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Abstract

Background—~Patients undergoing cardiac surgery have a high frequency of preexisting cerebral
ischemic lesions, the presence of which appears to predict cognitive sequelae. Patients undergoing
aortic valve replacement for aortic stenosis (AS) incur an exceptionally high risk for perioperative
cerebral ischemia. The extreme risk in this subgroup may arise from the preexisting burden of
cerebral ischemic disease. We tested the hypotheses that increasing age, female sex, coronary
artery disease, and the severity of AS are predictive of the severity of preexisting cerebral
ischemic lesions.

Methods—A total of 95 subjects were included in this study. Subjects were imaged on 1.5 Tesla
magnetic resonance imaging scanners to obtain multimodal image sets which were used for the
automatic segmentation of cerebral lesion volume. The dependence of lesion volume upon age,
sex, coronary artery disease, and the severity of AS were tested.

Results—The results demonstrate a strong correlation between aging, female sex, and white
matter and ischemia-like lesion volume in patients with aortic stenosis.

Conclusions—Women and those of advanced age presenting for aortic valve replacement for
AS may incur a particularly high risk for postoperative neurologic sequelae due to an exceptional
preexisting burden of cerebral ischemic disease.

Postoperative cognitive dysfunction (POCD) occurs frequently (40% to 80%) [1] in patients
after cardiac surgery. While the disorder resolves after weeks to months in most individuals
[2], there may be subgroups especially vulnerable to long-term impairment [3]. Patients
undergoing cardiac surgery have a high frequency of preexisting white matter lesions
(WML) and nonwhite matter ischemia-like lesions (ILL) [4,5], the presence of which
appears to predict acute [6] and long-term POCD [7], as well as new ischemic events [4].

Cerebral white matter is supplied by penetrating arteries with little collateral circulation, and
is therefore vulnerable to ischemic hypoxia [8]. Studies of periventricular hyperintensities
(leukoaraiosis) in aging and dementia reveal arteriolar tortuosity and reduced vessel density
[9-12]. Pathologic findings demonstrate a correlation between WML and arteriosclerosis,
reduced vessel density, microglial activation, cystic microinfarctions, and demyelination
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[13,14]. Immuohistochemical studies implicate hypoperfusion and hypoxia in the genesis of
these lesions [15]. White matter lesions and ischemia-like lesions are also associated with
hypoperfusion and increased oxygen extraction [5].

White matter ischemic lesion burden increases with age and female sex [16,17]. Imaging
biomarkers for systemic atherosclerosis, to include the severity of coronary artery
calcification [18], internal carotid artery intimal-media thickness [19], and degree of carotid
artery stenosis [20], have all been correlated with WML volume. Similarly, aortic stenosis is
now recognized as related to the same inflammatory processes associated with
atherosclerosis [21] and appears to be a biomarker of diffuse atherosclerosis in multiple
organs, to include the brain [22].

White matter ischemic lesion volume at baseline is an important predictor of further
ischemic lesion progression. The mean increase in total brain WML volume was
approximately 2 mL/year over a three-year period in elderly subjects on a baseline of 16 mL
in a study by Sachdev and colleagues [23]. When WMLs involve more than 25% of brain
volume, severe changes in memory and attention occur, and have been associated with a
progressive “sub-cortical vascular dementia” [24].

Patients undergoing aortic valve replacement (AVR) for aortic stenosis, especially when
combined with coronary artery bypass grafting, appear to incur particularly high risk for
perioperative cerebral ischemia, suffering stroke in 6.5% to 8.4% of cases [25-27], with an
additional 30% suffering multiple “clinically silent” acute ischemic lesions [4,28]. Even in
studies where the frequency of reported stroke is lower, the presence of coronary artery
disease (CAD) and need for revascularization during AVR doubles the stroke risk [29]. The
coexistence of severe ascending aortic atherosclerosis with CAD also predisposes to stroke
(11%) [30]. The high risk in this group may arise from the debridement of the calcific valve
during surgery, clamping of the often calcified ascending aorta during cardiopulmonary
bypass, or from the presence of preexisting large and small vessel cerebral ischemic disease.
Due to the high risk of perioperative cerebral ischemia in the subgroup of cardiac surgery
patients with AS, and the predictive value of WML and ILL volume in predicting both
future ischemic events and cognitive impairment, we tested the hypotheses that increasing
age, female sex, coronary artery disease, and the severity of AS are predictive of the severity
of preexisting cerebral ischemic lesions as measured by WML and ILL volume.

Patients and Methods

Study Population and Magnetic Resonance Imaging (MRI) Datasets

This study was approved by the Institutional Review Board (IRB) of the University of
Pennsylvania and all participants were appropriately consented prior to participation.
Ninety-five (95) subjects were included who were recruited from two sites within the
University of Pennsylvania Health System. Study participants included surgical and control
subjects recruited for the National Institutes of Health funded RO1HL 084375, “Stroke and
Cognition in Surgical Aortic Stenosis,” conducted by the Determining Neurologic Outcomes
from Valve Operations (DENOVO) Investigator Group (see Appendix). Inclusion criteria
were: age 65 years or greater; mild, moderate, or severe-critical AS by standard
echocardiographic and (or) catheterization criteria, with or without concomitant coronary
artery disease; male or female sex; fluency in English or Spanish; and completed the sixth
grade. Subjects were excluded if they had suffered a stroke or transient ischemic attack
within the preceding 6 months, undergone carotid stenting or carotid endarterectomy within
the previous 6 weeks, had active major psychiatric disease, severe visual, auditory, or
learning impairment, or any MRI incompatibility.
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Subjects were imaged on 1.5 Tesla Siemens Magnetom Avanto (Siemens, Erlangen,
Germany) or GE Signa Excite (General Electric Medical Systems, Milwaukee, WI) MRI
scanners. The MR modalities of T1-weighted, T2-weighted, proton density-weighted (PD),
and fluid attenuation inversion recovery (FLAIR) scans were acquired. Eighty-three subjects
were imaged at baseline, prior to surgery, and in 12 subjects imaging was conducted
postoperatively.

Image Processing

The discrimination of lesions primarily employs the multimodal MRI image sets of T1, T2,
PD-weighted, and FLAIR. Integrating information from multiple MRI sequences can
significantly increase the accuracy of the lesion segmentation [31]. When using
postoperative datasets, the additional diffusion-weighted MRI data set, which is exquisitely
temporally sensitive to the detection of new acute ischemic lesions, is compared with the
much less temporally sensitive T1, T2, PD-weighted, and FLAIR image sets [32]. Regions
with any new ischemic lesions can then be excluded or subtracted prior to subsequent lesion
analysis.

A fully automatic, unbiased software approach was employed to conduct lesion
segmentation. The technique, Bayesian automatic lesion segmentation in MRI (BALSAM)
[33], utilizes the information from multimodal MRI sequences (ie, T1, T2, PD, FLAIR), and
applies Bayesian statistical methods to detect significant differences in pixel signal-intensity
or contrast, therefore assisting in the discrimination between normal and abnormal tissue in
multimodal MRI image sets, each modality offering different contrast effects and sensitivity
to ischemic pathology. The method first uses data from a training set of images to determine
appropriate lesion classification statistics, and then it uses these statistics to classify the
presence of lesion in new subjects, which is an example of “machine learning.” The
BALSAM technique has demonstrated a high level of classification accuracy using an
expert neuroradiologist as a standard [33].

Briefly, the image processing included the following steps: first, a study specific brain
template was created based on this specific population; then all MRI modalities were
spatially normalized to this standard template so that spatial coordinates within the brain can
be directly compared in terms of imaging characteristics; finally, BALSAM was employed
to segment the lesions. The original codes-scripts of BALSAM are from Dr. Herskovits'
Laboratory (https://www.rad.upenn.edu/shia/braid/balsam_web/) at the University of
Pennsylvania. Examples of the automatic segmented WML-ILL are shown in Figure 1; the
segmented lesions are recognized as the binary lesion masks.

To demonstrate the lesion map of the study population, we defined the mean lesion mask by

averaging all the lesion masks at each voxel (x,y,z); ie, L(x.y, Z li (x,y,2). Here I
(x,y,2) and l; (x,y,z) represent the mean lesion mask and the i th in VIduaI lesion mask
respectlvely, N being the total number of subjects. Please note, [; (x,y,z) is the binary lesion
mask while L (x,y,z) is in float value reflecting the probabilistic distribution of WML. The
mean lesion mask L (x,y,z) was further projected along axial, coronal, and sagittal
orientations and overlaid onto the “glass brain” (obtained by projecting the template brain
mask along the same three orientations) to form a global lesion map, as shown in Figure 2.

Statistical Analysis

Statistical analysis was performed using JMP 8.0 (SAS Institute Inc, Cary, NC). The
dependence of WML-ILL volume upon the variables age, sex, hypertension, hyperlipidemia,
diabetes mellitus, coronary artery disease, and AS severity was tested with a univariate
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approach. Log transformation of the WML-ILL volume data was required to improve
normality of distribution, and all the p values in the following sections are based on the log-
transformed data.

Summary of Demographics

The mean age of the population studied was 76 years, with women comprising 30% and
men 70% of the total. The clinical characteristics of the population studied are summarized
in Table 1. The frequency of the comorbidity of CAD is noted to increase markedly as AS
severity increases to the severe-critical range. Additionally, WML-ILL volume is noted to
increase by nearly 30% as AS severity progresses to the severe-critical range.

Dependence of WML-ILL Volume Upon Clinical Variables

Comment

We first tested the dependence of WML-ILL volume upon the clinical variables of interest
in the entire group of 95 subjects. Results are presented in Table 2 and Figures 3(A) and
3(B). In this analysis, only aging (p = 0.0001) was significantly associated with increasing
WML-ILL volume, yet female sex (p = 0.058) also appeared to predict WML-ILL volume.
Comparison of WML-ILL volume in those with either mild or moderate AS with those with
severe-critical AS, revealed that more severe stenosis was associated with an increase in
volume (mean = SD) from 8.8 £ 8.3 mL to 11.3 £ 12.3 mL (30%), yet the difference did not
reach statistical significance (p = 0.42).

Univariate analysis was then extended to the population most likely to present for surgery,
those with severe-critical AS. Results are summarized in Table 2 and Figures 3(C) and 3(D).
In this subgroup, while aging was slightly less strongly associated with increasing WML-
ILL volume (p = 0.076), the importance of female sex became more important (p = 0.03).
Among those with severe-critical AS, the mean WMLILL volume (mean = SD) was 6.5 +
3.7 mL in those without associated CAD, but increased to 12.4 + 13.3 mL in those with
coexisting CAD,; this difference did not reach statistical significance (p = 0.38).

Calcific AS [34] is the leading valvular disease in the United States, occurring in 2% of
those greater than 65 years and in 4% of those greater than 85 years of age [35]. The number
of patients with this diagnosis requiring valve replacement is growing rapidly with the aging
of our population. Patients undergoing AVR appear to be at considerably higher risk for
postoperative ischemia [4,28]. In those with coexisting CAD the risk may be even higher
[26].

Aging in our AS population was associated with a greater burden of preexisting cerebral
ischemic disease. Subjects in the current study ranged in age from 65 to 88 years and over
this age range there was a dramatic 11-fold increase in WML-ILL lesion volume. Female
sex accounted for a 50% increase in WML-ILL volume over male counterparts and may
explain, to some degree, the increased frequency of POCD in women after cardiac surgery
previously reported by Hogue and colleagues [36].

Severe-critical AS was associated with a statistically insignificant but potentially important
30% increase in WML-ILL volume compared with those with only mild-moderate AS.
There is clearly a wide variation in WML-ILL volume from subject to subject, and this
contributed to the lack of finding statistical significance between AS severity groups. Based
upon the variance of our WML-ILL data, approximately 600 subjects would be needed in
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the groups in order to find these differences statistically significant. Our study was not
powered to measure this outcome.

The presence of CAD in subjects with severe-critical AS was significantly greater than in
those with mild-moderate AS. This is a known phenomenon, and was not sex specific. What
is more noteworthy is that, among those with severe-critical AS, the coexistence of CAD
was associated with a near doubling in WML-ILL volume. The marked increase in baseline
cerebral ischemic disease in this group may predispose to both POCD and perioperative
cerebral ischemia. Support for this comes from the documented association between the
presence of baseline cerebral ischemic disease and postoperative cerebral ischemia [4] and
POCD [6,7]. Furthermore, there is evidence that patients undergoing AVR for AS with
concomitant coronary artery bypass grafting represent a subgroup at “extraordinary” risk for
postoperative stroke [26].

In conclusion, this is an attempt to study the impact of aging and cardiovascular
comorbidities upon cerebral vascular ischemic disease in an aged population with aortic
stenosis, a particularly high-risk group for the occurrence of postcardiac surgery neurologic
sequelae. The MRI finding of increased preexisting white matter ischemic disease,
previously associated with both POCD and postoperative cerebral ischemic events, was
highly associated in this study with aging and female sex. Women and those of advanced
age presenting for AVR for AS may, because of preexisting cerebrovascular ischemic
disease, incur a particularly high risk for postoperative neurologic sequelae. The severity of
AS may additionally prove in larger studies to be a marker of severe, diffuse atherosclerosis
[37].

INVITED COMMENTARY

Wang and colleagues [1] present interesting data that seeks to evaluate the frequency and
volume of cerebral white matter lesions in patients with aortic stenosis. As the authors
point out, these patients are at particularly high risk for adverse neurologic events after
operations. Thus, understanding the basis for this high risk has important clinical
implications.

The authors nicely summarize the pathologic vascular basis for white matter changes
found with brain magnetic resonance imaging. These lesions are prevalent in the elderly,
are known to represent a manifestation of chronic ischemic brain injury, and are linked to
cognitive decline and stroke. These conclusions are based on data mostly from studies of
community-dwelling adults. The results of the article by Wang and colleagues [1] are,
thus, mostly confirmatory in describing a link between preexisting magnetic resonance
imaging-detected white matter lesions with patient age and female sex.

A weakness of the investigation is the small sample size, which limits the data analysis to
univariate statistics. Whether aortic stenosis per se is independently related to the risk for
white matter lesions or whether this is simply a manifestation of patient age and gender is
unanswered.

That said, one must acknowledge how difficult it is to perform studies involving brain
imaging in cardiac surgical patients. Enrolling a large number of patients to answer these
important questions would be difficult. Perhaps existing databases from large cohort
studies that include results of brain imaging, such as the Framingham
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DENOVO Investigators

Michael A. Acker, MD (Department of Surgery, University of Pennsylvania School of
Medicine, Philadelphia, PA); Joseph E. Bavaria, MD (Department of Surgery, University of
Pennsylvania School of Medicine, Philadelphia, PA); Thomas F. Floyd, MD (Department of
Anesthesiology & Critical Care and Department of Neurology, University of Pennsylvania
School of Medicine, Philadelphia, PA); Tania Giovanetti, PhD (Department of Psychology,
Temple University, Philadelphia, PA); W. Clark Hargrove 111, MD (Department of Surgery,
University of Pennsylvania School of Medicine, Philadelphia, PA); Scott E. Kasner, MD
(Department of Neurology, University of Pennsylvania School of Medicine, Philadelphia,
PA); William H. Matthai, Jr., MD (Department of Medicine, University of Pennsylvania
School of Medicine, Philadelphia, PA); Elias R. Melhem, MD, PhD (Department of
Radiology, University of Pennsylvania School of Medicine, Philadelphia, PA); Emile R.
Mohler 111, MD (Department of Medicine, University of Pennsylvania School of Medicine,
Philadelphia, PA); Rohinton J. Morris, MD (Department of Surgery, University of
Pennsylvania School of Medicine, Philadelphia, PA); Alberto A. Pochettino, MD
(Department of Surgery, University of Pennsylvania School of Medicine, Philadelphia, PA);
Catherine E. C. Price, PhD (Department of Clinical and Health Psychology, University of
Florida, Gainesville, FL); Sarah J. Ratcliffe, PhD (Department of Biostatistics and
Epidemiology, University of Pennsylvania School of Medicine, Philadelphia, PA); Ola A.
Selnes, PhD (Department of Neurology, Johns Hopkins University Hospital, Baltimore,
MD); Wilson Y. Szeto, MD (Department of Surgery, University of Pennsylvania School of
Medicine, Philadelphia, PA); Y. Joseph Woo, MD (Department of Surgery, University of
Pennsylvania School of Medicine, Philadelphia, PA); Susan E. Wiegers, MD (Department of
Medicine, University of Pennsylvania School of Medicine, Philadelphia, PA); Nimesh D.
Desai, MD (Department of Surgery, University of Pennsylvania School of Medicine,
Philadelphia, PA); and Martin G. Keane, MD (Department of Medicine, University of
Pennsylvania School of Medicine, Philadelphia, PA).

Abbreviation and Acronyms

AS aortic stenosis

AVR aortic valve replacement

CAD coronary artery disease

DM diabetes mellitus

FLAIR fluid attenuation inversion recovery
HL hyperlipidemia

HTN hypertension

MRI magnetic resonance imaging

PD proton density-weighted

POCD postoperative cognitive dysfunction
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T1 T1-weighed

T2 T2-weighted

WML-ILL white matter lesions and ischemia-like lesions
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Fig 1.

Representative lesion segmentation result. The lesion typically appears brighter on the
FLAIR scans. (A) FLAIR images, and (B) lesion masks (yellow regions) overlaid on FLAIR
images. (FLAIR = fluid attenuation inversion recovery.)
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Fig 2.

Population lesion distribution map. Lesion distributions are mapped onto a grayscale “glass
brain” (in template space), along coronal (A), sagittal (B), and axial (C) orientations. Most
lesions are periventricular or deep, while few are subcortical.
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Fig 3.

Univariate analyses of the dependence of Ln (WML-ILL volume) upon age and sex, for both
the whole group (including all the subjects with mild, moderate, severe, or critical aortic
stenosis), and the subgroup of severe or critical aortic stenosis subjects.(A) and (B) are the
analyses of age and sex (F - female, M - male) for the whole group, (C) and (D) are the same
analyses for the subgroup. The bars represent mean + SE (standard error). (* Indicates a
significant difference between groups [p < 0.05].)
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Table 1
Clinical Characteristics by AS Severity
AS Severity
Severe-
Mild Moderate Critical
Variable (n=18) (n=35) (n=42)  pValue?
Age 76+5 75+6 76+6 0.53
Sex (Male) 12 (67) 26 (74) 26(62) 051
CAD 9(50.0) 16 (46) 34(81)  0.0025P
HTN 15 (83) 29 (83) 33(79)  0.86
DM 12 (67) 13 (37) 22(52) 0.1
HL 8 (44) 20 (57) 19 (45) 052

WML-ILL Volume (mL) 87+7.2 89%89 11.3+123 054

ap value from one-way ANOVA or XZ test.

bp < 0.05.

Mean * SD or n with percentage of total (%) shown for each group.

AS = aortic stenosis; CAD = coronary artery disease; DM = diabetes mellitus; HL = hyperlipidemia; HTN = hypertension; WML-ILL = white
matter lesions and ischemia-like lesions.
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Statistical Summary of Dependence of Ln (WML-ILL Volume) Upon Clinical Variable of Interest Using

Univariate Analysis

p Value

Whole Group (n = 95)
(Mild, Moderate, and  Subgroup (n = 42)
Variable Severe-Critical AS) (Severe-Critical AS)

Age 0.00012
Sex 0.058
HL 0.13
DM 0.28
HTN 0.75
CAD 0.61

AS severity  0.72-0.99°

0.076

0.0302
0.62
0.38
0.27
0.38

8p < 0.05.

The range of p values, which are from the comparisons for all pairs of AS severity (mild, moderate, and severe-critical) using the Tukey-Kramer
honestly significant difference test.

AS = aortic stenosis; CAD = coronary artery disease; DM = diabetes mellitus; HL = hyperlipidemia; HTN = hypertension; WML-ILL = white
matter lesions and ischemia-like lesions.
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