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Abstract

Background: Cognitive dysfunction after surgery is a major issue in older adults. Here, we determined the effect of APOE4
on perioperative neurocognitive function in older patients.

Methods: We enrolled 140 English-speaking patients >60 yr old scheduled for noncardiac surgery under general
anaesthesia in an observational cohort study, of whom 52 underwent neuroimaging. We measured cognition; A, tau, p-
tau levels in CSF; and resting-state intrinsic functional connectivity in six Alzheimer’s disease-risk regions before and 6
weeks after surgery.

Results: There were no significant APOE4-related differences in cognition or CSF biomarkers, except APOE4 carriers had
lower CSF A levels than non-carriers (preoperative median CSF AP [median absolute deviation], APOE4 305 pg ml~? [65]
vs 378 pg ml~! [38], respectively; P=0.001). Controlling for age, APOE4 carriers had significantly greater preoperative
functional connectivity than non-carriers between several brain regions implicated in Alzheimer’s disease, including
between the left posterior cingulate cortex and left angular gyrus ( [95% confidence interval, CIJ, 0.218 [0.137—0.230];
Prwe=0.016). APOE4 carriers, but not non-carriers, experienced significant connectivity decreases from before to 6 weeks
after surgery between several brain regions including between the left posterior cingulate cortex and left angular gyrus (B
[95% CI], —0.196 [—0.256 to —0.136]; Prwr=0.001). Most preoperative and postoperative functional connectivity differences
did not change after controlling for preoperative CSF Af levels.

Conclusions: Postoperative change trajectories for cognition and CSF A, tau or p-tau levels did not differ between
community dwelling older APOE4 carriers and non-carriers. APOE4 carriers showed greater preoperative functional
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connectivity and greater postoperative decreases in functional connectivity in key Alzheimer’s disease-risk regions,

which occur via AB-independent mechanisms.

Keywords: Alzheimer’s disease; APOE4; cerebrospinal fluid; functional MRI; intrinsic functional connectivity; neuro-

imaging; perioperative neurocognitive disorders; surgery

Editor’s key points

e Patients undergoing noncardiac surgery were
enrolled in an observational cohort study of neuro-
imaging, APOE4 genotyping, cognition, CSF bio-
markers, and resting-state functional connectivity
before and 6 weeks after surgery.

e There were no significant APOE4-related differences
in cognition or CSF biomarkers, except APOE4 carriers
had lower CSF Ap levels than non-carriers.

e APOE4 carriers showed greater preoperative func-
tional connectivity and greater postoperative de-
creases in functional connectivity in key Alzheimer’s
disease-risk regions.

e The disassociation between Alzheimer’s disease
biomarkers and cognitive change from functional
brain connectivity change after surgery in APOE4
carriers underscores the value of multidisciplinary
approaches to understanding the complex aetiology
of perioperative cognitive trajectories.

Nearly seven decades of surgical outcome studies show that
older patients are at increased risk for both acute and lingering
cognitive deficits after anaesthesia and surgery.’ Post-
operative cognitive dysfunction (POCD) is an objective cogni-
tive decline of >1 or >2 standard deviations (sp) from
preoperative baseline that occurs 1-12 months after surgery,
also referred to as postoperative neurocognitive disorder
when it is accompanied by subjective cognitive complaints.?
POCD incidence rates vary depending on surgery type (up to
50% 3 months after cardiac surgery® vs 20% 3 months after
noncardiac surgery’), age group (more than 10% in patients
>60 yr us 5% in middle-aged and younger adults?), and the
threshold used to define cognitive decline.’

The exact relationship between POCD and Alzheimer’s
disease (AD) is unclear, although several lines of evidence
suggest they are related. Patients who develop POCD within
weeks to months after surgery have greater long-term
cognitive decline 5 yr later,®” and patients with preclinical
Alzheimer’s disease and related dementias (ADRD) pathology
(e.g. low CSF AB levels) are at increased risk of POCD.® Thus,
several studies have examined postoperative cognition in
carriers of the apolipoprotein E4 allele (APOE4), the most
common genetic risk factor for late-onset AD, although this
literature is mixed. One retrospective study found no differ-
ence in 6—10 yr cognitive trajectories between middle-aged
APOE4 carriers vs non-carriers.” In older adults, however,
retrospective and prospective studies have found greater
long-term'®'? (i.e. over years) — but not short-term?? (i.e. <1
yr) — cognitive decline after surgery in older APOE4 carriers vs
non-carriers. Prospective observational cohort studies have

found that older APOE4 carriers have worse 5-yr post-
operative cognitive trajectories after cardiac surgery than
non-carriers.’® Furthermore, there is an interaction effect
between APOE4 carrier status and surgery exposure for long-
term cognitive decline.'’ APOE4 carriers who underwent
surgery had worse long-term cognitive decline than both
APOE4 carriers who did not undergo surgery and non-carriers
who had surgery.'?

One potential mechanism for this interaction could be a
postoperative acceleration of pre-clinical AD neuropathology
and related brain connectivity changes in APOE4 carriers. To
evaluate this hypothesis, we studied preoperative to post-
operative changes in cognition, CSF A, tau, and phospho-tau
levels, and functional brain connectivity in community-
dwelling older adult APOE4 carriers compared with non-
carriers undergoing major noncardiac surgery.

Methods
Study registration, human subjects

Data reported here were obtained from patients prospectively
enrolled in the observational cohort study Markers of Alz-
heimer’s Disease and neuroCognitive Outcomes after Periop-
erative Care (MADCO-PC)'® at Duke University Medical Center
(Durham, NC, USA). Patients signed written informed consent
before participation in the MADCO-PC study, in accord with
the Declaration of Helsinki. MADCO-PC was registered with
clinicaltrials.gov (NCT01993836) and approved by Duke Medi-
cal Center Institutional Review Board (5/15/2013).

Patients were eligible to participate if they were English-
speaking, age 60 yr or older, and scheduled for non-
neurological, noncardiac surgery under general anaesthesia
with a planned hospital stay of >1 night.'® Exclusion criteria
included: imprisonment, anticoagulants precluding safe lum-
bar puncture, contraindication to receiving isoflurane or pro-
pofol, or systemic chemotherapy between preoperative and 6
week follow-up (to avoid confounding cognitive effects). There
were no exclusions based on preoperative cognitive
impairment.

Sample collection, neurological disease biomarkers,
and APOE4 genotyping

CSF samples were collected before, 24 h and 6 weeks after
surgery using a 25G pencil-point needle by our established
protocol to reduce pain/complications.'* GSF AB42, tau, and
phospho-taul81lp were measured on an xMAP Luminex plat-
form (Luminex Corp, Austin, TX, USA) using Innogenetics
immunoassay reagents (INNO-BIA AlzBio3, Ghent, Belgium) per
Alzheimer’s Disease Neuroimaging Initiative protocols.'> All
assays were performed in duplicate. AB42 levels were classified
as normal or pathologic based on a cut-off of 250 pg ml~? (5%)
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Screened
N=1690

N=584 Met exclusion criteria

N=859 Declined to participate

N=92 Unable to contact

N=15 Unable to schedule baseline visit

Consented and completed
baseline testing
N=140

Complete 6-week cognitive
testing, APOEe4 genotyping
(N=109)

N=3 Excluded due to surgery cancellation

N=2 Pl withdrawal for postoperative chemo
N=1 Pl withdrawal for postoperative pain
N=22 Patient withdrew or did not

have 6 week testing

N=2 Patient expired prior to 6 weeks

N=1 Unknown APOEz¢4 status
N=51 Incomplete fMRI
N=6 Incomplete CSF

Complete APOEe4, CSF, fMRI data
N=52

Fig 1. MADCO-PC surgical patients consort diagram. Of the 109 patients who returned for 6 week cognitive testing and had APOEe4
genotyping, 52 patients had preoperative and 6 week postoperative neuroimaging and CSF samples obtained at all three time points.
APOE4, apolipoprotein E4; fMRI, functional MRI; MADCO-PC, Markers of Alzheimer’s Disease and neuroCognitive Outcomes after Peri-

operative Care.

for indeterminate values.'® APOE4 genotyping was determined
from whole blood samples as described (see Supplemental
methods).” Patients with an APOE2 allele were included in
the APOE4 non-carrier group, except one patient with an APOE2/
APOE4 compound heterozygous genotype, whom we excluded
from analysis because of the counterbalancing effects of these
two alleles on cognition and ADRD risk.

In the case of missing cognitive or CSF data (see
Supplementary materials), we utilised multiple imputation
using SRCWare software (University of Michigan in Ann Arbor,
MI, USA) based on all known patient and surgical factors in the
full study cohort of 140 patients, and observed cognitive test
scores and CSF biomarker concentrations in the full 140 pa-
tient data set.® We created 10 imputation datasets and used
standard methods to pool across imputed sets.?’

We used Wilcoxon rank sum tests to compare CSF
biomarker levels at baseline, 24 h, and 6 weeks between the
APOE4 carrier groups because of non-normal data distribu-
tion(s). We corrected for multiple comparisons using a false

discovery rate with g=0.05, and we report g-values rather than
P-values. We used Friedman tests to examine CSF biomarker
trajectories over time within each group (APOE4 carriers and
non-carriers). As CSF biomarker data were non-normally
distributed, data were summarised by medians and median
absolute deviations.

Neurocognitive assessment and delirium screening

Neurocognitive assessments were completed within 1 month
before and 6 weeks after surgery using our established
cognitive assessment battery (see Supplemental methods for
individual test details).?! To minimise redundancy, a factor
analysis with oblique rotation was performed on 10 scores
from these individual tests, which resulted in four factors (i.e.
cognitive domains) using factor weights from a comparable
large cohort study.’? These four cognitive domain scores were
averaged together to create a global cognitive index. Periop-
erative change in global cognition and within cognitive do-
mains was defined as the interval change from before to 6
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Table 1 Participant characteristics by APOE4 carrier status. Values listed as either mean (sp), or median [Q1, Q3], or MAD. ‘Based on
pooling of imputed values for larger set of patients with complete follow-up and APOE4 status and the CSF error is MAD, for those with
imaging the CSF data is complete, so no imputation and errors are (Q1, Q3). /Among those with available BIS data. {Among those
receiving gas; P-value key: 'equal variance t-test;?y? test; *Wilcoxon’s test. '"'WMH burden = [White matter hyperintensity volume/
(White matter volume + White matter hyperintensity volume)]. aaMAC, age-adjusted end-tidal minimum alveolar concentration of
volatile anaesthetics; BIS, bispectral index; LOS, length of stay; MAD, median absolute deviation; MMSE, Mini-Mental State Exami-
nation; sp, standard deviation; Q1, first quartile; Q3, third quartile.

Patients with complete follow-up and APOE4

Patients with complete follow-up, APOE4 status,

status neuroimaging, and CSF samples
APOE4 negative APOE4 positive P APOE4 negative APOE4 positive P
(n=74) (n=35) value (n=33) (n=19) value
Patient characteristics
Age (yr), mean (sb) 69.6 (6.9) 68.4 (5.6) 0.349' 68.61 (5.73) 68.74 (5.15) 0.935?
Race (%) 0.360? 0.866
Black or African American 5 (6.8) 5 (14.3) 30 (90.9) 17 (89.5)
Caucasian/White 68 (91.9) 30 (85.7) 3(9.1) 2 (10.5)
Not reported/declined 1(1.4) 0 (0.0) 0 (0.0) 0 (0.0)
Sex (male), n (%) 48 (64.9) 21 (60.0) 0.623% 22 (66.7) 12 (63.2) 0.7982
Height (cm) (Q1, Q3) 173 [165, 180] 173 [163, 180] 0.953% 173 [145, 193] 175 [165, 183] 0.5333
Weight (kg), mean (sp) 84.7 (18.0) 86.7 (19.8) 0.610 84.95 (18.85) 89.93 (16.22) 0.340*
BMI (kg m~?), median [Q1, Q3] 28.0 [24.5, 31.4] 29.5 [24.3, 33.1] 0.548% 28.4 [25.1, 31.4] 30.5 [24.8, 33.1] 0.2843
Years of education, median ~ 14.0 [12.0, 17.0] 16.0 [13.0, 18.0] 0.182% 16 [13, 17] 16 [12, 18] 0.878°
[Q1, Q3]
MMSE total score, median [Q1, 29.0 [28.0, 29.0] 29.0 [27.0, 29.0] 0.065% 29 [28, 30] 29 [27, 29] 0.3993
Q3]
MMSE category (%) 0.3422 0.314?
<20 0(0.0) 1(2.9) 0 (0.0) 1(5.3)
20—24 4 (5.4) 2(5.7) 1 (3.0) 0(0.0)
25-30 70 (94.6) 32 (91.4) 32 (97.0) 18 (94.7)
Baseline cognitive index, mean 0.09 (0.7) 0.03 (0.8) 0.621' 0.06 (0.7) 0.05 (0.8) 0.9641
(so)*
Baseline Ap* 378 (37.9) 305 (65.1)a 0.0013 389 [292, 410]° 298 [245, 376]° 0.0123
Baseline p-tau* 28 (6.1)* 25 (6.9)a 0.268% 28 [22, 33]° 25 [18, 34]° 0.419°
Baseline P-tau/Ap* 0.07 (0.02)2 0.08 (0.02)a 0.375% 0.07 [0.06, 0.09]° 0.09 [0.06, 0.10]°  0.479°
Baseline tau* 48 (7.57)% 47 (9.5)a 0.314° 48 [44, 59]° 44 [35, 52]° 0.186°
Baseline tau/Ap* 0.13 (0.02) 0.15 (0.04)a 0.166> 0.13 [0.11, 0.17]° 0.15[0.12, 0.19]°  0.350°
Surgical characteristics
ASA physical status (%) 0.580? 0.748?
1 1(1.4) 0(0.0) 1(3.0) 0 (0.0)
2 14 (18.9) 9 (25.7) 6 (18.2) 4(21.1)
3 57 (77.0) 26 (74.3) 25 (75.8) 15 (78.9)
4 2(2.7) 0(0.0) 1(3.0) 0 (0.0)
Surgical service (%) 0.4732 0.3942
Thoracic 8 (10.8) 3 (8.6) 4(12.1) 2 (10.5)
General surgery 20 (27.0) 11 (31.4) 11 (33.3) 6 (31.6)
Gynaecology 1(1.4) 1(2.9) 1 (3.0 1(5.3)
Orthopaedics 14 (18.9) 7 (20.0) 7 (21.2) 2 (10.5)
Otolaryngology head and 0 (0.0) 2 (5.7) 0 (0.0) 2 (10.5)
neck
Plastic surgery 2(2.7) 1(2.9) 0 (0.0) 1(5.3)
Urology 29 (39.2) 10 (28.6) 10 (30.3) 5 (26.3)
Block type (%) 0.6912 0.1892
None 62 (83.8) 31 (88.6) 27 (81.8) 18 (94.7)
Regional 11 (14.9) 4(11.4) 6 (18.2) 1(5.3)
Epidural 1(1.4) 0(0.0) 0(0.0) 0(0.0)
Surgery duration (min), 141 [98, 194] 143 [105, 228] 0.643% 129 [98, 161] 145 [84, 261] 0.478>
median [Q1, Q3]
Case average BIS,' median [Q1, 46.6 (42.0, 51.8) 45.8 [40.2, 49.3] 0.764° 44.5 [42.5, 51.5] 46.1 [39.0, 50.6] 0.989°
Q3]
Case average aaMAGC,* median 0.7 [0.7, 0.8] 0.8 [0.7,0.8] 0.490° 0.8 [0.7,0.9] 0.7 [0.7, 0.8] 0.558°
[Q1, Q3]
Intraoperative propofol dose 305 [150, 1201] 552 [170, 1335] 0.459° 200 [140, 970] 729 [150, 1665] 0.1543
(mg), median [Q1, Q3]
Hospital LOS (days), median 2 [1, 3] 2.0[1, 3] 0.648% 21, 3] 211, 3] 0.7873
[, Q3]
Global brain volume metrics
Mean cortical grey matter - - - 2.52 (0.10) 2.55(0.12) 0.308*

thickness

Continued
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Table 1 Continued

Patients with complete follow-up and APOE4

Patients with complete follow-up, APOE4 status,

status neuroimaging, and CSF samples
APOE4 negative APOE4 positive P APOE4 negative APOE4 positive P
(n=74) (n=35) value (n=33) (n=19) value
sp cortical grey matter — - — 0.75 (0.04) 0.76 (0.06) 0.519*
thickness
Grey matter/total intracranial — - - 0.39 (0.03) 0.39 (0.03) 0.775*
volume
White matter/total intracranial — - - 0.33 (0.06) 0.32 (0.02) 0.625!
volume
CSF/total intracranial volume — - - 0.27 (0.05) 0.28 (0.04) 0.250"
White matter hyperintensity — — — 0.01 (0.02) 0.01 (0.02) 0.575*

burden’

Bolded values represent P < 0.05.

weeks after surgery, with O indicating no change, a negative
score indicating cognitive decline, and vice versa.

Neuroimaging data acquisition, preprocessing, and
analyses

By design, because of funding limitations, we planned that
half of the study patients would undergo neuroimaging. In
practice, this meant that 72 patients underwent functional
MRI (fMRI) before surgery and 58 returned for postoperative
neuroimaging. Neuroimaging data were collected within 1
month before surgery and 6 weeks after surgery.?? Structural
and functional neuroimaging data were preprocessed and
analysed using Statistical Parametric Mapping (SPM12, v. 7771;
Wellcome Institute, London, UK) and functional connectivity
CONN Toolbox (v. 19c; McGovern Institute for Brain Research,
Massachusetts Institute of Technology, Cambridge, MA, USA)
in MATLAB (v. R2017b 64-bit; The MathWorks, Inc., Natick, MA,
USA).

Post-processed rsfMRI low-frequency blood oxygen level
dependent (BOLD) MRI data were entered into seed-to-voxel
analyses to test for preoperative differences and preopera-
tive to 6 week postoperative change differences between
APOE4 carriers and non-carriers controlling for age. Seed re-
gions of interest (ROIs) were preselected from the SPM12
Neuromorphometrics Atlas?> % for six key AD-associated
brain regions (i.e. left/right posterior cingulate cortices, left/
right entorhinal cortices, and left/right hippocampal cortices).
Each of the six AD-associated seed ROIs were interrogated for
bivariate correlation with BOLD low-frequency signal
throughout the rest of the brain using a canonical haemody-
namic response function. Resulting participant seed-to-voxel
first-level correlation maps were entered into random-effects
analyses of covariance (ancova) with partitioned error vari-
ance modelling for each a priori ADRD-associated ROI seed.
Statistical significance was set at a peak voxel threshold of
P<0.001 and a family-wise error (FWE) corrected cluster extent
threshold of Pryg<0.05.

The functional correlates of any brain regions identified by
these seed-to-voxel analyses were determined through unbi-
ased queries of a large open-source neuroimaging meta-
analytic database, Neurosynth (http://neurosynth.org),?’ us-
ing MNI atlas coordinates for the peak voxel within any sta-
tistically significant cluster (i.e. database studies reporting

activation within 6 mm). Associated terms were retained if
individual voxel posterior probability >0.75 and seed-based
network meta-analytic coactivation r>0.10. See
Supplementary materials for additional details of the neuro-
imaging methods.

Results
Patient characteristics by APOE4 carrier status

Figure 1 shows the study Consolidated Standards of Report-
ing Trials (CONSORT) diagram. We included all patients who
returned for 6 week postoperative follow-up cognitive testing
and had APOE genotyping in our primary analysis (n=109).
Baseline patient characteristics based on APOE4 carrier sta-
tus are shown in Table 1. None of the patients had a clinical
diagnosis of AD or other related dementias; one patient had
a diagnosis of mild cognitive impairment. There were 31
patients with the APOE3/APOE4 genotype, one patient had
the APOE2/APOE4 genotype, and three patients were homo-
zygous for APOE4. No statistically significant differences in
baseline characteristics were noted by APOE4 genotype,
except that baseline AP levels were lower in APOE4 carriers
compared with non-carriers (median [median absolute de-
viation], APOE4 carriers 305 [65] pg ml~! us non-carriers 378
[38] pg ml~%; P=0.001). There was a trend towards a higher
fraction of patients with low baseline CSF AB42 (i.e. <250 pg
ml~) among APOE4 carriers (9 of 35, 25.7%) us non-carriers (9
of 74, 12.2%), but this difference did not reach statistical
significance (P=0.075), perhaps because of insufficient sam-
ple size.

CSF biomarker trajectories by APOE4 carrier status

APOE4 carriers also had lower CSF AP levels compared with
non-carriers at both 24 h after surgery (304 [68] pg ml~* vs 378
[41] pg ml1~?, respectively; qg=0.020) and 6 weeks after surgery
(297 [61] pg ml~! us 367 [47] pg ml~?, respectively; q=0.025;
Fig. 2a). There were no differences in CSF tau or phospho-tau
levels, or the phosphoTau/AB or Tau/AB ratios between
APOE4 carriers and non-carriers at any time point (q>0.05 for
all). Furthermore, there was no significant change over time in
AP, phosphoTau, tau, phosphoTau/Af, or Tau/AB among
either APOE4 carriers or non-carriers (all multiple corrected
Friedman P-values >0.40).
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Fig 2. Perioperative neurocognitive trajectories by APOE4 genotype. (a) Perioperative CSF AD biomarker trajectories. *P<0.05. (b) Indicated

cognitive trajectories. AD, Alzheimer’s disease.

Cognitive outcomes by APOE4 carrier status

Figure 2b shows global cognitive index and cognitive factor
domain scores before and 6 weeks after surgery. There were
no significant differences in global cognitive change from
before to 6 weeks after surgery between APOE4 carriers and

non-carriers (mean change [sp], 0.03 [0.05] vs 0.04 [0.04],
respectively; P=0.830). There was a decrease in verbal
memory and increases in spatial memory and executive
function performance from before to 6 weeks after surgery
in both APOE4 carriers and non-carriers (P<0.05 for each).
However, there was no difference in baseline performance
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or postoperative change within any individual cognitive
domain between APOE4 carriers and non-carriers (q>0.20 for
all). There was also no difference in the percentage of APOE4
carriers and non-carriers with a >1 sp decrease in >1
cognitive domain from before to 6 weeks after surgery (28.6%
Us 27.0%, respectively), which is a cognitive change threshold
used in numerous prior studies.?>?%30

Neuroimaging differences by APOE4 carrier status
Preoperative/baseline intrinsic functional connectivity

Seed-to-voxel analyses controlling for age identified greater
intrinsic functional connectivity in APOE4 carriers compared
with non-carriers between the left hippocampus seed and left
angular/supramarginal gyrus (B [95% confidence interval, CI],
0.163 [0.108—0.219]; Prywe=0.005; Table 2) and between the left
hippocampus seed and right angular/supramarginal gyrus (8
[95% CI], 0.157 [0.099—0.216]; Prwr=0.031). Similarly, APOE4
carriers had greater intrinsic functional connectivity from the
right hippocampus seed to the angular/supramarginal gyrus
region (B [95% CI], 0.159 [0.112—0.206]; Prwg<0.001; Table 2).
APOE4 carriers also had greater preoperative baseline func-
tional connectivity than non-carriers from the left posterior
cingulate to left angular gyrus region (B [95% CI], 0.218
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[0.137—0.230]; Prwe=0.016) and right posterior cingulate to the
ventral anterior cingulate gyrus (B [95% CI], 0.163 [0.111—-0.215];
PFWE=O~OO3; Table 2)

Meta-analytic Neurosynth?’ associations for the angular/
supramarginal gyrus regions were ‘dorsal attention (network)’
and ‘memory retrieval’. Neurosynth associations for the poste-
rior aspect of ventral anterior cingulate gyrus were ‘motor im-
agery’, ‘supplementary motor’, and ‘sensorimotor’ (posterior
probability >0.75 and meta-analytic coactivation r >0.10 for all).?®

Postoperative resting-state functional connectivity change

Next, we examined differences in preoperative to 6 week
postoperative functional connectivity change between APOE4
carriers and non-carriers. There were APOE4-related differ-
ences in connectivity change between the left posterior
cingulate and left angular/supramarginal gyrus (B [95% CI],
—0.196 [—0.256 to —0.136]; Prwe=0.001) and between the right
entorhinal cortex and left inferior frontal gyrus (B [95% CI],
—0.172 [-0.218 to —0.125]; Ppwg=0.001; Table 2). In both cases,
the significant group by time interactions were driven largely
by significant postoperative reductions in increased baseline
functional connectivity in APOE4 carriers.

Meta-analytic Neurosynth?’ associations for the angular/
supramarginal gyri were ‘recollection’ processes, ‘memory
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Fig 3. Postoperative resting-state functional connectivity changes in APOE4 carriers and non-carriers for Alzheimer’s disease-associated brain
regions. (a.1) A priori left posterior cingulate cortex Alzheimer’s disease-risk seed region-of-interest (SPM12 Neuromorphometrics ROI Atlas).
(a.2) Left angular/supramarginal gyrus region demonstrating statistically significant (peak P<0.001; cluster Prywg<0.05) resting-state functional
connectivity change from preoperative baseline to 6 weeks postoperatively between APOE e4 carrier and non-carrier groups for a.1 seed ROL
(a.3) Distribution of resting-state functional connectivity contrast values (i.e. B, standardised regression coefficient) for APOE groups between
a.1 and a.2 regions at preoperative baseline and postoperatively at 6 weeks. (See Table 2, Postoperative Change section.). (b.1) A priori right
entorhinal cortex Alzheimer’s disease-risk seed region-of-interest (SPM12 Neuromorphometrics ROI Atlas). (b.2) Left dorsolateral prefrontal
cortex region demonstrating statistically significant (peak P<0.001; cluster Pryg<0.05) resting-state functional connectivity change from pre-
operative baseline to 6 weeks postoperatively between APOE e4 carrier and non-carrier groups for b.1 seed ROI. (b.3) Distribution of resting-
state functional connectivity contrast values (i.e. B, standardised regression coefficient) for APOE groups between b.1 and b.2 regions at pre-
operative baseline and postoperatively at 6 weeks. (See Table 2, Postoperative Change section.). Prwe, family-wise error probability.
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Table 2 Statistically significant preoperative baseline and postoperative change intrinsic functional connectivity differences in APOE4
carrier groups for Alzheimer’s disease risk-associated regions of interest (ROIs). ‘Anatomical and Brodmann area labels based upon 7
mm? search range of the Talairach Daemon Database using MNI-to-Talairach non-linear transform coordinates.*' fEffect size of the
difference in mean standardised regression coefficients (f) within brain region clusters demonstrating statistically significant group-
wise effects. "Montreal Neurological Space (MNI) ICBM152 non-linear sixth-generation brain atlas coordinates. Seed-to-voxel, random-
effects, between-group (APOE4-+ vs APOE4—) comparison of preoperative baseline functional connectivity maps, adjusted for age (or
age and preoperative baseline AP)’, or comparison of 6 weeks postoperative minus preoperative baseline functional connectivity
difference maps, adjusting for agell (or age and preoperative baseline AB)*, using a priori ROI seeds from known Alzheimer’s disease risk
regions (i.e. Neuromorphometrics ROI Atlas left/right entorhinal cortices, left/right hippocampi, left/right posterior cingulate cortices)
by hemisphere [APOE4+ (n=19), APOE4— (n=33); peak voxel threshold P<0.001, cluster spatial extent (kg) threshold Prwg <0.05].

Seed/ROI Associated regions (Brodmann areas)* Cluster Cluster SPMr) Hedges’g Cluster
extent (Rg) (Prwe) (effectr)’ maxima®
X y z

Preoperative baseline (controlling for age)
Left hippocampus  Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 364 0.005 5.40 1.41(0.57) —56 —50 48

Right angular gyrus (BA 39)/supramarginal gyrus (BA 40) 244 0.031 4.88 1.27(0.53) 58 —48 34
Right hippocampus Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 1027 <0.001 5.77 1.62(0.62) —52 —50 50
Left posterior Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 260 0.016 4.57 127 (0.53) —54 —56 34

cingulate region

Right posterior Posterior aspect of ventral anterior cingulate gyrus (BA 374 0.003 488 1.49(0.59) 10 —2050
cingulate region 24)/juxtapositional lobule (BA 6)

Preoperative baseline (controlling for age and preoperative CSF AB levels)®

Left hippocampus  Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 460 0.023 4.26  1.40(0.57) —56 —52 48

Right hippocampus Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 845 <0.001 5.63 1.61(0.62) —54 —48 50

Right posterior Posterior aspect of ventral anterior cingulate gyrus (BA 317 0.006 436 1.48(0.59) 12 —2248
cingulate region 24)/juxtapositional lobule (BA 6)

Postoperative change (controlling for age)!

Right entorhinal Left inferior frontal gyrus (pars opercularis; BA 44) 363 0.001 526 1.73(0.65) —48 12 20

Left posterior Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 369 0.001 5.50 1.55(0.60) —58 —54 44
cingulate region

Postoperative change (controlling for age and preoperative CSF A levels)*

Right entorhinal Left inferior frontal gyrus (pars opercularis; BA 44) 327 0.002 539 1.74(0.65) -5012 18

Left posterior Left angular gyrus (BA 39)/supramarginal gyrus (BA 40) 204 0.026 5.04 1.58 (0.61) —58 —54 44

cingulate region

retrieval’, and ‘reappraisal’. Similarly, Neurosynth associa-
tions for the left inferior frontal gyrus were ‘lexical decision’,
‘language network’, and ‘rehearsal’ (posterior probability
>0.75 and meta-analytic coactivation r >0.10 for all).

Relationship of APOE4-related connectivity changes and
CSF AQ levels

APOE4 carriers in this and prior studies had lower CSF AB
levels (Fig. 2a).°>*® Lower CSF AP levels (an indicator of
increased brain AP plaque deposition) have been associated
with altered resting state functional brain connectivity pat-
terns.>* Thus, we examined whether the altered intrinsic
functional connectivity patterns seen in APOE4 carriers were
attributable to CNS A pathology (as indicated by lower CSF Af
levels). We observed only a few differences in preoperative
baseline intrinsic functional results when CSF Ap levels were
included as a covariate with age in the statistical models
(Table 2). Namely, the left hippocampus seed connectivity
differences with the right angular gyrus and left posterior
cingulate seed connectivity difference with the left angular
gyrus decreased below statistical thresholds (Table 2;
Supplementary Fig. S1). The postoperative intrinsic functional
connectivity changes observed between APOE4 carriers and
non-carriers remained unchanged (Table 2; Fig. 3). For both
preoperative and postoperative analyses, altered intrinsic
functional connectivity to the left angular gyrus region in
APOE4 carriers remained significant after controlling for CSF

AP levels (Table 2, Fig. 3; Supplementary Fig. S1). Thus, the
differential intrinsic functional connectivity patterns seen in
APOE4 carriers compared with non-carriers in these regions
were not mediated by lower CSF AP levels in APOE4 carriers.

Discussion

We found that older APOE4 carriers had lower CSF Ap levels
before and after surgery compared with non-carriers,
although there were no statistically significant APOE4-related
differences in postoperative changes in CSF A, tau, or
phospho-tau levels or their ratios. We also did not detect
APOE4-related differences in global or domain-specific post-
operative cognitive change. APOE4 carriers showed signifi-
cantly increased resting-state fMRI (rsfMRI) intrinsic
functional connectivity between specific AD-risk brain regions
before surgery and a greater postoperative decrease in con-
nectivity in some of the same brain regions. Furthermore, the
altered functional connectivity patterns seen before and after
surgery in APOE4 carriers were largely unchanged after addi-
tionally controlling for CSF AP levels. This suggests that
altered functional brain connectivity in community dwelling
older APOE4 carriers occurs independently of AR pathology;
these changes may be related to other CNS proteomic changes
that occur in APOE4 carriers independent of Ap alterations.”

Our findings corroborate the prior finding of no difference
in 6 week postoperative cognitive change between older
APOE4 carriers and non-carriers.'? These findings are also
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consistent with prior studies demonstrating that older adult
APOE4 carriers have lower CSF AB levels,”>*> and increased
connectivity patterns in AD-associated brain functional con-
nectivity networks.>**” Indeed, a recent large cohort study of
APOE4 carriers and non-carriers found that APOE4 carriers
had greater intrinsic functional brain network connectivity
across a wide age range (18—88 yr).*® Furthermore, prior
studies have also shown that functional connectivity changes
in APOE4 carriers may occur independently of amyloid beta
plaque pathology.*

The functional relevance of the greater connectivity within
specific brain regions and networks observed in APOE4 carriers
here before surgery (and in prior studies®) and the reduction
of this greater connectivity after surgery in APOE4 carriers
remains unclear. One hypothesis is that increased functional
brain connectivity helps compensate to maintain normal
cognition despite the greater AD pathology typically present in
APOE4 carriers than in non-carriers. Indeed, several regions
displaying greater intrinsic connectivity in APOE4 carriers
from this study were associated with memory retrieval and
recollection processes. Thus, a loss of increased connectivity
among these memory-associated regions could lead to later
episodic memory deficits, which are among the first observ-
able cognitive deficits in aging APOE4 carriers.

Alternatively, the increased connectivity phenotype seen
in APOE4 carriers may reflect neuronal over-excitation or
excitotoxity, which could accelerate AD-associated neuro-
pathologic processes and contribute to cognitive decline.*
The present findings do not firmly support one of these hy-
potheses over the other, although a loss of a compensatory
process would be generally consistent with the interaction
effect previously observed between APOE4 and surgery
exposure for worsened long-term cognitive decline.’
Studying longer-term postoperative cognitive outcomes in
this and other ADRD risk cohorts could help differentiate
between these two hypotheses. If increased connectivity is a
compensatory process that helps maintain normal cognition
in APOE4 carriers, then a postoperative loss of this increased
connectivity should lead to worsened long-term cognitive
decline than normally seen in APOE4 carriers. Conversely, if
this preoperative increased connectivity pattern is detri-
mental, then a postoperative loss of this increased connec-
tivity pattern would be expected to lead to reduced long-
term cognitive decline in APOE4 carriers.

Our study has several limitations. First, this report includes
data on 109 patients who completed 6 week postoperative
cognitive testing and had APOE4 genotype data, which is
smaller than some,’” but not other,*> studies on this topic.
Second, some of the phenotypes related to APOE4 genotype
have been related to other genomic regions in linkage
disequilibrium with the APOE4 allelic variant, rather than the
C-158-R amino acid mutation in the APOE4-encoded protein.
Third, owing to the lack of non-surgical controls, our com-
parison of cognitive change between APOE4 carriers and non-
carriers do not account for test—retest or potential practice
effects, although they do describe relative differences between
the two genotype groups (APOE4 carriers and non-carriers)
over time.*! Lastly, only 140 of the 1014 eligible patients
whom we contacted agreed to participate in this study; the
majority of patients were unwilling to participate (often
because of concern about lumbar punctures). Thus, future
studies will be necessary to study the extent to which the
findings reported here generalise to the larger population of
older surgical patients.

Our study also has several strengths. First, 52 patients in
this study underwent preoperative and postoperative rsfMRI
scans, cognitive testing, and CSF sampling, making this one of
the largest studies performed to date using these combined
modalities in older surgical patients.’”?® This combination of
techniques (CSF biomarker assays, neuroimaging, cognitive
assessment) provides multifaceted insights into APOE4-
related neurocognitive differences before and after surgery in
older adults. Second, to our knowledge, these findings repre-
sent the first evidence for a human genetic variant associated
with altered intrinsic brain functional connectivity patterns
weeks after surgery and general anaesthesia, providing initial
support for the general idea that there may be human genetic
modifiers of brain functional connectivity patterns after gen-
eral anaesthesia.

Conclusions

Older APOE4 carriers exhibited greater intrinsic functional
brain connectivity within specific AD-associated brain regions
before surgery but displayed a larger reduction in connectivity
than non-carriers after surgery and anaesthesia, within many
of these regions from before to 6 weeks after major noncardiac
surgery. Future studies with longer-term follow-up should
determine if this postoperative decrease in functional hyper-
connectivity between the identified brain regions in APOE4
carriers is associated with worsened long-term cognitive tra-
jectories. More broadly, the disassociation of neuropathologic
biomarker (CSF AP) and cognitive change from functional
brain connectivity change after surgery observed here in
APOE4 carriers underscores the value of multi-disciplinary
approaches to understand the complex aetiology of perioper-
ative cognitive trajectories.
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