine
80 risk factors for outcome after TAAA surgery. Multiple
hypothesis testing jeopardizes the validity of significance
tests.31 Each test, by definition, has a 5% chance of
producing P , 0.05, even if the treatments are equiva-
lent. Therefore, when multiple tests are performed, each
allowing for a 5% chance of error, the cumulative error
can exceed 5%. Hence, investigators typically demand a
more stringent level of significance (e.g., 5% divided by
the number of comparisons) for each comparison. Ex-
cessive use of significance tests produces a certain num-
ber of false-positive findings. It is also interesting that
this study occurred over a 12-yr period, during which
time intensive care, anesthesia, and surgical protocols
changed. This analytical type of study may be useful for
hypothesis generating.

The four nonrandomized historical control studies
used consecutive patients with complete follow-up and
pressure-limited CSFD.19–22 Confounders were un-
equally distributed between the treatment and control
groups and may have influenced outcome. It is not stated
whether outcome assessment was blinded. In three stud-
ies, the intervention group was studied more recently
than the control group.19–21

Three of the studies advocate use of CSFD.19–22 Murray
et al.20 did not demonstrate improved neurologic out-
come using pressure-limited CSFD. This may reflect the
study’s lack of power to find a true difference, if in fact
any exists. Alternatively, the results could be interpreted
differently because there were more type II TAAAs in the
intervention group. CSFD may have lowered the inci-
dence of paraplegia in the intervention group to make it
equal with the rate in the control group.

The case series category of study design has the great-
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est potential for bias and provides the weakest evidence
for inferences to be drawn.4,8,24,25

Statistically combining numerical data from these non-
randomized studies in a meta-analysis is not appropriate
not only because of study design differences but also
because the proportion of high-risk patients differ, sur-
gical and anesthetic technique vary among studies, and
some studies combined CSFD with other potential mo-
dalities for spinal cord protection. Although some stud-
ies provided evidence favoring CSFD, these data are
unreliable because biases in these study designs proba-
bly overestimate the potential therapeutic benefit of
CSFD.28,29

Potential Morbidity Associated with Cerebrospinal
Fluid Drainage
There has been no morbidity reported with the use of

intrathecal catheters in reports of CSFD. Intraoperative
heparin has been used in doses adequate for bypass in
patients with CSFD catheters with no adverse sequel-
ae.20,24 There are no reports of conal herniation with
removal of large volumes (500–698 ml) of CSF.4,20,21

Although some continue to use CSFD because the re-
ported risk is low, the benefit, if any, is unsubstantiated.

Conclusions and Future Directions
Thoracoabdominal aneurysm repair continues to re-

main a challenging undertaking for the patient, surgeon,
and anesthetist. Although many factors predispose pa-
tients to development of paraplegia after TAAA surgery,
spinal cord ischemia is clearly the principal factor. No
intervention has yet been proven to reduce the inci-
dence of neurologic deficits after TAAA repair. The hy-
pothesis that reducing CSFP will prevent postoperative
neurologic deficit after high-risk TAAA surgery has yet to
be investigated adequately in humans. In addition, the
critical CSFP and duration of CSFD remain to be deter-
mined. One animal study suggested that 10 mmHg might
be a better endpoint than 15 mmHg.9 The role of CSFD
for prevention of delayed-onset deficits caused by late
spinal cord edema postoperatively also remains undeter-
mined.

The studies presented illustrate the great difficulty in
establishing the effects of CSFD on spinal cord protec-
tion. Only two trials were performed using a randomized
design. The studies that used concurrent or historical
control groups had many potential sources of systematic
and random error and provided weaker evidence from
which to make inferences.29,30

Spinal cord ischemia remains unpredictable and a ma-
jor cause of morbidity after TAAA repair. Until definitive
techniques are developed and evaluated rigorously, cen-
ters continue to use different multimodal strategies for
whatever benefit they may incur. We suggest that a
consensus conference involving surgeons, anesthesiolo-
gists, and neurologists should be convened to devise and

test a protocol for spinal cord protection in TAAA sur-
gery. The intervention must be prospectively evaluated
in a large randomized multicenter trial with adequate
power and blinded outcome to obtain an unbiased an-
swer on which to establish practice guidelines.
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