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Abstract

Objective: Although acute brain infarcts are common after surgical aortic valve

replacement (SAVR), they are often unassociated with clinical stroke symptoms.

The relationship between clinically “silent” infarcts and in-hospital delirium

remains uncertain; obscured, in part, by how infarcts have been traditionally

summarized as global metrics, independent of location or structural conse-

quence. We sought to determine if infarct location and related structural con-

nectivity changes were associated with postoperative delirium after SAVR.

Methods: A secondary analysis of a randomized multicenter SAVR trial of

embolic protection devices (NCT02389894) was conducted, excluding partici-

pants with clinical stroke or incomplete neuroimaging (N = 298; 39% female,

7% non-White, 74 � 7 years). Delirium during in-hospital recovery was serially

screened using the Confusion Assessment Method. Parcellation and tractogra-

phy atlas-based neuroimaging methods were used to determine infarct locations and

cortical connectivity effects. Mixed-effect, zero-inflated gaussian modeling analyses,

accounting for brain region-specific infarct characteristics, were conducted to exam-

ine for differences within and between groups by delirium status and perioperative

neuroprotection device strategy. Results: 23.5% participants experienced postoper-

ative delirium. Delirium was associated with significantly increased lesion vol-

umes in the right cerebellum and temporal lobe white matter, while diffusion

weighted imaging infarct-related structural disconnection (DWI-ISD) was

observed in frontal and temporal lobe regions (p-FDR < 0.05). Fewer brain

regions demonstrated DWI-ISD loss in the suction-based neuroprotection device

group, relative to filtration-based device or standard aortic cannula. Interpreta-

tion: Structural disconnection from acute infarcts was greater in patients who

experienced postoperative delirium, suggesting that the impact from covert peri-

operative infarcts may not be as clinically “silent” as commonly assumed.
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Introduction

Surgical aortic valve replacement (SAVR) for aortic valve

stenosis is common with ~100,000 patients/year undergo-

ing the procedure or its less invasive alternative, trans-

catheter aortic valve replacement (TAVR). Despite

improved surgical outcomes, survival and quality of life

(QoL), a high proportion of patients undergoing both

procedures demonstrate perioperative acute brain infarcts

on diffusion weighted imaging (DWI; range 32%–90%).1–3

Depending upon the rigor of ascertainment and evalua-

tion, infarction leading to clinical stroke is as high as

17% in patients undergoing SAVR,1 but the vast majority

of DWI infarcts are often deemed clinically “silent.” These

covert infarcts are most often discrete and small

(<1 cm3), and generally deemed of little clinical conse-

quence despite their co-occurrence with perioperative

neurocognitive disorders (PND),4 which carry serious

short- and long-term consequences.

PND, which include postoperative delirium (POD) and

postoperative cognitive dysfunction (POCD), occur with

a high prevalence after cardiac surgery (~11%–46% POD;

~15%–60% POCD).5 PND risk is multifactorial, reflecting

a combination of surgical complexity, presurgical health

and cognitive status, perioperative embolic damage, and

postoperative complications. The consequences of POD

can be profound, including a high likelihood of requiring

discharge to a skilled nursing facility and increased 1-year

mortality and rehospitalization risk.6 Given the serious-

ness of stroke and POD, it is critical to identify cardiac

surgery patients at high risk for delirium and to develop

interventions to prevent or mitigate perioperative cerebral

infarction.

Cardiac surgical trials involving neuroradiographic end-

points have commonly used total lesion volume or count

as summary variables of perioperative neurological dam-

age. These summary metrics fail to account for lesion

location, which, independent of aggregate lesion volume,

may have a disproportionate impact on functioning (e.g.,

thalamocapsular infarcts). Aggregate whole-brain volume

metrics obscure valuable information about affected cere-

bral vascular territories, which may have particular rele-

vance for neuroprotection strategy development. In

addition, perioperative DWI infarcts result in white mat-

ter structural connectivity changes, which can be mea-

sured as the percentage of lost white matter tract

connections to specific brain regions due to spatially

overlapping and intervening lesions. A DWI lesion-related

structural disconnection (DWI-ISD) metric in SAVR

patients, thus, reflects perioperative infarct impact on

brain structural connectivity, often in regions linked, yet

remote to the spatial location of an infarct (i.e.,

diaschisis).

In this secondary analysis of randomized controlled

clinical trial data, we used advanced neuroimaging analy-

sis methods and zero-inflated linear mixed-effects

(ZILME)7 modeling to examine for differences in DWI

infarct location, regional infarct volume extent and

regional DWI-ISD among older patients who underwent

SAVR, with and without embolic protection. These

regional neuroradiographic outcome variables were then

compared in patients who did and did not experience

POD to elucidate brain regions where SAVR-related

lesion damage or disconnection could be related to delir-

ium. In addition, we examined whether suction or filtra-

tion embolic protection devices relative to standard aortic

cannula control were associated with a reduction in

regional lesion prevalence, volume, or DWI-ISD.

Methods

Study cohort

The CTSN Neuroprotection Clinical Trial

(NCT02389894) enrolled 383 patients, age 60 years and

older, at 18 North American centers, who were scheduled

to undergo SAVR. Participants were excluded if they had

endocarditis, clinical stroke within 3 months prior to ran-

domization, or underwent either cardiac catheterization,

or cerebral/aortic arch angiography within 3 days of the

planned SAVR.8 This secondary analysis only includes

trial participants who completed both neuroimaging and

delirium screening and who did not experience clinically

evident stroke or possible stroke symptoms [NIH Stroke

Scale (NIHSS) ≤ 2]. These exclusions were established to

narrow focus to only those patients who experienced clin-

ically covert DWI infarcts (n = 298; see CONSORT dia-

gram, Fig. 1A). The demographics of this sub-cohort and

the parent trial are depicted in Table 1.

Surgical procedure and neuroprotection
intervention

Participants undergoing SAVR were randomized to neu-

roprotection intervention with participants receiving

either a filtration-based device, Embol-X, an aortic can-

nula that used intra-aortic filtration to remove particulate

emboli >120 lm via a heparin-coated polyester mesh fil-

ter (i.e., an intra-aortic filtration device), or a suction-

based device, CardioGard, which extracted particulate and

air emboli through a suction side port located posterior

to the aortic perfusion cannula main port (i.e., suction-

based extraction device). The control group received a

standard aortic perfusion cannula.8 Randomization

occurred intraoperatively and stratified patients by

whether their planned surgery included concomitant
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procedures (SAVR alone or SAVR with coronary artery

bypass and/or mitral valve repair).

Delirium screening and stroke
ascertainment

Postoperative delirium screening was conducted at preop-

erative baseline and postoperatively on Days 1, 3, and 7

(�3) using the 3-minute Confusion Assessment Method

(3D-CAM)9 or, for nonverbal/intubated patients, the

Confusion Assessment Method for intensive care unit

(CAM-ICU).10 Screening was conducted by study coordi-

nators or neurology trainees, who had undergone quality

assurance training and certification procedures. POD was

assigned if any of the post-procedure CAM screens were

positive. If no post-procedure CAM screens were positive,

the POD outcome was designated as missing if partici-

pants did not undergo at least two out of the three post-

operative POD screening visits. Serial NIHSS screening

was conducted on all participants prior to surgery and

postoperatively on Days 1, 3, and 7. Clinical stroke out-

come was assigned to patients who experienced stroke as

an adverse event and were adjudicated by neurologists

blinded to trial assignment.

Neuroimaging procedures

All participants underwent 1.5 or 3.0 Tesla MR-based

neuroimaging prior to hospital discharge (mode, MRI

4 days post-surgery). Participant T1-weighted anatomical,

fluid-attenuated recovery (FLAIR), and diffusion weighted

imaging (DWI/ADC; b1000) sequences were acquired.

Baseline, preoperative white matter disease volumes were

derived from FLAIR sequence data, minus any spatially

overlapping acute DWI lesion volumes. A well-validated

supervised learning-based method was used for segmenta-

tion of FLAIR white matter hyperintensities.11 The

method used a large and diverse archival external image

training set of adult multimodal (T1-weighted + FLAIR)

scans collected at 1.5 and 3.0 Tesla strength, from which

semiautomatic delineated reference labels for hyperinten-

sities and other tissue types were generated. Perioperative

infarct volume and location were derived from the DWI

sequence and apparent diffusion coefficient (ADC) maps,

independent of the FLAIR sequence data. A semiauto-

mated segmentation method was used to generate partici-

pants’ DWI lesion maps. This involved manual detection

of participants’ DWI infarcts by a neuroradiologist using

structural imaging and DWI/ADC lesion maps that were

linearly aligned and upon which lesion “seed points” were

placed.12 These seed points were then used as input for

an automated region growing algorithm that delineated

DWI infarct boundaries from 1.5 and 3 Tesla strength

training data to generate regional DWI volumes for sub-

sequent analyses.13 Raw lesion volumes and their regional

extent (i.e., lesion volume/ROI volume) were calculated

within each ROI for subsequent comparison by postoper-

ative delirium status and neuroprotection device

assignment.

Neuroimaging metrics that measure structural connec-

tivity between brain regions have been proposed as more

refined measures for assessing neurocognitive and func-

tional damage following stroke.14,15 To assess the struc-

tural impact of preoperative white matter disease and

Figure 1. Study CONSORT diagram and schematic of trial operations

and outcome timing. (A) CONSORT diagram demonstrating the flow

of patients from the original parent trial through to the current

image-based study sub-cohort. (B) Illustrates the trial design, including

timing of interventions and outcome measures.
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perioperative infarctions on disruption of white matter

tracts connecting proximal and distal brain regions, we

used the Network Modification (NeMo) Toolbox.16

NeMo utilizes lesion volume masks to estimate the mean

percentage of lesion-related loss of cortical and subcorti-

cal connections in diffusion tensor imaging (DTI)-derived

white matter tract streamlines of normative healthy adults

(n = 73; 33 women, 30.2 + 6.7 years). NeMo has been

used to demonstrate patterns of structural connectivity

change associated with white matter disease and lesions in

Alzheimer’s disease dementia, traumatic brain injury and

long-term outcomes following ischemic stroke.17 Change

in connectivity (ChaCo) scores were measured for each

brain atlas ROI, which reflect the percentage of lost DTI

streamline connections to a ROI due to intervening white

matter lesions.

Statistical analyses

Patient demographics were compared across the three

treatment arms (Supplementary Data) (i.e., filtration-

based neuroprotection device, suction-based device or

standard cannula control), between individuals who did

and did not experience POD and between cohorts (i.e.,

between the full trial cohort and secondary analysis

cohort), using t-tests for continuous variables and chi-

squared tests for categorical variables (Table 1).

Modeling approach

The lesion volumetric data was “zero-inflated” for many

of the brain ROIs (i.e., those that did not demonstrate

acute preoperative FLAIR or perioperative DWI infarc-

tion). As such, and to account for the correlation between

FLAIR and FLAIR+DWI from the same patients, we

adopted a zero-inflated linear mixed-effects (ZILME)

modeling approach for ROI’s showing zero-inflated

outcomes.7 The ZILME approach simultaneously fits a

logistic-regression model for a binary outcome (e.g.,

lesion presence vs. absence), and a linear mixed-effects

(LME) model for a continuous outcome (e.g., magnitude

of infarct-related cortical connectivity change or increase

in volume). This approach provides unbiased estimates

and inferences of the SAVR induced changes and differ-

ences between patient groups.

Prior to ZILME analysis, neuroimaging data were log10
transformed to normalize nonzero values. Perioperative

infarct volumes and infarct-mediated cortical disconnec-

tion (i.e., ChaCo values) were evaluated overall, by neuro-

protection strategy and by delirium status. When

modeling the association of infarct damage with POD or

neuroprotection device, we did not include SAVR patients

that experienced acutely debilitating clinical stroke during

their in-hospital recovery (n = 23; mean total DWI

infarct volume 1687 mm3), as we were primarily inter-

ested in the spatial distribution and associated effects of

more common clinically “silent” perioperative DWI

infarcts in participants from the original trial population

(n = 310; median total DWI volume 41 mm3). Fixed

effects for the LME and logistic models within the ZILME

included MRI sequence type (FLAIR, FLAIR+DWI), POD

status and neuroprotection device group, including inter-

action terms between MRI-type and POD and MRI-type

and neuroprotection device, as well as age, sex and

Table 1. Parent clinical trial and sub-study cohort demographic variables and demographic variables by postoperative delirium status.

Demographic and clinical variables Postoperative delirium (POD) status

Parent trial cohort Sub-study cohort p-value POD No POD p-value

N (%) 383 (100%) 298 (77.8%) 65/277a (23.5%) 212/277a (76.5%)

Sex = Female (%) 147 (38.4%) 117 (39.3%) p = 0.88 23 (21.7%) 83 (78.3%) p = 0.69

Age (mean; SD) 73.89 (6.7) 74.02 (6.7) p = 0.69 75 (6.7) 74 (6.8) p = 0.28

Race (%) p = 0.99 p = 0.37

Asian 5 (1.3%) 4 (1.3%) 1 (25.0%) 3 (75.0%)

Black 19 (5.0%) 14 (4.7%) 1 (8.3%) 11 (91.6%)

Not reported 5 (1.3%) 4 (1.3%) 2 (50.0%) 2 (50.0%)

White 352 (91.9%) 276 (92.6%) 61 (23.7%) 196 (76.3%)

Surgical device (%) p = 0.98 p = 0.43

Embol-X (filtration device) 133 (34.7%) 103 (34.6%) 26 (26.5%) 72 (73.5%)

CardioGard (suction device) 118 (30.8%) 90 (30.2%) 21 (25.0%) 63 (75.0%)

Cannula control 132 (34.5%) 105 (35.2%) 18 (18.9%) 77 (81.1%)

History of stroke (%) 21 (5.5%) 15 (5.0%) p = 0.93 4 (30.8%) 9 (69.2%) p = 0.76

History of hypertension (%) 320 (83.6%) 245 (82.2%) p = 0.72 59 (26.1%) 167 (73.9%) p = 0.04

t-test were used for continuous variables and Fisher test for discrete variables.
aPercentages reflect number of study patients in each group, minus patients with incomplete POD outcome data (n = 16) or screened positive for

delirium prior to surgery (n = 5).
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hypertension. A random intercept for patient was consid-

ered for both continuous and logistic models. ROIs that

did not show zero-inflation were analyzed using LME

models with the same covariates. Odds ratios (OR), fold-

change (FCH) and p-values for comparisons of interest

were estimated using contrasts, p-values were adjusted for

multiple comparisons using the Benjamini–Hochberg cor-

rection, which controls the false discovery rate (p-FDR).

A significance threshold of p-FDR < 0.05 was established

for all group-wise comparisons and p-FDR < 0.01 for

within-group change comparisons, unless otherwise

stated. All analyses were performed using R (version

4.2.1).

Results

Patients characteristics

The sub-cohort of SAVR patients with complete neuroim-

aging data and no clinical stroke (n = 298) was represen-

tative of the original cohort of 383 patients (see

CONSORT diagram Fig. 1A; Table 1). Mean age was

74 years (6.7), 39% were female and 7% non-white. The

incidence of POD was 23.5%, excluding 21 patients who

were missing complete presurgical or postoperative delir-

ium screening data or screened positive for delirium prior

to surgery (i.e., 65/277). Nine patients (13.8%) were

screened using the CAM-ICU, of which three were posi-

tive for POD during in-hospital recovery. Among com-

mon risk factors for perioperative stroke, a history of

hypertension was significantly higher in those who experi-

enced POD (p = 0.04), while the prevalence of hyperlip-

idemia and diabetes mellitus type II were not significantly

different between groups (p = 0.89 and p = 0.83,

respectively).

Presurgical FLAIR hyperintensities

Consistent with advanced age and an increased prevalence

of hypertension, all SAVR patients displayed presurgical

FLAIR white matter hyperintensities in at least one white

matter ROI. Likewise, the prevalence of presurgical FLAIR

hyperintensity-mediated structural connectivity alteration

was high in all patients. Although the incidence of presur-

gical white matter hyperintensities and structural connec-

tivity alteration was high, the extent and magnitude of

damage and/or connectivity loss within each ROI was

considerably more variable. Average presurgical FLAIR

hyperintensity volume (expressed as a percentage of the

ROI volume in mL) ranged from 0.0001% to 7% with

the greatest hyperintensity burden observed in bilateral

caudate nuclei, fornix, occipital and frontal lobe white

matter ROIs. This finding is consistent with the

periventricular hyperintensity expression pattern com-

monly observed in patients with chronic ischemic small

vessel white matter disease.18 The magnitude of FLAIR

hyperintensity-mediated structural connectivity loss

(expressed as a percentage of total streamline connections

to a ROI) ranged from 0.04% to 8%. Bilateral occipital/

calcarine cortices, bilateral caudate, right anterior cingu-

lum cortex, bilateral insular cortices, bilateral putamen,

and right thalamus ROIs all showed >1% presurgical con-

nectivity loss relative to normative NeMo tractography

atlas data.16

There were no statistically significant presurgical differ-

ences in regional FLAIR hyperintensity volumes, regional

prevalence of FLAIR hyperintensities or in FLAIR

hyperintensity-mediated structural disconnection between

SAVR patients with and without POD or between stan-

dard cannula control and neuroprotection device groups.

Perioperative DWI infarctions

Following SAVR, there were 18 ROIs with significantly

increased acute DWI infarct incidence (p-FDR < 0.01).

Bilateral cerebellum ROIs showed the greatest change in

lesion number, prior to surgery 7% of patients had

FLAIR hyperintensities impacting the left cerebellum, but

DWI lesion incidence in this region increased signifi-

cantly to 20% of patients following surgery (OR = 11.0;

95% CI: 9.8–12.4) after adjusting for age, sex and hyper-

tension. Similarly, 18% of patients had FLAIR hyperin-

tensities in the right cerebellum, significantly increasing

to 29% with DWI lesion in this region following surgery

(adjusted OR = 7.6; 95% CI: 6.6–8.8). The bilateral pre-

central gyri, right middle frontal gyrus and right superior

parietal lobe ROIs all showed a significant OR > 2, indi-

cating that the number of SAVR patients with lesions in

these ROIs more than doubled after surgery. Six ROIs

demonstrated a significant increase in lesion volume,

most notably, the left and right cerebellum which both

showed >33% increase (FCH > 1.3) in lesion volume

after surgery.

Infarct-mediated structural disconnection (DWI-ISD)

analyses revealed broad, incremental connectivity loss fol-

lowing SAVR, including 86 ROIs showing significant

(p-FDR < 0.01) increases in structural disconnectivity

from perioperative DWI infarcts (Fig. 2). Aggregated into

broad brain territories, of the 86 ROIs showing significant

increases, most were grouped in strategic subcortical

regions (e.g., thalamus) and the limbic, frontal and

parietal cortices. Overrepresentation analysis (ORA)

showed that these 86 ROI were significantly enriched

(p-FDR < 0.1, hypergeometric test) with left hemispheric

regions, parietal lobe regions, and subcortical strategic

regions.
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Perioperative DWI infarctions and
postoperative delirium status

The SAVR patients who experienced POD tended to

exhibit larger fold increases in perioperative cerebrovascu-

lar neurological damage with two ROIs (right cerebellum

and right temporal lobe white matter) reaching statistical

significance (p-FDR < 0.05; see Fig. 3A.1). Lesion volume

in the right cerebellum increased 2.1-fold in patients who

experienced POD relative to 1.3-fold in non-POD

patients, while lesion volume in the right temporal lobe

white matter increased 1.3-fold in POD cases but did not

increase in non-POD patients. Statistically significant

(p-FDR < 0.01) within-group lesion volume extent

increases were observed in the right cerebellum, right

frontal and temporal lobe white matter and left parietal

lobe white matter in patients who experienced POD. A

single ROI in the left frontal lobe white matter showed a

significant within-group lesion volume extent increase in

non-POD patients (Fig. 4).

Although only two ROI showed higher DWI lesion vol-

ume in patients who experienced POD, wider differences

in lesion incidence were observed. A comparison of

group-wise differences in DWI lesion incidence showed

Figure 2. Regional perioperative acute ischemic DWI infarct-mediated cortical disconnectivity in all groups. Heatmap of cortical disconnectivity

associated with acute ischemic diffusion-weighted imaging (DWI) lesions for each ROI, separated by cerebral hemisphere. Measured using change

in connectivity (ChaCo) values, which reflect the % of afferent DTI streamlines impacted within each region-of-interest (ROI). Asterisks indicate

significant change in connectivity from presurgical baseline; *p-FDR < 0.01, **p-FDR < 0.001, ***p-FDR < 0.0001.
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nine ROIs with significantly (p-FDR < 0.05) greater

increase in lesion incidence in POD relative to non-POD

(i.e., right superior frontal gyrus, left superior frontal

gyrus, right middle frontal gyrus, right precuneus, right

calcarine cortex, left calcarine cortex, posterior limb of

the internal capsule, left hippocampus, and right accum-

bens area). For example, the right superior frontal gyrus

showed a significant increase in lesion incidence in POD

patents (OR = 2.2; 95% CI: 1.8–2.6), but in non-POD

patients the increase in lesion incidence was notably smal-

ler (OR = 1.1; 95% CI: 1.8–2.6). Conversely, only two

ROIs (i.e., right precentral gyrus and brain stem) showed

significantly greater incidence increase in non-POD rela-

tive to POD patients (p-FDR < 0.05). Thus, although

SAVR-induced increases in lesion incidence are wide-

spread in patients who did and did not experience POD,

patients with POD showed greater increase in lesion inci-

dence in frontal lobe and occipital cortices, as well as in

limbic cortex of the left mesial temporal lobe.

Patients with and without delirium exhibited statisti-

cally significant (p-FDR < 0.01) within-group fold-

increases in DWI-ISD (e.g., POD 23 ROIs; NoPOD 25

ROIs; Fig. 5), but there was a general trend in a greater

magnitude of DWI-ISD in the cerebellar regions of

patients who experienced POD (Fig. 3A.2). In a direct

comparison of DWI-ISD loss between delirium groups

(p-FDR < 0.05), patients who experienced POD demon-

strated significantly greater connectivity loss in right tem-

poral lobe (i.e., rolandic operculum, Heschl’s gyrus) and

frontal lobe (i.e., right inferior frontal gyrus, left olfactory

cortex, right precentral gyrus) regions (see Figs. 3B

and 5).

Figure 3. Comparing SAVR-induced infarct volume and connectivity loss between patients with and without POD. Scatterplots show average

percent change (95% CI) from presurgical baseline in lesion volume (A.1) or DWI lesion-related connectivity loss (A.2) for each ROI in patients

with POD (y-axis) versus without POD (x-axis). Labels indicate ROIs with POD-change minus NoPOD-change >5% (A.1; right cerebellum and

temporal lobe ROIs significantly different between POD groups, p-FDR < 0.05). The dashed line represents the origin line. Violin plots (B) show

DWI lesion-related connectivity loss change from presurgical baseline within delirium groups for ROIs with significant group-wise differences

(p-FDR < 0.05). Within group change significance denoted as p-FDR: *<0.01, **<0.001, ***<0.0001.
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Perioperative DWI infarctions and
neuroprotection device uses

As reported previously in the parent clinical trial, neither

suction- nor filter-based neuroprotection devices had a

statistically significant effect on aggregate perioperative

DWI lesion volume following SAVR.8 Similarly, in this

secondary analysis, there were no statistically significant

(p-FDR < 0.05) regionally specific changes in DWI infarct

volumes between standard aortic cannula control and

neuroprotection device groups.

However, the suction-based neuroprotection device did

appear to be protective in terms of regional lesion inci-

dence in five ROIs relative to controls (p-FDR < 0.05;

i.e., right cerebellum exterior, left cerebellum exterior,

right precentral gyrus, right hippocampus, and right

superior parietal lobule). Conversely, three ROIs showed

higher lesion incidence in the suction-based neuroprotec-

tion group relative to control (i.e., right middle frontal

gyrus, right precuneus, and left calcarine cortex). The

filtration-based neuroprotection group showed four ROIs

with lower surgery-induced lesion incidence relative to

control (i.e., left cerebellum white matter, right cerebel-

lum white matter, right hippocampus, and right cerebel-

lum exterior). Seven ROIs demonstrate worse lesion

incidence in the filtration-based neuroprotection group

relative to control (p-FDR < 0.05), predominantly in pos-

terior middle cerebral artery territory watershed regions

(i.e., right superior parietal lobule, left superior parietal

lobule, right precuneus), as well as in the left superior

frontal gyrus, brain stem, right calcarine cortex, and right

posterior limb of the internal capsule.

Figure 4. Regional perioperative diffusion-weighted imaging (DWI) lesion extent by cerebral hemisphere and delirium outcome group. Heatmap

of regional perioperative diffusion-weighted imaging (DWI) lesion volumes corrected for individual ROI volumes (i.e., DWI lesion volume/ROI

volume = regional lesion extent), separated by cerebral hemisphere and delirium outcome group. ROIs with lesion extent >0.01% are shown.

Asterisks indicate significant change in regional lesion extent from presurgical baseline; *p-FDR < 0.01, **p-FDR < 0.001, ***p-FDR < 0.0001.
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There were no statistically significant differences between

neuroprotection groups in DWI-ISD. However, an exami-

nation of change in DWI-ISD within treatment groups

found 10 ROIs with significant perioperative decline in the

standard aortic cannula control group (FCH > 1.1,

p-FDR < 0.01), 14 ROIs with significant loss in the filter-

based neuroprotection group (FCH > 1.1, p-FDR < 0.01),

but only 1 ROI (right cerebellum crus 1; FCH = 2.47,

p-FDR = 0.003) with significant perioperative reduction in

the suction-based neuroprotection group (Fig. 6).

Discussion

In this study, we describe the spatial distribution, regional

lesion incidence, and structural disconnection effects of

presurgical FLAIR and postoperative DWI abnormalities

in a cohort of older adults who underwent SAVR strati-

fied by delirium status and perioperative embolic

neuroprotection type.

We found DWI lesion incidence and volume increased

significantly in select cortical regions subserved by

Figure 5. Significant SAVR-associated DWI infarct changes in structural connectivity are more frequently observed in patients who experienced

postoperative delirium. Heatmap shows the mean perioperative DWI lesion-mediated connectivity loss (DWI-ISD) for each ROI, separated by

hemisphere and delirium outcome. Stars indicate ROIs with significant within-group fold-change in SAVR-induced connectivity loss from

presurgical baseline (p-FDR corrected). Blue bracket bars indicate ROIs with significant differences (p-FDR < 0.05) in DWI-ISD between POD and

no POD groups (see Fig. 3).
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posterior and middle cerebral artery territories following

SAVR. There were significantly greater perioperative

infarct volume increases in the right cerebellum and tem-

poral lobe white matter of patients who experienced POD

after SAVR (Fig. 3A.1). DWI lesion-mediated structural

disconnection (DWI-ISD) effects were also more preva-

lent in patients who experienced POD. In these patients,

greater loss of structural connectivity due to DWI infarcts

was observed in frontal and temporal lobe regions (i.e.,

right precentral gyrus, inferior frontal lobe, Rolandic

operculum, Heschl gyrus, and left olfactory cortex; see

Fig. 3B). Finally, we observed that use of a suction-based

neuroprotection device, which captures both particulate

and gaseous materials, may be associated with fewer brain

regions impacted by DWI-ISD (i.e., 1 ROI) compared to

use of filtration-based neuroprotection or standard aortic

cannulation (i.e., 14 and 10 ROIs, respectively; Fig. 6).

Preoperative white matter hyperintensity burden may

pose a potential POD risk in both cardiac and non-

cardiac surgical populations,19–21 but the literature is

inconclusive on this point.20,22,23 Preoperative cerebral

infarcts have been found to be significant predictor of

POD following isolated CABG (n = 153; 10.5% POD

incidence; odd ratio 2.26, 95% CI 1.10–4.78), along with

preoperative cognitive decline and the presence of ascend-

ing aortic atherosclerosis.24 However, this finding may

reflect more acute cerebrovascular damage than incre-

mentally accumulating chronic ischemic white matter

hyperintensities. We found that presurgical white matter

hyperintensity volumes and associated structural

Figure 6. Reduced DWI infarct-mediated structural connectivity loss with embolic capture neuroprotection device use during SAVR. Brain region

heatmap shows the mean perioperative DWI lesion-mediated connectivity loss for each ROI, separated by hemisphere and surgical device group.

Stars indicate ROIs with significant within-group fold-change in connectivity loss from presurgical baseline (p-FDR < 0.01).
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disconnectivity, while present and considerable, did not

significantly differ between patients who did or did not

experience POD following SAVR. Presurgical WMH

lesion prevalence revealed some variation between neuro-

protection groups and aortic cannula controls in a small

number of regions, but there were no statistically signifi-

cant differences between these groups for total WMH vol-

ume or associated structural disconnection.

To date, an association between acute brain DWI

infarct location and delirium has been posited by case

studies suggesting the importance of strategic lesion loca-

tion in the basal ganglia and cerebellum.25 The observed

spatial distribution of DWI infarcts in this study were

consistent with neuroimaging results from CABG,26,27

TAVR2,28 and the recent ACE Cardiolink-3 aortic arch

repair trials.29 DWI infarcts were found to be more highly

concentrated in posterior cerebral and middle cerebral

circulation territories and watershed border zones. Peri-

operative infarction damage is often expressed in the cere-

bellum, which is consistent with our study results. The

enhanced risk for perioperative cerebellar infarctions

could be related to the increased vascular density of the

cerebellum, combined with the possible presence of verte-

bral stenosis, on the infarct distribution in patients

undergoing aortic cannulation.30 Additionally, right hemi-

spheric frontal lobe motor, inferior frontal and temporal

lobe sensory regions appear to be preferentially impacted

in SAVR patients who developed POD. It is known that

pre-existing motor and sensory impairments are risk fac-

tors for POD. Reduced motor and supplemental motor

area functional connectivity is associated with increased

risk for frailty,31,32 which, in turn, is a salient risk factor

for delirium after cardiac33 and noncardiac surgery. It is

possible that the observed reduced primary motor region

disconnectivity in POD patients reflects diaschisis from

their greater incidence of DWI infarction in the cerebel-

lum (Figs. 3D and 4).

Distinct from standard radiographic FLAIR and DWI

lesions, white matter fractional anisotropy (FA) reduction

in the cerebellum has been detected in the postoperative

MRIs of those who have experienced ICU-related delir-

ium relative to matched healthy controls,34 as well as in

the presurgical MRI data of patients who subsequently

developed delirium after noncardiac surgery.35 Thus,

independent of surgery type, vulnerability of the cerebel-

lum to perioperative infarction and the associated risk for

subsequent delirium appears to be high. The pathophysio-

logical mechanisms of this association are still relatively

obscured, but the role of the cerebellum in brain network

oscillatory activity via the cortico-thalamo-cerebellar path-

way is one hypothesis, as dysfunction in this circuit can

have a negative impact on interhemispheric communica-

tion and has been suggested as the basis for “dysmetria of

thought.”36–38 Non-motor deficits arising from lesions

damaging the cortico-cerebellar connection, such as the

cognitive abnormalities seen in patients with cerebellar

cognitive affective syndrome (aka. Schmahmann’s

syndrome)39 are routinely observed during delirium states

(e.g., executive dysfunction, affective dysregulation, atten-

tion, and working memory impairment).40,41

Our finding of increased perioperative DWI-ISD loss to

the right inferior frontal gyrus of patients who developed

POD is also intriguing, as this region has been identified

as a central “hub” of the brain’s salience functional

network.42 The salience network assigns importance to

incoming external stimuli, acting as an intermediary net-

work mediating switching from internal, self-referential

processing (i.e., default mode network), and task-related

functional network processing demands. Pertinent to our

findings, salience network functional connectivity has

been found to be negatively impacted by chronic cerebro-

vascular white matter disease,43 and inter-network dis-

coordination between salience and other task-related

functional brain networks and the default mode network

has been proposed as a pathophysiological expression of

delirium state.44,45

As with the parent clinical trial,8 there were no statisti-

cally significant differences in aggregate, whole brain DWI

infarction volumes, and we did not detect any significant

regional distribution differences in infarcts between neu-

roprotection device groups and controls. Neuroprotection

use, however, appeared to reduce the overall level of

DWI-ISD loss relative to controls (see Fig. 6) with the

suction-based device showing minimal significant periop-

erative increases in structural disconnectivity. In the origi-

nal CTSN Neuroprotection Trial, it was observed that

those patients who received the suction-based device

demonstrated less delirium late in the in-hospital recovery

period compared to controls.8 Together, these results sug-

gest that suction-based devices may better protect against

perioperative embolic damage during SAVR, but in a

regionally specific manner that may have some association

with the type of particulate matter being collected or the

extent of protective coverage of the ascending aortic

vasculature.

It should be noted that our study results are associative

and not causal, but they do provide potential insights

into greater lesion-mediated structural disconnection

changes in POD patients involving regions largely sub-

served by posterior and middle cerebral arteries. It is

important to note that these findings do not necessarily

indicate a protective role of surgical device against POD

pathophysiology, since additional factors such as inflam-

mation and reperfusion injury likely contribute to POD

and connectivity loss, independently of surgical device.

Selection bias in studies with mixed participation in
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neuroimaging has been raised with respect to possible dif-

ferences between those who do develop delirium com-

pared to those who do not and the implications of the

bias on possible POD-related neuroimaging associations.46

While selection bias cannot be completely ruled out as a

possible factor in our results, there were no significant

demographic differences between our study sub-cohort

(i.e., those with complete neuroimaging data and without

clinical stroke) and the parent clinical trial cohort

(Table 1). Our use of a stringent NIHSS exclusionary

threshold (NIHSS ≥2) to ensure that no clinical stroke

patients were included in the study analyses also intro-

duced selection bias for patients with possible milder

stroke symptoms, but this was done to restrict analyses to

better understand the possible clinical consequences of

more common “covert” DWI infarcts and their possible

association with delirium. It is also important to note the

narrow racial diversity in the clinical trial cohort. Partici-

pants were 93% white, thus limiting the wider generaliz-

ability of our findings to diverse surgical groups. Lastly, it

is important to note that postoperative delirium was not

screened daily in the parent clinical trial. Screening with

CAM-based instruments occurred on in-hospital recovery

Days 1, 3, and 7, which allows for the possibility that

some in the non-POD group may have experienced that

condition and went undetected by study personnel. This,

in turn, may have diluted our ability to detect additional

significant differences between POD and non-POD

groups in some of our analyses.

Region specific connectivity metrics, coupled with zero-

inflated modeling have revealed key insights into the rela-

tionship between POD and SAVR-induced covert infarcts.

Findings of cerebral embolic load and acute postopera-

tive neuropsychological task decline associations have

been mixed,47,48 but intriguingly, the resolution of DWI

infarcts upon subsequent neuroimaging tends to track

positively with the resolution of any acute postoperative

cognitive decline.49 The association of DWI infarcts and

acute neurocognition may be stronger in procedures

where there is greater risk of gaseous emboli (e.g.,

SAVR),50 and it is notable that of the neuroprotection

device groups in this study, the loss of DWI-ISD

appeared to be the least in those randomized to a device

that captured both particulate and gaseous emboli. Fur-

thermore, our results suggest that postoperative delirium

may be associated with widely distributed and sudden loss

in structural connectivity in multiple regions, but notably

prevalent in the cerebellum and salience network-related

cortical regions.

Future cardiac surgery clinical trials involving neuroim-

aging data should consider lesion-related structural dis-

connection metrics, like DWI-ISD, as potential primary

or secondary trial outcomes. Our study suggests that

regional structural disconnectivity from acute periopera-

tive infarction may play a role in the expression of post-

operative delirium, which, in turn, present avenues for

additional targeted neuroprotection of POD-vulnerable

brain regions.

Author Contributions

J.N.B: conception and design of study, results interpreta-

tion, drafting of manuscript. L.E.T.: data analysis, manu-

script preparation, results interpretation. G.E.: data

acquisition and analysis. J.R.O.: data analysis, data man-

agement. A.K.: data analysis and statistical consultation.

A.J.M., A.I., and J.M.: drafting of manuscript. E.B.: acqui-

sition and analysis of data, statistical consultation. M.A.,

M.M., P.O., and A.C.G.: conception and design of study,

drafting of manuscript. M.S-F.: conception of data analy-

sis, manuscript preparation, results interpretation. S.R.M.:

conception and design of study, manuscript preparation,

results interpretation.

Acknowledgments

The authors would like to acknowledge the dedication

and efforts of the many CTSN research coordinators

without whom this research project would not have been

possible and our patients who so generously participated

in this study. This research was supported, in part, by

funding provided by NHLBI U01-HL088942, NIA R01-

AG074185, and NHLBI R01-HL130443.

Cardiothoracic Surgical Trials Network (CTSN)

The members of the Cardiothoracic Surgical Trials Net-

work (CTSN) who were involved in the parent clinical

trial (NCT02389894) from which this manuscript second-

ary analyses were conducted are as follows:

National Heart, Lung and Blood Institute: Kathleen

Fenton, Marissa A. Miller (ret), Wendy C. Taddei-Peters,

Neal O. Jeffries, Dennis Buxton, Nancy L. Geller, David

Gordon, Catherine Burke, Albert Lee, Tyrone Smith;

National Institute of Neurological Disorders and

Stroke: Claudia S. Moy (ret);

Canadian Institutes of Health Research: Ilana Kogan

Gombos;

Network Chairs: Cleveland Clinic, Marc Gillinov

(Chair); American Heart Association, Mariell Jessup (Vice

Chair); Toronto General Hospital, Richard Weisel, (Chair-

Emeritus); Christiana Care Health System, Timothy J.

Gardner, (Chair-Emeritus); Mount Sinai Health System,

Eric A. Rose, (Vice Chair-Emeritus);

Data Coordinating Center: International Center for

Health Outcomes and Innovation Research at Icahn School

of Medicine at Mount Sinai, Annetine C. Gelijns, Ellen

Moquete, Helena L. Chang, Melissa Chase, Seth D.

274 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Infarct-Related Structural Disconnection in SAVR J. N. Browndyke et al.



Goldfarb, Lopa Gupta, Edlira Dobrev, Ron Levitan, Mile-

rva Santos, Xia Ye Michael K. Parides, Deborah D.

Ascheim, Kinjal Shah, Stephanie Pan, Katherine Kirk-

wood, Karen O’Sullivan;

Clinical Site Investigators: Baylor Research Institute:

Michael Mack (PI), Rachelle Winkle; Cleveland Clinic

Foundation: Marc Gillinov (PI), Carrie Geither; Columbia

University: Michael Argenziano (PI), Sowmya Sreekanth;

Dartmouth-Hitchcock Medical Center: Jock N. McCullough

(PI), Henry Stokes; Duke University: Peter K. Smith (PI),

Stacey Welsh; Emory University: Vinod H. Thourani (PI),
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