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The underlying structural correlates of predisposition to postoperative delirium remain largely unknown.
A combined analysis of preoperative brain magnetic resonance imaging (MRI) markers could improve
our understanding of the pathophysiology of delirium. Therefore, we aimed to identify different MRI
brain phenotypes in older patients scheduled for major elective surgery, and to assess the relation be-
tween these phenotypes and postoperative delirium. Markers of neurodegenerative and neurovascular
brain changes were determined from MRI brain scans in older patients (n = 161, mean age 71, standard
deviation 5 years), of whom 24 (15%) developed delirium. A hierarchical cluster analysis was performed.
We found six distinct groups of patients with different MRI brain phenotypes. Logistic regression analysis
showed a higher odds of developing postoperative delirium in individuals with multi-burden pathology
(n = 15 (9%), odds ratio (95% confidence interval): 3.8 (1.1-13.0)). In conclusion, these results indicate that
different MRI brain phenotypes are related to a different risk of developing delirium after major elective
surgery. MRI brain phenotypes could assist in an improved understanding of the structural correlates of

predisposition to postoperative delirium.

© 2021 The Author(s). Published by Elsevier Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Postoperative delirium is a common complication of major
surgery, characterized by an acute change in attention and aware-
ness with an additional disturbance in cognition (American Psy-
chiatric Association, 2013). Postoperative delirium has an incidence
of 15%-51% during hospital admission of older patients undergo-
ing major elective surgery, and is associated with an increased risk
of adverse outcomes such as prolonged hospital stay and demen-
tia, thereby also increasing healthcare costs (Inouye et al.,, 2014;
Marcantonio, 2017; Saczynski et al., 2012). Known risk factors for
postoperative delirium include advanced age, major surgery (e.g.,
cardiothoracic or orthopedic), comorbidity, and preoperative cogni-
tive dysfunction (Inouye et al., 2014). However, the exact structural
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brain correlates related to predisposition to postoperative delirium
are less clear, mainly due to the heterogeneous brain changes that
are common in older patients.

Previous studies on brain magnetic resonance imaging (MRI)
markers that may reflect this neural substrate have all fo-
cused on the association between one separate preoperative
brain MRI marker and the occurrence of postoperative delirium
(Cavallari et al., 2016, 2015; Hatano et al.,, 2013; Hshieh et al.,
2017; Kant et al., 2017; Maekawa et al., 2014; Otomo et al., 2013;
Shioiri et al., 2015). These markers include preoperative brain vol-
umes as markers for neurodegenerative diseases (Cavallari et al.,
2015; Maekawa et al., 2014; Shioiri et al., 2015), white mat-
ter hyperintensities (WMH) as a marker for small vessel disease
(Cavallari et al., 2015; Hatano et al., 2013) and brain infarcts
as a marker for small and large vessel diseases (Otomo et al.,
2013). However, older patients most often have heterogeneous
brain changes due to aging, reflecting disease processes related to
both neurodegenerative and neurovascular diseases (Vinke et al.,
2018). Therefore, a combined analysis of these brain MRI markers
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could be a better representation of the substrate that predisposes
to delirium. This could result in an improved understanding of the
development of delirium.

We have previously developed a hierarchical clustering ap-
proach to analyze brain MRI markers in a combined way, leading
to the identification of MRI brain phenotypes that were associated
with a different risk of future stroke and mortality within patient
with manifest arterial disease (Jaarsma-Coes et al., 2020). To the
best of our knowledge, no previous studies have focused on the
association between distinct MRI brain phenotypes and postopera-
tive delirium.

In the present study, we aimed to (1) identify different MRI
brain phenotypes in older patients scheduled for major elective
surgery, and (2) assess the relation between these MRI brain phe-
notypes and the occurrence of postoperative delirium.

2. Materials and methods
2.1. Study sample

The present investigation is part of the BioCog Study, which is
a prospective, observational study that aims to identify biomarkers
for postoperative cognitive disorders (Winterer et al., 2018). Partic-
ipants for the study (1) were >65 years of age, (2) did not have
severe cognitive impairment (a mini-mental state exam of >24),
(3) were scheduled for major elective surgery of >60 minutes, and
(4) were able to undergo MRI scanning (Winterer et al., 2018). The
present study included participants from 1 study center (Univer-
sity Medical Center Utrecht). The medical ethical committee has
reviewed and approved this study under protocol number 14-469.
All participants signed informed consent according to the Declara-
tion of Helsinki.

2.2. Procedures

Participants who were scheduled for major elective surgery
were invited for a hospital visit prior to surgery. The visit included
questionnaires by a trained researcher (i.e., demographics, mini-
mental state exam, functional abilities, medical history, and cardio-
vascular risk factors) and an MRI scan. The preoperative American
Society of Anesthesiologists (ASA) score was determined by anes-
thesiologists (in training). After surgery, patients were screened for
postoperative delirium as outlined below.

2.3. Delirium assessment

Delirium was defined according to the fifth edition of the Diag-
nostic and Statistical Manual of Mental Disorders (DSM-5) criteria
(American Psychiatric Association, 2013). To evaluate these crite-
ria, patients were assessed postoperatively by trained researchers
using a daily validated chart-review (Inouye et al., 2005),as well
as the Confusion Assessment Method (CAM), or Confusion Assess-
ment Method for the Intensive Care Unit (CAM-ICU)(Ely et al.,
2001) and the Nu-Desc (Gaudreau et al., 2005) twice daily until
day 7 or until discharge, whichever occurred first.

Patients were considered delirious in case of >2 cumulative
points on the Nu-DESC and/or a positive CAM-ICU score and/or pa-
tient chart review that showed descriptions of delirium (e.g., con-
fused, agitated, drowsy, disorientated, delirious, receiving antipsy-
chotic therapy).

2.4. MRI scans

Participants were scanned on a Philips Achieva 3T MRI scan-
ner. The MRI scanning protocol consisted of a 3-dimensional

(3D) T1-weighted sequence (voxel size = 1.0 x 1.0 x 1.0
mm?3; TR/TE= 7.9/4.5 ms), a 3D fluid-attenuated inversion recov-
ery (FLAIR) sequence (voxel size = 111 x 111 x 0.56 mm?3;
TR/TE/TI = 4800/125/1650 ms), a 2D EPI pseudo-continuous arte-
rial spin labeling (pCASL) sequence (voxel size = 3.0 x 3.0 x 7.0
mm?3; TR/TE=3919/17 ms, label duration = 1650 ms, post label-
ing delay = 1525-2225 ms, with background suppression) and a
diffusion-weighted image (DWI) (voxel size = 0.96 x 119 x 4
mm?3; TR/TE= 3294/68 ms) (Kant et al., 2019). Presence of cortical
and lacunar brain infarcts was visually rated on the T1-weighted,
FLAIR and DWI images by two experienced neuro-radiologists (JB
and TW) according to the standards for reporting vascular changes
on neuroimaging (STRIVE) criteria (Wardlaw et al., 2013).

2.5. MRI image processing

MRI image processing steps have been described previously
(Kant et al., 2019). In short, 3D FLAIR images were registered
to the 3D T1-weighted images using statistical parametric map-
ping version 12 (SPM12; Wellcome Institute of Neurology, Uni-
versity College London, UK, http://www.fil.ion.ucl.ac.uk/spm/doc/)
for Matlab (The MathWorks, Inc., Natick, MA). Thereafter, WMH
were automatically quantified using the lesion segmentation tool-
box (Schmidt, 2017, Chapter 6.1 (Schmidt, 2017)) of the lesion seg-
mentation toolbox version 2.0.15 (www.statistical-modeling.de/lIst.
html) for SPM12. A lesion filling method on the T1-weighted im-
ages was performed using the lesion segmentation toolbox. The
filled T1-weighted images were used for brain tissue segmen-
tation, and cortical surfaces were estimated using the compu-
tational anatomy toolbox for SPM12 (CAT12, Gaser and Dahnke,
Jena University Hospital, Departments of Psychiatry and Neurology,
http://www.neuro.uni-jena.de/cat/index). All segmentations of to-
tal gray matter volume, white matter volume, cerebrospinal fluid
and WMH were visually checked by trained researchers and in
doubt by a neuro-radiologist (JB). Mean cortical thickness was es-
timated per region of the DK-40 atlas (Desikan et al., 2006). WMH
volumes were thresholded, and distinguished per brain lobe as
deep, periventricular or confluent. WMH shape markers (solidity,
convexity, concavity index, fractal dimensions, eccentricity) were
calculated for deep and periventricular or confluent lesions ac-
cording to an in-house developed method (Ghaznawi et al., 2019;
Kant et al.,, 2019). Perfusion images were analyzed using the Ex-
ploreASL toolbox (Mutsaerts et al., 2014), resulting in gray mat-
ter perfusion, white matter perfusion and the spatial coefficient of
variation (CoV).

2.6. Distinguishing MRI brain phenotypes by hierarchical cluster
analysis

The brain MRI markers that were included in the cluster
analysis were brain volumes (total brain volume fraction, gray
matter volume fraction, white matter volume fraction, peripheral
CSF fraction, ventricular CSF fraction, mean cortical thickness
per region of the DK-40 atlas)) WMH (deep WMH volume per
lobe, confluent and periventricular (CP) WMH volume per lobe,
convexity, solidity, concavity index, fractal dimension of confluent
and periventricular lesions, fractal dimension and eccentricity of
deep lesions), brain infarcts (number of cortical infarcts, cortical
infarct volume, number of lacunar infarcts) and perfusion (gray
matter perfusion, white matter perfusion, spatial CoV). Normally
distributed variables were expressed using a Z-score. Non-normally
distributed variables were scaled to a range between -2 and 2, by
normalizing each value (x) between the new minimum (a) and
the new maximum (b): X,ormatized = (b — a)%’% + a, where
a is equal to -2, and b is equal to 2.
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Hierarchical clustering was performed using Ward’s method
in R version 3.5.1(R Core Team, 2018) and packages Nbclust
(Charrad et al, 2014), factoextra (Kassambara, 2017), cluster
(Maechler et al., 2019), and dendextend (Galili, 2015). Hierarchi-
cal clustering is a method to distinguish groups (clusters) based on
the distances between a set of variables. These clusters are orga-
nized as a tree that starts with every patient as a separate cluster,
and then repeatedly merges the 2 closest clusters, updating the
distance matrix. Therefore, all clusters are a union of 2 subclus-
ters, leading to a hierarchical organization. This was repeated un-
til one group (the total group of patients) remains. This approach
can be visualized as a dendogram (see left y-axis of Fig. 2 for an
example). To determine the number of groups that is used for fur-
ther analysis, the dendogram needs to be cut at a certain level.
In an optimally clustered sample, the clustered data have a high
within cluster cohesion, and a high separation between different
clusters. This can be determined using the dunn index (ratio of the
smallest distance between observations in different clusters, to the
largest between cluster distance), which needs to be maximized. It
can also be determined by the heatmap that plots all variables per
group of patients. In the current analysis, both methods were used
to estimate the optimal number of groups.

2.7. Statistical analysis

Between-group differences in demographics were assessed us-
ing a x2 test for categorical variables, and a 1-way ANOVA for
continuous variables. Between-group differences of the brain MRI
markers were assessed by 1-way ANOVA analyses. These analyses
were adjusted for multiple comparisons by a false discovery rate
correction. Logistic regression analysis was performed to assess the
relation between the groups with different MRI brain phenotypes
and postoperative delirium. All groups were entered to the same
model and compared to the reference group by a single unadjusted
logistic regression analysis with postoperative delirium as the de-
pendent variable. A p value of <0.05 was considered statistically
significant.

2.8. Data availability

The datasets generated and analyzed during the current study
are not publicly available as this is a substudy of a still ongoing
consortium study, but may be available from the corresponding au-
thor on reasonable request.

3. Results
3.1. Study sample

A total of 161 participants (mean age 71, standard deviation
(SD) 5 years) were included for the hierarchical cluster analysis
with 95 distinct brain MRI markers of neurovascular and neurode-
generative diseases. See Table 1 for an overview of the demograph-
ics of the total group and Fig. 1 for a flowchart of the inclusion of
participants.

3.2. MRI brain phenotypes

The hierarchical cluster algorithm resulted in the dendogram
and heatmap shown in Fig. 2. Based on both the dunn index (sup-
plementary Fig. 1) and the heatmap, the optimal cut-off was de-
termined at 6 different groups with distinct MRI brain phenotypes.
These groups consisted of 34 (group 1; limited burden, 21%), 39
(group 2; limited burden, 24%), 30 (group 3; limited burden, 19%),
34 (group 4; mainly atrophy, 21%), 9 (group 5; mainly atrophy and

Table 1
Demographics of the study population
n = 161
Age (years) 71 (5)
Gender (female) 51 (32)
ASA
1 19 (12)
2 90 (56)
3 52 (32)
MMSE 28 +£2
BMI 27 £ 4
Current smoking 12 (8)
Diabetes 25 (16)
Hyperlipidemia 58 (37)
Hypertension 78 (49)
Prior stroke 13 (9)

Prior TIA 8 (5)
Type of surgery

Cardiothoracic 35 (22)
Intra-abdominal 54 (34)
Orthopedic 47 (29)
Other* 25 (16)

Data represent the mean (standard deviation), or n (percentage).
ASA, American Society of Anesthesiologists; BMI, body mass index;
MMSE, mini-mental state exam; TIA, transient ischemic attack.

* Ear nose throat, facial, jaw, and plastic surgery.

Eligible patients
contacted for
inclusion: n=2274

Declined
participation: n=1988

‘I

Signed informed
consent: n=286

‘|

scan: n=109

With preoperative
MRI scan: n=177

Exclusion due to
artefacts, motion or
segmentation errors:

n=16

|

\
{ No preoperative MRI

Included in
hierarchical cluster
analysis: n=161

\ J Drop-out (no
L | delirium assessment)
v n=6

= (n=6)

Included in regression
analysis: n=155

Fig. 1. Flow diagram showing the in- and exclusion of participants in the current
study. All patients that met inclusion criteria after screening the electronic health
records (see Methods section 2.1 Study Sample), i.e., all nondemented older indi-
viduals scheduled for major elective surgery were contacted for inclusion for the
whole study duration.
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Fig. 2. Heatmap of the hierarchical clustering algorithm. Every row of this figure represents one participant. Every column represents one brain MRI feature. Blue represents
a low value, white represents a value around zero and red represents a high value. The left side of the image shows the hierarchical clustering tree dendogram with the
separate groups, respectively in red (atrophy and SVD, n = 9), yellow (multiburden, n = 15), blue (mainly atrophy, n = 34), purple (limited burden, n = 34), green (limited
burden, n = 30), and dark red (limited burden, n = 39). For example, the blue values in the red group on top represent a relatively low cortical thickness (more atrophy).
Another example can be seen in the yellow group, as the right part of the heatmap shows a relatively high WMH burden and a relatively high concavity index (CI) in this
group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

SVD, 6%) and 15 (group 6; multiburden, 9%) patients. Table 2 shows
an overview of the main between-group differences in brain MRI
markers (for a full list of brain MRI markers that were used in the
model, see Supplementary Table 1). Each group had a distinct pat-
tern of brain MRI markers that have driven the distinction made by
the hierarchical clustering algorithm, representing different combi-
nations of neurodegenerative and neurovascular brain changes. The
mean age of patients in each group ranged from 68.9 + 3.2 (mean
+ SD) to 75.4 + 6.4 years.

The “limited burden” groups showed the least brain MRI
changes related to neurovascular and neurodegenerative diseases.
There were only small differences in brain changes between the
“limited burden” groups, but the most pronounced differences
were the slightly larger amount of GM atrophy and slightly higher
number of cortical brain infarcts in group 2 and 3 compared to
group 1 (group 1; GM volume (% ICV, mean + SD): 411 + 14,
number of cortical brain infarcts (mean + SD): 0.1 £ 0.2, group
2; GM volume (% ICV, mean + SD): 39.8 + 1.6, number of cortical
brain infarcts (mean 4 SD): 0.4 & 0.7, group 3; GM volume (% ICV,
mean + SD): 39.2 + 1.2, number of cortical brain infarcts (mean
+ SD): 0.4 £ 1.0). The “mainly atrophy” group had an increased

overall disease burden of mostly neurodegenerative origin (group
4; GM volume (% of ICV, mean + SD): 38.1 + 1.8). The “mainly at-
rophy and SVD” group showed a high SVD and global atrophy bur-
den (group 5; WMH volume: (mean + SD) 26.6 + 17.1, GM volume
(% ICV, mean + SD): 35.5 + 1.9), and the “multi-burden” group
showed an overall high disease burden with mostly MRI markers of
neurovascular diseases, and the highest number of brain infarcts in
comparison to other groups (group 6; WMH volume (mean + SD):
23.4 + 17.8 ml, number of cortical brain infarcts (mean + SD): 1.7
+ 3.4, GM volume (mean + SD): 37.8 £ 2.0). The groups differed
significantly on almost all brain MRI markers that were used in
the hierarchical clustering algorithm (Table 2 and Supplementary
Table 1).

Table 3 shows the patient demographics of the different groups.
The groups differed significantly in age, preoperative ASA scores
(with the highest percentage of ASA 3 score in the multiburden
group (group 6; n = 9 (60%)), hypertension (with the highest per-
centage of patients with hypertension in the mainly atrophy and
SVD group (group 2; n = 8 (89%))), and previous stroke/TIA (with
the highest percentage of patients with a previous event in the
multiburden group (group 6; TIA: n = 3 (20%), stroke: n = 5 (36%)).
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Group 1 (n = 34) Group 2 (n = 39) Group 3 (n = 30) Group 4 (n = 34) Group 5 (n = 9)

Group 6 (n = 15)

Limited burden Limited burden Limited burden Mainly atrophy  Mainly SVD and Multi-burden (SVD,  p value
atrophy LVD and atrophy)
Brain and WMH volumes
Total brain (% ICV) 733 £2.0 722 £ 2.1 72.1 £2.0 69.2 £+ 2.1 67.1 +£ 2.6 68.7 +£ 2.4 <0.001
Gray matter (% ICV) 411+ 14 398 +£ 1.6 39.2 £ 1.2 38.1+ 1.8 355+ 1.9 37.8 £ 2.0 <0.001
White matter (% ICV) 3214+ 13 324+ 1.6 328 £ 1.6 311 +£ 15 316 + 1.1 30.1 £ 2.6 <0.001
Peripheral CSF (% ICV) 251+ 1.6 255+ 1.6 259+ 1.5 28.1 £ 1.5 29.7 £ 24 25.8 +£ 4.6 <0.001
Lateral ventricles (% ICV) 1.7 £ 0.6 22 +£1.0 1.9 £ 0.7 2.6 £ 0.7 32+13 35+ 1.6 <0.001
WMH volume 40+7.0 4.1 4+ 3.8 1.7 £ 13 71 £55 26.6 £ 17.1 234 +£17.8 <0.001
WMH shape markers
ConvexityCP 1.2 £ 0.2 1.2 +02 1.1+ 0.1 1.2 £ 0.1 1.1+£03 1.0 £ 0.2 0.001
SolidityCP 0.4 + 0.2 03 £0.2 0.5 £ 0.2 0.2 £ 0.1 0.1 £ 0.0 0.2 £ 0.1 <0.001
Cl 1.1 £ 0.1 1.1 £ 0.1 1.1 £ 0.1 1.1 £ 0.1 1.3 +0.2 1.3 £ 0.1 <0.001
FDCP 1.6 £ 0.2 1.6 £ 0.2 1.5+ 0.2 1.7 £ 0.1 2.0 £ 0.1 1.9 £ 0.2 <0.001
Mean Eccentricity 0.6 £ 0.1 0.6 £ 0.1 0.5 £ 0.2 0.6 + 0.1 0.6 £ 0.0 0.5 £ 0.1 0.716
MeanFDD 1.9 £ 0.3 1.8 £ 0.2 1.8 £ 0.6 1.8 £ 0.2 1.9 +£ 0.2 1.8 £ 0.1 0.962
Brain infarcts
Number of cortical infarcts 0.1 +£0.2 04 + 0.7 04+ 1.0 04 + 1.1 1.2 +18 1.7 £ 34 0.002
Number of lacunar infarcts 0.1 £ 04 0.3 + 0.6 02+ 05 0.4 + 0.8 0.8 +0.8 1.1+£18 0.002
Cortical_infarct_volume 0.0 +£ 0.1 0.5 + 3.0 03 +1.7 03+ 15 0.1 +03 53 £+ 10.9 <0.001
Perfusion
Gray matter perfusion 82.3 + 18.1 93.1 +£ 214 87.6 +£ 16.9 79.8 £+ 20.0 83.1 &+ 32.2 76.7 + 9.8 0.271

Data are represented as the mean =+ the standard deviation per cluster. An ANOVA was performed per variable. p values were false discovery rate corrected, a p value
<0.05 was considered statistically significant. For a complete overview of brain MRI markers and cluster differences see Supplementary Table 1.

Table 3
Characteristics of the study population per cluster
1(n=34) 2 (n = 39) 3 (n = 30) 4 (n = 34) 5(n=9) 6 (n = 15)
Limited Limited Limited Mainly Mainly Small Multiburden (small vessely p
burden 1 burden 2 burden 3 atrophy vessel disease and disease, large vessel disease value
atrophy and atrophy)
Age (M + SD) 68.9 + 3.2 69.4 + 3.6 70.8 + 4.3 743 £ 45 74.4 + 4.2 754 + 6.4 <0.001
Gender (female, N (%)) 16 (47) 13 (33) 6 (20) 12 (35) 0 (0) 4 (27) 0.070
Delirium (N (%)) 1(3) 4(11) 8 (28) 5(16) 1(13) 5 (36) -
ASA (N (%)) 0.025
1 8 (24) 6 (16) 3 (10) 2 (6) 0 (0) 0 (0)
2 22 (65) 19 (49) 19 (63) 20 (59) 4 (44) 6 (40)
3 4(12) 14 (36) 8 (27) 12 (35.3) 5 (56) 9 (60)
MMSE 289 + 1.1 285 + 1.7 28.6 + 1.6 282 + 1.6 27.6 + 2.1 279 £ 15 0.299
BMI (M + SD) 253 +£29 27.1 £ 34 272+ 43 275+ 43 26.8 + 6.7 26.9 +£ 5.0 0.125
Current smoker (N (%)) 2 (6) 0 (0) 3 (10) 4(12) 0 (0) 3 (20) 0.132
Diabetes (N (%)) 2 (6) 6 (15) 4(13) 7 (21) 3(33) 3(20) 0.35
Hyperlipidemia (N (%)) 8 (26) 14 (36) 9 (30) 15 (44) 5(56) 7 (47) 0.416
Hypertension (N (%)) 6 (19) 14 (36) 17 (57) 21 (62) 8 (89) 12 (80) <0.001
Prior stroke (N (%)) 3(10) 2 (5) 2(7) 0 (0) 1(11) 5 (36) 0.004
Prior TIA (N (%)) 2(7) 0 (0) 0 (0) 2 (6) 1(13) 3(20) 0.040
Type of surgery 0.246
Cardiothoracic 2 (6) 11 (28) 8 (27) 7 (21) 1(11) 6 (40)
Intra-abdominal 15 (44) 12 (31) 10 (33) 11 (32) 1(11) 5(33)
Orthopedic 12 (35) 11 (28) 5(17) 12 (35) 5 (56) 2 (13)
Other* 5(15) 5(13) 7 (23) 4(12) 2(22) 2 (13)

ASA, American Society of Anesthesiologists; BMI, body mass index; MMSE, mini-mental state exam; LVD, large vessel disease; SVD, small vessel disease; TIA, transient

ischemic attack.

* Ear nose throat, facial, jaw, and plastic surgery.

3.3. Association with postoperative delirium

4. Discussion

A total of 24 patients developed postoperative delirium (15%).
The percentage of patients with postoperative delirium differed per
group from 3% to 36% (Table 3). Due to the small number of delir-
ium cases in the reference groups (i.e., the groups with the least
amount of brain abnormalities), the groups with limited disease
burden were chosen as a combined reference group (groups 1, 2,
and 3, respectively) for this analysis only. Logistic regression anal-
ysis showed a higher odds of developing postoperative delirium in
the “multi-burden” group (OR (95% CI): 3.8 (1.1-13.0)). No associa-
tion with postoperative delirium was found in the “mainly atrophy
and SVD” group (OR (95% CI): 1.0 (0.1-8.5)) or the “mainly atro-
phy” group (OR (95% CI): 1.3 (0.4-3.8) Figure 3.

We showed that distinct MRI brain phenotypes can be identi-
fied in older patients who are scheduled for major elective surgery.
Furthermore, we found a higher odds of developing postoperative
delirium in patients with multiburden brain pathology.

Recent developments in machine learning techniques have en-
abled analysis of patterns using novel clustering methods. Identifi-
cation of different MRI brain phenotypes can lead to novel insights
into the neural correlates of predisposition to delirium. Our results
revealed six distinct subgroups of patients with different distribu-
tions of brain MRI markers of neurodegenerative and neurovascu-
lar diseases. We have shown that a multiburden MRI brain phe-
notype (e.g., small vessel disease (SVD), large vessel disease (LVD)
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and atrophy) may predispose to developing postoperative delirium.
The difference between this multiburden MRI brain phenotype and
other phenotypes in the presence and volume of cortical infarcts
is striking (Supplementary Table 2), and could have partly driven
the association between the “multi-burden” MRI brain phenotype
and delirium. However, as shown in a recent study within the
same dataset (Kant et al., 2021), the presence of cortical infarcts
alone does not show a strong association with postoperative delir-
ium. Interestingly, it therefore seems that multiple forms of brain
pathology are required to increase the risk of postoperative delir-
ium. Our study also provides further evidence for the hypothesis
that surgery and anesthesia act as a stress test, which increases
the risk of developing delirium in vulnerable patients (i.e., patient
with brain MRI changes related to neurodegenerative or neurovas-
cular diseases).

Future steps that need to be taken to improve our understand-
ing of the relation between preoperative MRI brain phenotypes
and postoperative delirium include identification of the (combina-
tion of) brain MRI markers that are driving the increased risk of
delirium. Our study can act as a guide for brain MRI markers se-
lection for future machine learning studies on increased delirium
risk, starting with selecting the MRI markers that differed most
between groups. Future studies on delirium are also encouraged
to confirm our findings by validating machine learning methods
in other cohorts of surgical patients. To increase comparability be-
tween research cohorts, image acquisition and processing methods
should be standardized and fully automated by implementation of
a standard image processing pipeline, which is tested for accuracy
and robustness. After these steps have been undertaken, identifi-
cation of MRI brain phenotypes might also be used as a person-
alized risk assessment tool for adverse postoperative outcomes in
patients that already had a brain MRI.

To the best of our knowledge, our study is the first to as-
sess preoperative MRI brain phenotypes in relation to postopera-
tive delirium. Strengths of our study include the use of multiple
brain MRI markers in one framework. Furthermore, we mostly in-
cluded markers that can be (semi-)automatically detected on brain
MRI scans, using state-of-the-art quantification techniques based
on publically available software (e.g., CAT12). This increases the
possibility of future standardization and implementation in other
studies. Our method performed an automated, unsupervised ap-
proach to identify groups, possibly leading to new combinations of
brain MRI markers and novel insights that might not have emerged
with a conventional approach. As this is an explorative study, no
power analysis was conducted. Limitations of our study include
that our method has some settings that may seem arbitrary or
subjective, such as the number of groups or the brain MRI mark-
ers that were used. However, we increased objectivity by using
the heatmap and the dunn index for the choice of the number
of groups, and by choosing validated brain MRI markers that can
almost all be automatically quantified. Furthermore, we aimed to
describe our choices in a transparent way, enabling reproducibil-
ity. Another limitation may be the limited number of patients with
postoperative delirium, even though we performed an extensive
delirium screening protocol, incomplete detection cannot be ruled
out. The limited number of patients with postoperative delirium
could be the result of improved postoperative care such as acti-
vation and mobilization (Reuben et al., 2000). Due to the limited
number of delirium cases in the group with the least amount of
disease burden, we had to combine reference groups. This prob-
lem would also occur if we would have taken 2 groups with the
least amount disease burden. Therefore, we followed another ap-
proach by combining the three reference groups that had the least
amount of brain abnormalities. Replication and external validation
of the results of our study in a larger sample is therefore encour-

Limited burden-{

Mainly atrophy- —e———

Mainly atrophy and SVD

Multiburden-| + - 1

OR (95% Cl)

Fig. 3. The association between MRI brain phenotypes and postoperative delirium.
0Odds ratios are shown with a 95% confidence interval.

aged. Another limitation is that a relatively low number of patients
agreed to participate in the current study (Fig. 1). Possible expla-
nations for this are the extensive study protocol including multiple
hospital visits (Winterer et al., 2018), and the population that con-
sisted of older, often frail patients (Kant et al., 2018). Furthermore,
we have included patients with diverse types of surgery, which
may have influenced in itself the risk of postoperative delirium per
group. Due to the limited number of patients per group, we could
not adjust for type of surgery in our analysis.

In conclusion, we have shown that different MRI brain pheno-
types can be identified in older patients who are scheduled for
major elective surgery. Our results may indicate that different MRI
brain phenotypes are related to a different risk of developing post-
operative delirium. MRI brain phenotypes could assist in an im-
proved understanding of the structural correlates that predispose
individuals to postoperative delirium.
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