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Objective: Leukoaraiosis (chronic ischemic white matter changes) on preoperative
brain magnetic resonance imaging is common in patients having aortic arch surgery.
This study sought to determine whether it is associated with adverse neurologic
outcome in the postoperative period.

Methods: Data were collected from a retrospective chart review of 142 patients in
whom total aortic arch replacement was planned at the Cleveland Clinic between
April 2000 and December 2004. All patients had preoperative brain magnetic
resonance imaging evaluation. Leukoaraiosis severity was rated semiquantitatively
using the Schelten’s scale. Postoperative neurologic injuries were investigated by
clinical examination and appropriate neuroimaging. They were stratified as type 1
(focal ischemic stroke) and type 2 (nonfocal neurocognitive changes, generalized
seizures) injuries.

Results: The following were independent predictors of type 1 neurologic injury: age
(odds ratio 1.06 [1.01-1.13], P = .02) and moderate to severe aortic atheroma (odds
ratio 4.4 [1.4-9.7], P = .012). Total white matter scores (odds ratio 1.16 [1.06-1.27],
P = .002) and higher preoperative hemoglobin Alc levels (odds ratio 1.8 [1.00-
3.50], P = .05) were significantly associated with type 2 neurologic injuries.
Survival was 96%, and 4.2% had persistent focal neurologic deficits at the time of
hospital discharge.

Conclusions: Leukoaraiosis is a significant independent predictor of nonfocal post-
operative neurologic morbidity following aortic arch replacement surgery. Preop-
erative evaluation with magnetic resonance imaging allows identification of a
patient subgroup at risk and implementation of strategies aimed at improving
neurologic outcome.

ostoperative neurologic complication is a serious concern in patients under-

going aortic arch replacement surgery.'™ Identification of risk factors that

adversely affect neurologic outcome is an important step toward reducing
neurologic morbidity and mortality. Although history of symptomatic stroke has
been described as a determinant of postoperative stroke and early mortality after
aortic arch surgery,* the significance of chronic ischemic cerebral white matter
(WM) disease has not been clearly defined in the perioperative setting. Leukoara-
iosis is a descriptive term for neuroimaging abnormalities of the WM, appearing as
patchy or confluent subcortical and periventricular hypodensity on computed to-
mography or hyperintensity on T2-weighted magnetic resonance imaging (MRI). It
reflects pathologic and chronic ischemic demyelination of WM tracts and, as such,
is distinct from small vessel stroke of lacunar infarction. These silent brain lesions
are often seen on brain MRI scans of elderly patients with hypertension, diabetes,
with or without prior history of stroke or dementia.’ Prior studies suggest that
leukoaraiosis predicts future risk of stroke and disability in the general popula-
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Abbreviations and Acronyms
ACP = antegrade cerebral protection
CPB = cardiopulmonary bypass
CPBT = cardiopulmonary bypass pump time
FLAIR = fluid-attenuated inversion recovery

MAP = mean arterial pressure

MRI = magnetic resonance imaging
OR = odds ratio

RCP = retrograde cerebral protection
WM = white matter

tion.>'%12 This study sought to determine whether these
silent brain lesions present increased risks for adverse neu-
rologic outcome in the postoperative period after aortic arch
replacement surgery.

Materials and Methods

Demographic, clinical, and intraoperative data were collected from
a retrospective chart review of 142 patients (143 cases) who had
repair of the ascending and aortic arch between April 2000 and
December 2004. Preoperative MRI evaluations were obtained on
patients in whom the surgeons anticipated total arch replacement
surgeries. All consecutive patients with preoperative MRI were
analyzed. The study was approved by the Institutional Review
Board of the Cleveland Clinic Foundation.

All MRI scans were acquired at the Cleveland Clinic using
standard MRI protocol comprising axial T1-weighted, T2-
weighted, and fluid-attenuated inversion recovery (FLAIR) se-
quences (slice thickness 5 mm, interslice gap 0.5 mm). Subcortical
WM lesions were visually rated using the semiquantitative Schel-
ten’s scale.'® This scale was previously validated for inter- and
intraobserver agreement'? and showed moderate to good interob-
server agreement compared with the Fazekas and Rotterdam Scan
Study Scales on baseline cross-sectional assessments of WM le-
sions.'* Based on the Schelten method, WM hyperintensity was
graded on brain T2-weighted or FLAIR MRI sequences based on
the extent and confluency of WM signal abnormality in the
periventricular and subcortical locations. Periventricular WM hy-
perintensity adjacent to the anterior, body, and posterior horns of
the lateral ventricles was each graded O to 2 based on the thickness
of “caps” or “bands” adjacent to the lateral ventricles. Subcortical
WM hyperintensity in each of the frontal, parietal, temporal, and
occipital lobes was graded 0 to 6 based on the number and
confluency of the WM lesions.'® The subcortical and periventricu-
lar scores were added, yielding a total possible score of 30. To
differentiate from lacunar infarction, leukoaraiosis was defined
on brain MRI as hyperintense T2 lesions without corresponding
hypointense T1 lesions. Imaging analysis was performed by
researchers blinded to the clinical and surgical details of the
patients. Figure 1 shows the MRI scans of varying leukoaraiosis
severity and their corresponding WM scores.

For the total arch replacements, patients were placed on car-
diopulmonary bypass (CPB) with a side graft attached to the
subclavian or axillary artery. Patients were cooled to a systemic
temperature below 20°C, and then antegrade or retrograde brain

perfusion was established as indicated and reported previously.'> Our
protocols for managing CPB and circulatory arrest have been
described previously.'® Postoperative neurologic complications
were determined by clinical examination by consulting neurolo-
gists and using appropriate neuroimaging. These were stratified
into type 1 (focal ischemic strokes) and type 2 neurologic injuries
(nonfocal encephalopathy and generalized seizures).

Statistical Analysis

Statistical analysis was conducted using the SPSS statistical
package. Univariate associations between potential predic-
tors were analyzed using a Fisher exact test for categorical
variables and a Student ¢ test for continuous variables.
Stepwise binary logistic regression was performed on vari-
ables with a value of P = .20 from the univariate analyses
to determine independent predictors of neurologic injury
postoperatively. Results were reported as odd ratios (ORs)
with associated 95% confidence intervals.

Results

Demographic and clinical baseline characteristics of pa-
tients in the study are shown in Table 1. A total of 26
(18.2%) central nervous system neurologic adverse events
in the postoperative period were recorded, of which 4.2%
had persistent focal neurologic deficits at the time of hos-
pital discharge. The adverse neurologic events consisted of
15 type 1 (10.5%) neurologic injuries; 9 (6.3%) of these had
improved or resolved to baseline at the time of hospital
discharge. Eleven patients had type 2 (7.7%) neurologic
injuries; 6 of these (4.2%) resolved at the time of hospital
discharge. Patients with Marfan syndrome who underwent
aortic arch replacement made up a subgroup (n = 9, 6.3%)
whose members on average were younger (43.4 * 13.3
years). Six of the Marfan patients (67%) had hypertension,
5 (55.6%) had hyperlipidemia, and 3 (33.3%) had coronary
artery disease (nonobstructive or single vessel disease).
Leukoaraiosis was found in 4 patients (44.4%). None of the
Marfan patients had adverse neurologic events in the post-
operative period.

Table 2 shows the independent predictors of adverse
neurologic events in the postoperative period. Moderate to
severe arch atheroma, hemoglobin Alc, and total WM score
were associated with neurologic injury on multivariate anal-
ysis. When stratified based on the type of injury, age and
moderate to severe aortic arch atheroma were significant
independent predictors of type 1 neurologic injury, whereas
higher WM score and preoperative hemoglobin Alc were
associated with type 2 neurologic injury. Compared with
type 1 neurologic injury, patients with type 2 injury were
significantly more likely to have higher WM scores (18 = 8
vs 11 = 6, P <.007). Compared with type 2 injury, patients
with type 1 injury were significantly older (70 = 10 vs 62 *
14 years, P < .014) and were more likely to have moderate
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Figure 1. Composite MRI scans of 3 patients with varying degree of leukoaraiosis and corresponding total WM
score based on the Schelten’s rating method. A-D, Severe leukoaraiosis (WM score of 26). E-H, Moderate
leukoaraiosis (WM score of 17). I-L, Minimal-mild leukoaraiosis (WM score of 3).

to severe atheroma on the aortic arch (OR = 4.4 [1.4-9.7],
P = .012). Hospital survival was 96% (136/142).

Patients who sustained neurologic injury were signifi-
cantly more likely to have a higher length of hospitalization
in comparison with those without neurologic injury (19.5 =
20.3 vs 9.5 £ 5.1 days, P < .0001). Only 42% of patients
with neurologic injury were discharged directly home rather
than to a rehabilitation facility, although 91% of patients
without neurologic injury were discharged home (P =
.0001). Table 3 shows that patients with a higher total WM
score, moderate to severe arch atheroma, and a mean arterial
pressure (MAP) < 50 mm Hg during surgery were less
likely to be discharged directly to home.

On multivariate analysis, none of the intraoperative vari-
ables analyzed was independently associated with neuro-
logic injury (data not shown). Analysis of cerebral protec-
tion with respect to neurologic outcome in these patients
showed no difference between antegrade cerebral protection
(ACP; 10.53%) and retrograde cerebral protection (RCP;
16.67%, P = .31). However, all 4 neurologic events with
the ACP method were comprised of type 1 injury, whereas

only 3 of 5 neurologic events with the RCP method were
focal type 1 injury.

Discussion

The field of aortic arch surgery has evolved with the intro-
duction of new techniques and technologies.''>"'® Preven-
tion of neurologic deficits remains an important goal for
successful total aortic arch repair. The important finding in
this study is that patients with severe leukoaraiosis were
more likely to develop postoperative nonfocal neurologic
events along with a lower probability of being discharged
directly home. The risks were incrementally based on the
severity of WM score, conferring up to a 4.8-fold risk at the
extreme ends of WM severity.

Leukoaraiosis is a common neuroimaging finding in el-
derly and hypertensive patients with small-vessel ischemic
cerebrovascular disease. Although population studies (Car-
diovascular Health Study'' and Rotterdam Scan Study'®)
suggest that leukoaraiosis independently predicts increased
stroke risk in the general population, its impact on postop-
erative neurologic outcome after cardiovascular surgery has
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TABLE 1. Baseline patient characteristics

Age (y = SD) 63 (=14)
Male, n (%) 89 (61.8%)
Hypertension, n (%) 122 (84.7%)
Hyperlipidemia, n (%) 97 (67.4%)
Diabetes mellitus, n (%) 14 (9.7%)
Average preoperative hemoglobin Alc (+SD) 5.40 (=0.9)
Coronary artery disease, n (%) 88 (61.1%)
Preoperative left ventricle ejection fraction, 54.4% (+£7%)
% (+SD)

Atrial fibrillation, n (%) 23 (16.0%)
Valvular disease, n (%) 114 (79.2%)
History of transient ischemic attack, n (%) 21 (14.6%)
History of symptomatic stroke, n (%) 14 (9.7%)
Presence of leukoaraiosis, n (%) 105 (72.9%)
Peripheral vascular disease, n (%) 18 (12.5%)
Tobacco use, n (%)

Never/previous use 128 (90.8%)

Current 13 (9.2%)
Pulmonary disease, n (%) 35 (24.3%)
Renal failure, n (%) 8 (5.6%)
Aortic arch disease type, n (%)

Aneurysm 80 (55.6%)

Dissection 1(0.7%)

Dissection + aneurysm 63 (43.8%)

Coarctation + aneurysm 2 (1.4%)
Type of aortic dissection, n (%)

Stanford type A 36 (25%)

Stanford type B 28 (19.4%)
Severity of aortic atheroma, n (%)

None-mild 93 (65.0%)

Moderate-severe 50 (35.0%)

Surgery timing, n (%)

Elective 141 (97.9%)
Emergent 3(2.08%)
Type(s) of surgery, n (%)
Ascending or total arch 43 (29.9%)
Arch + valve replacement surgery 42 (29.2%)
Arch + CABG 12 (8.3%)
Arch + valve surgery + CABG 21 (14.6%)
Others (arch + aortic endarterectomy, Maze) 26 (18.1%)

CABG, coronary artery bypass grafting; SD, standard deviation.

not been clearly studied. With total aortic arch replace-
ments, we found that leukoaraiosis was associated with
global type 2 but not focal type 1 ischemic events. Focal
type 1 event was more prevalent in patients with moderate
to severe aortic arch atheroma, consistent with previous
studies demonstrating that aortic atherosclerosis is a risk
factor for focal ischemic stroke after cardiac surgery.'” On
the other hand, encephalopathy and seizures associated with
global type 2 injuries were more prevalent in patients with
severe and diffuse leukoaraiosis. The lack of association
between neurocognitive changes and aortic atherosclerosis
has been previously reported by the Neurologic Outcome

TABLE 2. Independent predictors of neurologic injury after
aortic arch surgery

Variable OR 95% CI P value
Any neurologic injury
Moderate-severe arch atheroma 2.5 1.2-6.2 .017
Hemoglobin Alc 23 1.2-4.2 .010
Total white matter score 4.1 1.1-15.1 .030
Type 1 neurologic injury
Age 1.06 1.01-1.13 .02
Moderate—severe arch atheroma 4.4 1.4-9.7 .012
Type 2 neurologic injury
Total white matter score 1.16  1.06-1.27 .002
Hemoglobin Alc 1.8 1.00-3.5 .05

OR, odds ratio; C/, confidence interval.

Research Group and CARE investigators.? It suggests that
other mechanisms, such as hypoperfusion or microembolic
events, may be significant factors underlying this type of
injury. The latter is generally attributed to gaseous bubbles
and/or other smaller particulate matter that are associated
with the CPB procedure.?! Patients with severe leukoaraio-
sis may be more susceptible to the effects of anesthesia,
metabolic derangement, sedating medications, hypoxia, or
subtle cerebral hemodynamic shifts that were not detectable
with our conventional MRI protocol.

Why patients with advanced leukoaraiosis have higher
likelihood of global type 2 injuries after aortic surgery is
not clear. Postmortem and imaging studies showed that
the density of small penetrating vessels**> and regional
cerebral blood flow in the ischemic WM?**?* were re-
duced in patients with leukoaraiosis. These patients may
have a lower symptomatic threshold to the effects of
microemboli or hemodynamic shifts during CPB. Im-
paired subcortical WM vascular reserve may also make
patients with severe leukoaraiosis more susceptible to the
metabolic effects of hyperglycemia and the global effects
of sedating medications. Patients with diabetes have been
shown to have abnormal cerebral autoregulation during
CPB.”

Previous studies of neurologic deficits in patients having
percutaneous interventions, vascular surgery, or cardiac sur-
gery have not examined preoperative MRI evidence of
leukoaraiosis, and this may be the reason for the poor

TABLE 3. Independent predictors of patient not discharged
directly to home

OR 95% CI P value
Total white matter score 1.19 1.08-1.32 .001
Moderate—severe arch atheroma 3.35 1.01-11.2 .049
Intraoperative MAP < 50 mm Hg 6.1 1.4-21.7 .019

Cl, confidence interval, MAP, mean arterial pressure; OR, odds ratio.
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correlation between procedures and postprocedural neuro-
cognitive deficits. This raises the issue that any patient with
cardiovascular disease is likely to have chronic cerebral
WM disease, and treatment of any index disease (for exam-
ple, coronary or carotid disease) may unmask a previously
silent or compensated cerebral ischemic process. This study
suggests that preoperative MRI finding of leukoaraiosis may
be a risk factor of any cardiac surgery and likely of other
interventional/surgical procedures. Indeed, in our previous
prospective study, we found 38% of patients having aortic
arch operations had unexplained preoperative neurocogni-
tive deficits,'” including the control patients having coro-
nary artery bypass in the study.

In this study, intraoperative variables did not indepen-
dently predict neurologic injury after aortic arch repair (data
not shown). In contrast, in a previous investigation, CPB
pump time (CPBT) and circulatory arrest time were found
to be predictive for perioperative stroke in univariate anal-
ysis, and CPBT was an independent predictor of perioper-
ative stroke in the multivariate analysis.* Recent introduc-
tion of multimodal cerebral protection protocol'® and
shorter average CPBT in the current study (mean 108 min-
utes, SD 41 vs 163 minutes, SD 52, in the previous study)
may account for the different findings. A smaller sample
size in the current study may also limit our ability to detect
the complex interplay between various intraoperative
factors.

Neurologic injury after aortic arch replacement surgery
has a significant impact on prognosis. In our study, 4 post-
operative mortalities (2.8%) were associated with neuro-
logic complications. Neurologic injury was associated with
prolonged hospitalization, lower likelihood of being dis-
charged directly to home, and increased need for rehabili-
tation. Using inability to discharge to home after surgery
and the need for rehabilitation as the surrogate index of
disability, we found that both leukoaraiosis and moderate to
severe aortic atheroma independently predicted worse out-
come. Intraoperative MAP < 50 mm Hg was also an
independent predictor of inability to be discharged home,
although it did not predict neurologic injury. It is possible
that intraoperative hypoperfusion affecting other organ sys-
tems, such as renal hypoperfusion and renal failure, may
account for this association.

Progression of leukoaraiosis has been associated with sub-
stantial morbidity due to mobility decline®®>® and falls,* cog-
nitive dysfunction,®® stroke,'®'" and vascular deaths.’!
Whether the use of CPB alters progression of leukoaraiosis is
an interesting question that is a subject for future study. The
pathophysiology of small vessel disease suggests that subcor-
tical ischemia may be unmasked during the low-flow state of
CPB. Patients with severe WM disease burden likely have
lower tolerance to intraoperative hypoperfusion, microemboli,
and postoperative hemodynamic, metabolic, and medication

effects. Close attention to these variables and future prospec-
tive and systematic studies are needed to design preventive
approaches to reduce postoperative morbidity. For example,
maintaining higher perfusion pressure during CPB in patients
with severe leukoaraiosis might be protective. Although we did
not find average intraoperative MAP to be an independent
predictor of neurologic injury in our study, measurement of
average MAP might not be a sensitive indicator of brain
perfusion pressure. The present study suggests that leukoara-
iosis is a useful marker for identifying patients at risk for global
neurologic injury during aortic arch replacement surgery.

There are several limitations inherent in the current study.
Our study lacked formal neurocognitive assessment, which is a
limitation inherent in the retrospective nature of this study. All
of the neurologic events noted as type 1 and type 2 events have
been formally assessed by consulting neurologists and verified
with imaging as necessary. In all patients, the postoperative
encephalopathy represented an overt change from their preop-
erative baseline. The incidence rate was 7.7%, which was
significantly lower than the reported incidence of neurocogni-
tive changes after cardiac surgery in the literature. Subtle
cognitive impairment that was not ascertained in this study
could have underestimated the extent of neurocognitive injury.
Another limitation is the focus on a patient population having
complex procedures such as total arch replacement, with or
without concurrent coronary bypass or valve surgeries. Al-
though we cannot rule out the possibility of bias, 24.3% of
patients in the study had histories of transient ischemic attack
or clinical stroke, which we believe make systematic bias due
to overrepresentation of high-risk neurologic patients seem less
likely. Third, the limited focus on neurocognitive dysfunction
in the early postoperative period without longer-term assess-
ment is another limitation of this study. A previous study has
shown that patients with perioperative neurocognitive injury
were more likely to have long-term neurocognitive disability
and decreased overall quality of life.** Nevertheless, in our
previous prospective study of neurocognitive function after
aortic arch replacement, we found that by 6 months, all the
patients with new deficits (9%) had recovered and had done no
worse on mean scores than control patients having coronary
artery bypass surgery.'” Differences in cognitive measures
used may explain these conflicting findings. The long-term
effect of postoperative neurocognitive dysfunction in patients
with severe leukoaraiosis will need to be assessed in a pro-
spective manner using standardized cognitive measures that
account for practice effect.'®

Despite these limitations, we feel that the impact of leuko-
araiosis on postoperative neurocognitive functioning is a clin-
ically important factor for risk assessment during preoperative
evaluation. It needs to be tested in a larger prospective study
with formal neurocognitive testing to determine the total WM
score thresholds of concern. Quantitative microembolic event
monitoring during surgery may be helpful to determine
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Diabetes mellitus; average preoperative hemoglobin Alc
Coronary artery disease
Left ventricle ejection fraction
A trial fibrillation
Valvular disease
Prior transient ischemic attack
Prior stroke
Presence of leukoaraiosis on brain MRI
White matter score
Peripheral vascular disease
Tobacco use
Never/previous use
Current
Pulmonary disease
Renal failure
Aortic arch disease type
Aneurysm
Dissection
Dissection + aneurysm
Coarctation + aneurysm
Type of aortic dissection
Stanford type A
Stanford type B

Severity of aortic atheroma
None to mild
Moderate to severe
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Emergen
Type(s) of surgery
Ascending or total arch
Arch + valve replacement surgery
Arch + coronary artery bypass grafting
Arch + valve surgery + coronary artery bypass grafting
Others (arch + aortic endarterectomy, Maze)
Intraoperative Variables
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Total arrest time
Total crossclamp time
Degree of hypothermia
Rewarming time
Use of antegrade/retrograde cerebral protection
Antegrade
Retrograde
Average intraoperative MAP
Preoperative hematocrit
Postoperative hematocrit
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