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Abstract

INTRODUCTION:Post-operative delirium (POD) is associatedwith increasedmorbid-

ity andmortality but is bereft of treatments, largely due toour limitedunderstandingof

the underlying pathophysiology. We hypothesized that delirium reflects a disturbance

in cortical connectivity that leads to altered predictions of the sensory environment.

METHODS: High-density electroencephalogram recordings during an oddball audi-

tory roving paradigm were collected from 131 patients. Dynamic causal modeling

(DCM) analysis facilitated inference about the neuronal connectivity and inhibition–

excitation dynamics underlying auditory-evoked responses.

RESULTS: Mismatch negativity amplitudes were smaller in patients with POD. DCM

showed that delirium was associated with decreased left-sided superior temporal

gyrus (l-STG) toauditory cortex feedback connectivity. Feedback connectivity alsoneg-

atively correlated with delirium severity and systemic inflammation. Increased inhibi-

tion of l-STG, with consequent decreases in feed-forward and feed-back connectivity,

occurred for oddball tones during delirium.

DISCUSSION: Delirium is associated with decreased feedback cortical connectivity,

possibly resulting from increased intrinsic inhibitory tone.

KEYWORDS

auditory roving oddball paradigm, delirium, dynamic causal modeling, event-related potentials,
evoked response potentials, high-density electroencephalogram, mismatch negativity, postoper-
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Highlights

∙ Mismatch negativity amplitude was reduced in patients with delirium.

∙ Patientswith postoperativedeliriumhad increased feedforward connectivity before

surgery.

∙ Feedback connectivity was diminished from left-side superior temporal gyrus to left

primary auditory sensory area during delirium.

∙ Feedback connectivity inversely correlatedwith inflammation and delirium severity.
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1 BACKGROUND

Delirium is defined as a disturbance in attention and awareness (rep-

resenting an acute change from baseline) and a disturbance in either

cognition or arousal driven by a pathophysiological stressor. Delir-

ium is associated with a doubling in the rate of cognitive decline,1 a

12-fold increased risk of dementia,2 increased costs,3 and increased

mortality4.

Cohort studies have shown that postoperative delirium (POD)

affects up to 53% of patients undergoing major surgery.4 Modifiable

risk factors for POD include infection, inflammation, metabolite dis-

turbances,medication, pain, and sleepdisruption.4 Non-modifiable fac-

tors include older age, cognitive impairment, dementia, and comorbid

diseases.4 The pathophysiology of delirium is poorly understood, with

various theories incorporating disrupted neurotransmission in con-

junctionwith altered network connectivity and neuroinflammation.4–6

The scalp electroencephalogram (EEG) is a useful, non-invasive neu-

rophysiological tool that has been used to provide insights into the

pathophysiology of delirium. In previous studies, EEG slowing, reduced

complexity, and reduced functional connectivity differed between

those with and without delirium.7–9 However, an understanding of

the network dynamics underlying functional changes in neuronal

processing remains a critical knowledge gap.7,8

One framework for cognitive processing focuses on the “Bayesian

brain,” which proposes that the brain predicts current and future

events based on prior experience. As statedmore fully, the brainmakes

sense of the sensory environment by estimating the statistical proba-

bilities of future events based on prior accrued information. A promi-

nent implementation of this concept is predictive coding (PC). The PC

model incorporates a hierarchical neural network in which perception

results from the interaction between bottom-up sensory-driven inputs

and top-down expectations. The network produces prediction errors

when there is discordance in the information (i.e., a mismatch between

the prediction and the “observed” sensory world). This information is

then fed up the cortical hierarchy, and the higher order prediction is

updated.10,11 ThePCmayexplain information processing across awide

range of systems such as sensory, motor, and higher order cognitive

networks.12 The PC model and related analyses have been applied

previously to neurocognitive disorders such as schizophrenia and psy-

chotic features,13 and to detecting abnormalities during the preclinical

phase of Alzheimer’s disease (AD).14

Patients with delirium become disoriented in space and time,

demonstrating significant impairments of cognitive processing similar

to late-stage dementia. Application of a PC framework to deliriummay

help explain the profound disturbances of cognition, attention, and ori-

entation that characterize this state. According to PC, the mechanism

for updating predictions is through feedback signaling to lower levels

of the cortical hierarchy. We hypothesize that POD would be charac-

terized by reduced feedback connectivity, with impaired updating of

predictions about the sensory environment, making processing of new

information slowand inefficient and leading to disorientation aswell as

deficits in attention. We further hypothesize that decreased feedback

connectivity would correlate with increased systemic inflammation

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed thedelirium lit-

erature using traditional (e.g., PubMed, Scopus) sources

and relatedmeeting abstracts and presentations. Various

theories incorporating aderangedneurotransmission and

an altered network connectivity in the brain, as well as

neuroinflammation, have been proposed.

2. Interpretation: Our findings suggest that the predictive

coding framework may provide a useful construct for

understanding delirium pathogenesis and those changes

in sensory processing occurwith delirium. The postulated

underlyingmechanism is that increased cortical inhibition

leads to decreased feedback connectivity, supporting the

cognitive disintegrationmodel.

3. Future directions: Themanuscript proposes a framework

for the generation of new hypotheses and the conduct of

additional studies. Examples include: (a) identifying the

neural correlates of different delirium sub-phenotypes

and symptoms, (b) examining the link between vulnerabil-

ity to delirium and Alzheimer’s disease, (c) investigating

longitudinal changes in hierarchical connectivity over

time in persons who develop delirium.

(consistent with inflammatory models of POD).15 This represents an

extension of our cognitive disintegration model, which proposes that

delirium results when increased inhibitory tone leads to impaired

cortical connectivity.5

In the present study, we apply an established method for studying

PC—the auditory roving oddball paradigm—to patients with delirium.

In this paradigm, tones aredivided into “standards,”which are repeated

tones of unchanging frequency, and “oddballs,” which are tones that

generate surprise by being of a different frequency from the prior

tones. Oddballs generate larger evoked responses, and this response

is conceptualized to reflect prediction error (surprise). This predic-

tion error (surprise) is then communicated down the cortical hierarchy

through feedback connections. By modeling a network of generators

of auditory cortical activity that have been established previously as

key sources of the auditory evoked response,we sought tomeasure the

impact of delirium on hierarchical brain dynamics.

2 METHODS

The data are derived from a perioperative cohort study (IPOD-B3)

registered with ClinicalTrials.gov (NCT03124303) and approved by

the University of Wisconsin–Madison Institutional Review Board

(2015-0374). Patients over the age of 65 undergoing elective, non-

intracranial surgery with an anticipated hospital stay of at least 2 days

were recruited to participate. Participants were excluded if they had
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a documented history of dementia, resided in a nursing home, or could

not complete neurocognitive testing. The work was carried out in

accordance with the Code of Ethics of the World Medical Association

(Declaration of Helsinki) for experiments involving humans.

Resting state7 and roving oddball auditory stimulation EEG data

were collected from participants before and after surgery. A delir-

ium assessment was done immediately prior to the EEG assessments

(both preoperatively and postoperatively). Participants were classified

as delirious or non-delirious at the time of the EEG recording using

the Confusion Assessment Method (CAM+/–,16,17 or CAM-ICU+/– if

ventilated18). The Delirium Rating Scale-Revised-98 (DRS-R-98) was

administered at the same time points to measure delirium severity.

The DRS-R-98 provides a valid measure of delirium severity in a Delir-

ium Rating Scale total score (DRS-TS) over a broad range of symptoms

and is a useful diagnostic and assessment tool.19 A Strengthening the

ReportingofObservational Studies inEpidemiology (STROBE)diagram

of the study design is shown in Figure S1 in supporting information.

Preoperatively, therewere 16 participantswho subsequently devel-

oped POD with available evoked response potential (ERP) data (mean

age ± standard deviation [SD]: 72.0 ± 3.56 years; 7 females) and

106 preoperative “non-delirious” participants (i.e., participants who

did not develop delirium postoperatively while being monitored with

EEG) with available ERP data (mean age ± SD: 72.25 ± 4.67 years; 40

females). Postoperatively, there were 19 “delirium” participants with

available ERP data (mean age± SD: 72.16± 3.42 years; 8 females, and

3 patients with missing preoperative data) and 91 “non-delirious” par-

ticipantswith available ERPdata (mean age± SD: 72.0±4.64 years; 28

females). We included 11 hypoactive, 2 hyperactive, and 6mixed delir-

ium phenotypes in our dataset. Postoperatively, themean (SD) number

of trials includedper participantwere similar across phenotypes (90.23

[29.51] hypoactive, 107 [12.06] hyperactive, and 76.58 [22.43] mixed).

There were 16 “delirium” participants with both pre- and postopera-

tive paired data available and 86 “non-delirious” participants with both

pre- and postoperative paired data available. Data are described as

follows:

1. Delirium PRE: Preoperative data from patients who experienced

delirium postoperatively

2. Delirium POST: Postoperative data from patients who experienced

delirium postoperatively

3. Non-Delirious PRE: Preoperative data from patients who did not

experience delirium postoperatively

4. Non-Delirious POST: Postoperative data from patients who did not

experience delirium postoperatively

3 THE AUDITORY PARADIGM

The auditory roving oddball paradigm (adapted fromGarrido et al.,19,20

as applied in our previous work;14 also in Figure S2 in supporting infor-

mation) consisted of the presentation of a sequence of pure sinusoidal

tones belonging to seven frequencies varying from 500 to 800 Hz in

steps of 50 Hz, with a roving, or sporadically changing, frequency. Each

stimulus train was comprised of tones of one frequency followed by a

train of tones of a different frequency. The number of times the same

tonewaspresented in the same train variedpseudo-randomlybetween

one and eleven. The duration of each tone was 70 ms (with 5 ms rise

and fall times), and the interstimulus interval was set to 500 ms. The

oddball was the first tone in a train of a different frequency from the

preceding train, and the standard stimulus was the sixth tone in the

same frequency train. As standards and oddball were selected as pairs

from the same stimulus train, it ensured that the physical characteris-

tics of the stimuli were identical (Figure S2). As the tones are played in

a randomized fashion, there is no learning effect in this paradigm. The

sequence of the auditory stimuli was delivered via stimulus presenta-

tion software (E-Prime, Psychology Software Tools, Inc.). Headphone

tone volume was adjusted until rated as comfortable. The auditory

paradigmwas delivered in two 6-minute blocks interspersedwith rest-

ing state EEG collection in one session preoperatively and one session

postoperatively, typically on themorning of postoperative day 1 unless

the patient was unable to undergo delirium assessment (e.g., coma)

or the patient refused the EEG (and was not delirious). The median

(interquartile range [IQR]) of the day of postoperative assessment was

1 (IQR 1-1).

3.1 Cognitive testing

Preoperative cognitive tests are reported in the demographics table

(Table S1 in supporting information). The Trail-Making Test Part B

(TMT-B) measures mental flexibility, executive function, speed, and

attention by requiring the participants to connect a series of numbers

alternating with letters and is also scored by the number of seconds

taken for completion, with a cut-off time of 300 seconds.

3.2 Blood samples and cytokine analysis

Blood sampleswere collected for biomarker analyses at the time of the

preoperative andpostoperative EEG. Plasma sampleswere collected in

ethylenediamine tetraacetic acid (EDTA)-containing tubes and stored

at−80◦C. Amultiplex assay was conducted at Eve Technologies (Mon-

treal, Canada), and the cytokines measured were interleukin (IL)-1

beta, IL-1 receptor antagonist, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, mono-

cyte chemoattractant protein 1 (MCP-1), and tumor necrosis factor

alpha (TNF-α).

3.3 EEG data acquisition, preprocessing, and
extraction of ERPs

High-density EEG data were acquired at a 250 Hz sampling rate using

a 256-channel system (Electrical Geodesics, Inc.), capable of accepting

8-bit digital trigger input. EEG data were processed in EEGLAB,21

a toolbox running in MATLAB (The MathWorks Inc.). EEG signals

were bandpass filtered between 1 and 40 Hz. Data segments heavily
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compromised by artifacts were detected by the EEGLAB function

“clean_artifacts” and removed. The detected noisy channels by the

same function were also removed (then later replaced by interpolated

data before the final epoch “averaging”). Non-neuronal artifactual

components (due to eye movements, muscle activity, and cardiac elec-

tric field) were detected and rejected using independent component

analysis (ICA). After pre-processing, EEG data were segmented to

epochs of interest ([−100 to 400 ms] relative to stimulus onset at

0 ms) separately for oddball and standard stimuli, and further bad

epochs exceeding a threshold of ± 150μV were rejected. Finally, in

each individual subject, the auditory ERPs for standard and oddball

stimuli were obtained by the method of averaging of the previously

obtained epochs followed by baseline correction (i.e., subtraction

of the mean amplitude during the baseline [−100 to 0 ms] interval).

Difference waves were calculated by subtracting the averaged ERP of

standard stimuli from the averaged ERP to oddball stimuli. Mismatch

negativity (MMN) amplitudes were obtained from the difference

waves at each time point as well as mean scores at an interval of

interest post-stimulus onset (124–176 ms), based on the prior liter-

ature for the known timings of the MMN effect .22 Grand averages

for ERPs of standard, oddball, and MMN waveforms in Delirium PRE

(N = 16), Delirium POST (N = 19), Non-Delirious PRE (N = 106), and

Non-Delirious POST (N = 91) conditions were obtained by averaging

respective individual subject ERPs. No significant differences were

found in the accepted number of trials for standard and oddball stimuli

between all conditions data compared (t tests: P> 0.05).

3.4 Statistics on scalp ERP data

Prior to performing DCM, we conducted scalp-based analyses to con-

firm we could detect relevant changes in the EEG. Non-parametric

permutation-based t statistics were used to compare the MMN ampli-

tudes between subgroups or conditions (primary comparison:Delirium

POSTvs.Non-DeliriousPOST, aswell as secondary comparisons:Delir-

ium POST vs. Delirium PRE, Delirium PRE vs. Non-Delirious PRE)

at each sensor of the 256-channel array for individual time points

and averages from the time interval of interest (124–176 ms) for

MMN (Fieldtrip toolbox function ft_statistics_montecarlo operated

from function ft_timelockstatistics).23,24 The correction for multiple

comparisons and for the primary comparison was performed using

the threshold-free cluster enhancement (TFCE) method implemented

in FieldTrip toolbox,23,25 running in MATLAB. TFCE overcomes the

need to define the cluster-forming threshold. For the secondary com-

parisons, the resulting Monte Carlo significance for the mean signal

from frontocentral sensors (a typical spatial exploration for MMN on

scalp space) was corrected for multiple comparisons based on t values

for the actual comparisons within a null distribution generated from

storing extreme t values across all time points in the time interval of

interest on a large number (5000) of data label permutations. The sig-

nificance at was set at P < 0.05 for a two-tailed test (i.e., the actual

comparison statistics > 95% of t statistics in the permutation-based

null distribution).

3.5 Dynamic causal modeling and Bayesian model
comparison

The DCM module for ERPs in SPM12 (https://www.fil.ion.ucl.ac.uk/

spm) was used to estimate effective connectivity between brain

regions and test the effect of experimental perturbations on coupling

among the involved sources generating the acquired ERP signals. The

DCMgeneralmethodology,whenapplied toERPdata, supplements the

conventional electromagnetic forwardmodels with a model explaining

how source activity is generated by neuronal dynamics, and enables

inference about both the spatial involvement of sources and the under-

lying neuronal architecture generating the signals.26 We used the

“ERP” neural mass model, which emulates the activity of a source

using three neural subpopulations (pyramidal cells, and excitatory and

inhibitory local interneurons), each assigned to one of three cortical

layers.27 It describes coupled extrinsic connections among multiple

sources in the form of forward, backward, and lateral connections. The

forward model used the “IMG” option in the DCM module for SPM12

in which each node/source was treated as a patch on the cortical sur-

face. The selection of the involved brain areas as part of a given task

are based on previous studies reported in the literature.20,28,29

Twenty DCMs were used for Bayesian model comparison. Each

model receives (parameterized) subcortical input at the A1 sources,

which elicit transient perturbations in the remaining sources. M1 to

M11 were identical to those run in Boly et al.28 Further extensions in

modelsM12 toM18*werebasedon thenetwork-levelworkongenera-

tion of auditorymismatchnegativity.29 The20differentmodels (Figure

S3 in supporting information) were fitted to the data to obtain esti-

mates of the parameters. Different DCM models included different

numbers of sources (i.e., two, four, five, and six). The models were gen-

erated using the entire poststimulus window (0 to 400 ms) setting the

prior forwhen the auditory cue is supposed to arrive at cortex to 60ms

(onset [ms] and duration [SD] parameters: onset = 60, duration = 25)

based on literature recommendations from previous DCM papers

involving auditory oddball paradigms, confirmed by further Bayesian

model comparison that we conducted (i.e., comparing onsets of 50, 60,

and 64ms).

Random-effects Bayesian model selection was used to test which

population-level model was the most likely among a set of compet-

ing models. The winning model (M17*) was selected for subsequent

quantitative analysis of effective connectivity between the subgroups

and conditions studied (Delirium POST vs. Non-Delirious POST as a

primary comparison, as well as Delirium POST vs. Delirium PRE, and

Delirium PRE vs. Non-Delirious PRE).

The output of the DCM includes observed connectivity changes,

either extrinsic (between regions/sources) or intrinsic (self-

connections in a region or source). The intrinsic connections can

be considered the inhibitory or excitatory influences within the region;

an increase in intrinsic connectivity is a modeled response consistent

with increased inhibition. DCM outputs are divided into two matri-

ces. The so-called “Matrix A” denotes the (rate of) change in neural

response due to neural activity elicited by the standard tone, that is,

the effective connectivity. The so-called “Matrix B” denotes the (rate

https://www.fil.ion.ucl.ac.uk/spm
https://www.fil.ion.ucl.ac.uk/spm
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of) change in the effective connectivity due to the modulatory inputs

(i.e., oddball stimulus relative to standard stimulus). Within “Matrix

B,” the self-connections in the model represent a change in inhibition.

The more positive the self-connection parameter, the more inhibited

the region. Within DCM, this inhibition is modeled through increased

interneuron signaling.

3.6 Parametric empirical Bayes

Parametric empirical Bayes (PEB) analyses (focused on the “B” mod-

ulation matrix, which evaluates the relative effects of the oddball

stimulus compared to the standard across conditions in theDCMmod-

ule of SPM12) were done only with DCMdata from the winning model

(M17*). The PEB model has parameters encoding the deviation from

the mean due to the group difference. For the group difference, neg-

ative estimated parameters indicate weaker connectivity, and positive

parameters indicate the opposite. The obtained posterior probabilities

> 95% correspond to a strong evidence level for the effect of interest.

Different from taking the expected values of the estimated connec-

tivity parameters from all subjects and running classical statistics, the

PEB framework takes both the expected values and the covariance of

the parameters to the group level.30 As a result, more precise param-

eter estimates will have a greater influence on the group-level result,

so subjects with noisy data and uncertain parameter estimates will be

down-weighted.30 However, for the sake of comparison, we also com-

puted Cohen d values of effect sizes for the independent samples t

tests.

The primary outcome of the study was the PEB analysis of the “B”

matrix, which represents the difference between the standard and

oddball. This analysis tests both cortical inhibition and connectivity

parameters with reference to different levels of surprise (the pre-

dictability of a stimulus). Additional PEB analyses were conducted on

the “A” matrix, which evaluates differences in the standard stimulus

effects across conditions in internodal connectivity parameters (but

not intrinsic inhibition due to the lack of variation in surprise).

3.7 Associations among connectivity changes,
delirium severity, and inflammatory markers

Associations between changes in extrinsic internodal connectivity and

intrinsic nodal excitability with cytokine levels and delirium rating

scale scores were tested with Pearson correlations in MATLAB (two-

tailed tests with significance level set at P < 0.05, uncorrected for

multiple testing given the exploratory nature of these analyses). The

cytokines tested (the ones with limited missing data) were: IL-1 beta,

IL-1 receptor antagonist, IL-6, IL-8, IL-10, IL-12, and TNF-α.

3.8 Sample size

An a priori sample size power calculation was not conducted, as there

are limited ways to perform this for DCM analyses. Given that resting

state EEG changes were evident in a smaller sample from our study

(n = 70), we considered that 100 subjects would provide sufficient

power to define relevant differences between postoperative patients

with delirium versus without (primary outcome). We would note that

this study is significantly larger than most studies using DCM.14,28 All

available data from the cohort study were included in this work (until

the start of analyses on August 12, 2021). Our primary contrast was

set as postoperative delirious participants versus postoperative non-

delirious participants to maximize the sample size. This contrast also

takes into account some non-specific effects of incurring surgery that

are not associated with delirium.

4 RESULTS

4.1 Subjects

Of 167 participants enrolled, 131 underwent surgery and completed

at least one EEG assessment; 102 participants had paired preoperative

and postoperative EEG assessments (see STROBE diagram; Figure S1)

and 19 participants were delirious according to their POD assessment

(see Table S1 for demographic data).

4.2 Sensor ERP data

Figure 1 displays grand average ERPs for each condition and sub-

group (overlaying the standard, oddball, and difference waves) from a

representative sensor combination for MMN on the scalp (signal aver-

age of E8/FCz and four other neighboring mid-frontocentral sensors),

as well as topographical plots for the mean MMN amplitudes during

the time interval of interest (124–176 ms) from stimulus presentation

onset.

Our primary outcome was the difference between the Delirium

POST subgroup compared to the Non-Delirious POST subgroup in

the DCM, but we report scalp-based statistics for this contrast for

completeness. At the sensor level, MMN amplitudes were found to

be significantly smaller in the Delirium POST subgroup compared to

the Non-Delirious POST subgroup. The sensors showing significant

differences (P < 0.05, TFCE-corrected for multiple comparisons) in

mean MMN amplitudes between Delirium POST and Non-Delirious

POST participants for each time point (Figure 2) as well as average

(124–176 ms) response in the evaluated time interval (Figure S4 in

supporting information) are highlightedwith red asterisks.

As secondary comparisons, we conducted analyses forMMN ampli-

tude differences between Delirium PRE and Delirium POST, as well

as Delirium PRE and Non-Delirious PRE, conditions (Figure S5 in sup-

porting information). Figure S5 displays the same MMN amplitude

comparison for a mean signal of selected frontocentral sensors statis-

tically corrected over all time points in the time interval of interest.

In both of these contrasts, significant differences were noted around

the time of the classic MMN (124–176 ms) response, showing that

Delirium PRE had larger MMN responses than Delirium POST or

Non-Delirious PRE.
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F IGURE 1 Sensor space evoked response data from patients who
experienced postoperative delirium collected preoperatively
(Delirium PRE) and postoperatively (Delirium POST). A, Topographical
plots ofMMNgrand averages fromDelirium PRE andDelirium POST
conditions, as well asMMNgrand-averagedwaveforms from a
representative sensor combination forMMNon scalp (signal average
of E8/FCz and four other neighboringmid-frontocentral sensors)
highlighted with asterisks (*) in the displayed topoplots. B, The same is
shown for Non-Delirious PRE andNon-Delirious POST participants’
data. ERP, evoked response potential; MMN,mismatch negativity

4.3 DCM, Bayesian model comparison, and PEB
analysis

The random effects of the Bayesian model selection method showed

that the fully connected model (M17*: including modulation of

intrinsic/self-connection at each node and lacking the lateral connec-

tions between the left and right inferior frontal gyrus [IFG] sources)

had the greatest evidence, and this model was selected for sub-

sequent quantitative analysis of effective connectivity between the

four respective data subgroups and condition combinations (Figure 3,

and Figures S6A and S6B in supporting information). Figures S7A

and S7B in supporting information display the grand-averaged source

waveforms during the interval (0–400 ms) for standard, oddball, and

differencewaves from data belonging toDeliriumPRE, DeliriumPOST,

Non-Delirious PRE, and Non-Delirious POST conditions, respectively.

4.3.1 Secondary outcome: preoperative
differences in connectivity

Analysis of the preoperative data showed that in response to the stan-

dard tone, there was increased feedforward cortical connectivity in

participants who subsequently became delirious postoperatively com-

pared to those that did not (Figure 4A). Similarly, across both the

standard tone analyses as well as the differences in evoked responses

between the oddball and standard tone, there was reduced inter-

hemispheric connectivity between the left and right superior temporal

gyrus (STG; Figure 4B).

4.3.2 Secondary outcome: postoperative
differences in connectivity related to the standard
tone

On review of the postoperative contrasts across the standard tone

analyses, we found several differences in cortical connectivity. These

results indicated that, in delirium, feedback connectivity is dimin-

ished from left STG (l-STG) to left primary auditory sensory area

(l-A1) as well as reduced interhemispheric connectivity between left

and right STG (Figure 5A). We report here also Cohen d (i.e., effect

size) for the main significant finding: a decrease in extrinsic feed-

back connectivity related to standard tone between l-STG and l-A1

(d= 0.52).

Comparison of the postoperative delirious participants with their

preoperative data showed that this connection, and feedforward and

feedback connections between each level of the cortical hierarchy,

may be involved in delirium (though this contrast includes non-specific

effects related to surgery as well; Figure 6A).

4.3.3 Primary outcome: differential changes in
connectivity and excitability with the oddball relative
to standard tone with delirium

Results from PEB analysis for the study’s primary outcome, the mod-

ulatory effect of the oddball compared to the standard tone, showed

decreases in connectivity strength between Delirium POST and Non-

Delirious POST subgroups (Figure 5B), including decreased l-STG to

l-A1, decreased feedforward connectivity from l-STG to left IFG (l-IFG),

and decreased feedback connectivity from l-IFG to l-STG. The analysis

also demonstrated increased inhibition of l-STG. We report here also

Cohen d (i.e., effect size) for the main significant findings: increase in

intrinsic self-inhibition for l-STG related to modulatory effects of the

deviant tone (d= 0.46).

4.3.3.1 Secondary outcome: differential changes in connectivity and

excitability with the oddball relative to standard tone with delirium

compared to baseline

In related analyses, we showed similar significant decreases in

connectivity between Delirium POST and Delirium PRE conditions
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F IGURE 2 Sensor space evoked response data from patients who experienced delirium postoperatively (Delirium POST) and those who did
not (Non-Delirious POST). Topographical plots of raw differences inMMNamplitudes betweenDelirium POST andNon-Delirious POST
participants’ data for each time point in the evaluated time interval (124–176ms). Significant differences (P< 0.05, TFCE-corrected for multiple
comparisons) ofMMNamplitudes being smaller in Delirium POST compared to Non-Delirious POST participants for each time point in the
evaluated time interval (124–176ms) are highlightedwith red asterisks. MMN,mismatch negativity; TFCE, threshold-free cluster enhancement

(Figure 6B). Notably, while l-STG showed a similar increased inhibi-

tion to the contrast of the Delirium POST and Non-Delirious POST

subgroups, right-STG showed disinhibition (increased excitability).

4.3.3.2 Secondary outcome: differential changes in connectivity and

excitability with the oddball relative to standard tone for non-delirious

participants compared to baseline

For completeness, we also included analyses of the comparison of

non-delirious participants’ preoperative data compared to their post-

operative data. Multiple changes were noted for the response to

standard tones,withdiverse changes in feedforwardand feedback con-

nectivity compared to the preoperative state (Figure S8 in supporting

information). Interestingly, rather than the increased inhibition noted

in delirium, participants who did not have delirium had greater cortical

excitability postoperatively.

4.3.4 Exploratory analysis: correlations between
connectivity changes and delirium severity

Next, we investigated whether the l-STG to l-A1 feedback connectiv-

ity also correlated with delirium severity (Figure 7A). The standard

tone analyses of postoperative data demonstrated a correlation in

the change in connectivity from l-STG to l-A1 with delirium severity

(r=−0.24; P= 0.02). However, correlations for the differential effects

of the oddball and standardwere not significant (Figures S9Aand S10A

in supporting information).

4.3.5 Exploratory analysis: correlations between
connectivity changes and cytokine levels

Decreased feedback connectivity from l-STG to l-A1 (change post–

pre, due to standard stimulus effects) significantly correlated with

increased systemic inflammation, represented by postoperative

change in levels of 3 of 10 cytokines from preoperative values (IL-6

[r=−0.35;P=0.007], TNF-α [r=−0.33;P=0.01], and IL-10 [r=−0.28;

P = 0.04]), supporting the association of loss of feedback connectivity

and increased systemic inflammation (Figure 7B,C,D). Note that these

exploratory analyses were not corrected for multiple comparisons.

Correlations with differences between oddballs and standards were

not found (Figures S9B,C,D and S10B,C,D).

4.3.6 Exploratory analysis: correlations between
connectivity changes and TMT-B cognitive test scores

No significant associations were found between the TMT-B cognitive

test scores and changes in connectivity (Figure S11A,B,C in supporting

information).

5 DISCUSSION

These data suggest that POD is associatedwith changes in hierarchical

connectivity and regional excitability. Specifically, decreased feedback
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F IGURE 3 Population-level best model resulting from a Bayesianmodel comparison. Random effects Bayesianmodel selection showed that
labeledModel #17* (representing here a fully connected originalM17model withmodulation of intrinsic/self-connection at each node, with
exception of lateral IFG connections [B]) had greater evidence compared to the other models, andwas selected for subsequent quantitative
analysis of effective connectivity between the subgroups (Delirium, Non-Delirious) or conditions (PRE, POST). Here, Bayesianmodel comparison
was conducted for all data (A) and separately for (C) Delirium PRE, (D) Delirium POST, (E) Non-Delirious PRE, and (F) Non-Delirious POST. Note:
Exceedance probability is the probability of eachmodel being better than any other model. The advantage of using exceedance probabilities is that
they are sensitive to the confidence in the posterior probability and easily interpretable (because they sum to unity over all models tested). The
best model is the onewith highest exceedance probability (equivalently, the highest expected posterior probability; the ranking is the same). A1,
primary auditory sensory area; IFG, inferior frontal gyrus; RFX, random effect analysis; STG, superior temporal gyrus
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F IGURE 4 Secondary outcome: comparison of preoperative data from patients who experienced postoperative delirium (Delirium PRE,
N= 16) and those who did not experience postoperative delirium (Non-Delirious PRE,N= 106). Schematic display of the results of the parametric
empirical Bayes (PEB) analysis following the dynamic causal modeling (DCM) based estimation (i.e., fitting thewinningmodel to the individual data,
to get estimates of the parameters). The PEBmodel has parameters encoding the deviation from themean due to the group difference (covariate
2). For the two-group difference, positive estimated parameters indicate stronger connectivity in first group than second group and negative
parameters indicate the opposite. Posterior probabilities> 95% (corresponding to a strong evidence level) for the deviance detection effect of
interest are shown. Sources #: (1) left A1; (2) left IFG; (3) left STG; (4) right A1; (5) right IFG; (6) right STG. In the diagrams, dashed and thicker lines
for internodal connections mean decreased and increased connectivity, respectively. In case of curved lines for intrinsic inhibition, thicker and
dashed lines mean increased and decreased inhibition, respectively. (A) Left section: Standard tone connectivity analyses (“Amatrix”)—comparison
of preoperative data from patients who experienced postoperative delirium (Delirium PRE,N= 16) and those who did not experience
postoperative delirium (Non-Delirious PRE,N= 106). PEB results interpretation (increase/decrease in connection strength): left A1→ l-STG
(increased in Delirium PRE), left STG→ left IFG (increased in Delirium PRE), left STG→ right STG (decreased in Delirium PRE), right STG→ left
STG (increased in Delirium PRE). (B) Right section: Difference between oddballs and standards (“Bmatrix”) modulation effect—comparison of
preoperative data from patients who experienced postoperative delirium (Delirium PRE,N= 16) and those who did not experience postoperative
delirium (Non-Delirious PRE,N= 106). PEB results interpretation (increase/decrease in connection strength): left A1→ l-STG (increased in
Delirium PRE), left STG→ right STG (decreased in Delirium PRE). A1, primary auditory sensory area; IFG, inferior frontal gyrus; STG, superior
temporal gyrus

connectivity was found in delirium, and the magnitude of the changes

correlated with the severity of delirium and levels of systemic inflam-

matory markers. In sensitivity analyses, other changes in connectivity

were noted. However, our a priori choice of primary analysis here is

key: the contrast between the participants with delirium and those

without after surgery (to avoid the confound of non-specific changes

that may occur in the perioperative period). Our results are consistent

with our prior hypothesis that delirium is associated with increased

inhibitory tone and changes in connectivity.5 Namely, we showed that

deliriumwas associatedwith reduced excitability (increased inhibition)

of STG as well as changes in feedback connectivity. Our findings indi-

cate that the predictive coding framework, with associated modeling
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F IGURE 5 Primary outcome: comparison of postoperative data from delirious (Delirium POST,N= 19) and non-delirious (Non-Delirious
POST,N= 91) patients. Schematic display of the results of the parametric empirical Bayes (PEB) analysis following the dynamic causal modeling
(DCM) based estimation (i.e., fitting the winningmodel to the individual data, to get estimates of the parameters). The PEBmodel has parameters
encoding the deviation from themean due to the group difference (covariate 2). For the two-group difference, positive estimated parameters
indicate stronger connectivity in first group than second group and negative parameters indicate the opposite. Posterior probabilities> 95%
(corresponding to a strong evidence level) for the deviance detection effect of interest are shown. Sources #: (1) left A1; (2) left IFG; (3) left STG; (4)
right A1; (5) right IFG; (6) right STG. In the diagrams, dashed and thicker lines for internodal connections mean decreased and increased
connectivity, respectively. In case of curved lines for intrinsic inhibition, thicker and dashed lines mean increased and decreased inhibition,
respectively. (A) Left section: Standard tone connectivity analyses (“Amatrix”)—comparison of postoperative data from delirious (Delirium POST,
N= 19) and non-delirious (Non-Delirious POST,N= 91) patients. PEB results interpretation (increase/decrease in connection strength): left
STG→ left A1 (decreased in Delirium), left STG→ right STG (decreased in Delirium), right STG→ left STG (decreased in Delirium). (B) Right section:
Difference between oddballs and standards (“Bmatrix”) modulation effect—comparison of postoperative data from delirious (Delirium POST,
N= 19) and non-delirious (Non-Delirious POST,N= 91) patients. PEB results interpretation (increase/decrease in connection strength): left
IFG→ left STG (decreased in Delirium), left STG→ left A1 (decreased in Delirium), left STG→ left IFG (decreased in Delirium), left STG (increased
self-Inhibition in Delirium), right STG→ left STG (decreased in Delirium). A1, primary auditory sensory area; IFG, inferior frontal gyrus; STG,
superior temporal gyrus

of cortical effects, may provide a useful construct for understanding

delirium pathogenesis.

Our data suggest a specific mechanism of POD: increases in

inhibitory tone leading to decreased connectivity. The DCM analysis

suggests that increased interneuron activity may underpin dampened

responses in STG, though we are unsure why the STG was the only

region determined to be affected in our modeling. This may be due

to the augmented sensitivity of this region, difficulties in assessing

upstream regions once STG is suppressed, altered folding of the cortex

making unilateral responses easier to detect (left vs. right), and/or the
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F IGURE 6 Secondary outcome: comparison of postoperative (Delirium POST,N= 19) and preoperative data (Delirium PRE,N= 16).
Schematic display of the results of the parametric empirical Bayes (PEB) analysis following the dynamic causal modeling (DCM) based estimation
(i.e., fitting the winningmodel to the individual data, to get estimates of the parameters). The PEBmodel has parameters encoding the deviation
from themean due to the group difference (covariate 2). For the two-condition difference, positive estimated parameters indicate stronger
connectivity in first group than second group and negative parameters indicate the opposite. Posterior probabilities> 95% (corresponding to a
strong evidence level) for the deviance detection effect of interest are shown. Sources #: (1) left A1; (2) left IFG; (3) left STG; (4) right A1; (5) right
IFG; (6) right STG. In the diagrams, dashed and thicker lines for internodal connections mean decreased and increased connectivity, respectively. In
case of curved lines for intrinsic nodal inhibition, thicker and dashed lines mean increased and decreased inhibition, respectively. (A) Left section:
Standard tone connectivity analyses (“Amatrix”) for the difference between postoperative (Delirium POST, N= 19) and preoperative data
(Delirium PRE, N= 16). PEB results interpretation (increase/decrease in connection strength): left A1→ left STG (decreased in Delirium), left
STG→ left IFG (decreased in Delirium), right A1→ right STG (decreased in Delirium), left IFG→ left STG (decreased in Delirium), left STG→ left A1
(decreased in Delirium), right STG→ right A1 (decreased in Delirium), left STG→ right STG (decreased in Delirium). right STG→ left STG
(decreased in Delirium). (B) Right section: Difference between oddballs and standards (“Bmatrix”) modulation effect for the difference between
postoperative (Delirium POST,N= 19) and preoperative data (Delirium PRE,N= 16). PEB results interpretation (increase/decrease in connection
strength): left A1→ left STG (decreased in Delirium), left STG (increased self-Inhibition in Delirium), right STG→ left STG (decreased in Delirium),
right STG→ right A1 (decreased in Delirium), right STG→ right IFG (decreased in Delirium), left STG (decreased self-Inhibition in Delirium). A1,
primary auditory sensory area; IFG, inferior frontal gyrus; STG, superior temporal gyrus
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F IGURE 7 Secondary outcome: correlations between “Amatrix” connectivity changes with DRS-TS and cytokine levels. Decreased feedback
connectivity from l-STG to l-A1 (due to standard stimulus effects) significantly correlated with larger DRS-TS scores postoperatively and increased
change in systemic inflammation represented bymeasured cytokine levels: (A) DRS-TS (r=−0.24; P= 0.02), (B) IL-6 (r=−0.35; P= 0.007), (C)
IL-10 (r=−0.28; P= 0.04), (D) TNF-α (r=−0.33; P= 0.01), supporting the association of loss of feedback connectivity and delirium severity.
Cytokine levels were log10-transformed. A1, primary auditory sensory area; DRS-TS, Delirium Rating Scale total score; IL, interleukin, STG,
superior temporal gyrus; TNF-α, tumor necrosis factor alpha

importance of STG in hierarchical processing in the auditory system.

Future, larger studies should examinewhethermore diverse effects on

inhibition can be identified. Nonetheless the data are consistent with

our prior published hypothesis,5 andwith analyses showing diminished

functional connectivity in the scalp EEG.7,31 Similar to our findings

withDCM, functional connectivity changeswere associatedwith slow-

wave activity in the resting EEG and plasma cytokines.7,14 We have

found similar changes in a mouse model of systemic inflammation

with intraperitoneal lipopolysaccharide.32 Our current working model

is that inflammation-driven prostaglandin release leads to adeno-

sine signaling,14,32 and activation of GABAergic-interneuron signaling

pathways.33 We recently showed that caffeine, an adenosine antago-

nist, could reverse the EEG effects of inflammation in mice.32 It will be

fascinating to test whether caffeine can reverse the EEG changes iden-

tified herein and alter delirium symptoms (as suggested by a secondary

outcome in a recent study in patients34).

Prior to surgery, our effective connectivity analyses suggest that

patients who become delirious after surgery had increased feed-

forward connectivity. This is consistent with our resting state EEG

analyses suggesting that vulnerable patients have increased functional

connectivity prior to surgery.7 This also parallels our recent findings

that preclinical AD, detected on positron emission tomography (PET)

with MK6240 (tau) or Pittsburgh compound B (amyloid), was associ-

atedwith increased feedforward connectivity.14 Given the data linking

AD pathology to vulnerability to delirium from plasma biomarkers, the

DCM findings provide an intriguing pathophysiological link between

vulnerability to delirium and AD.35 Further work should investigate

the auditory evoked response as a translational biomarker to under-

stand both pathophysiological states and their relative overlap. It is

important to note that increased feedforward effective connectivity

was not part of our original hypothesis explaining the pathogenesis of

delirium.Whether this increased feedforward connectivity represents

a functional compensation for structural changes (on diffusion tensor

imaging as suggested by a prior analysis)7 will require future study.

Of interest, ourworkalsohighlights an interesting contrast between

delirium and dementia pathogenesis. In delirium, our data suggest STG

was suppressed. This contrasts with our recent report that patients

with tau disease on PET imaging have increased excitability of the

STG.14 This discordance (both predicted a priori) suggests critical dif-

ferences in the pathogenesis of the two conditions, with the potential

need for opposing therapies.

Our work will spur the development of animal models that can

directly probe these pathways in the setting of inflammation or other

stimuli that contribute to delirium. At the same time, electrophysiology
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offers a translational pathway for understanding delirium in humans

that bypasses the complexities of recapitulating the complicated

nature of delirium symptoms in animals.

We note some important limitations of our work. These data are

observational, and although this is a relatively large patient study for

the DCM field, it is still a small enough sample size that it should not

be considered definitive. Future validation in a larger cohort is war-

ranted, including cases of delirium from a diverse patient and surgical

population. Nevertheless, in exploratory analyses, we found that there

were proportional changes in feedback connectivity, inflammation, and

delirium severity. This adds increased plausibility for our findings. It is

worth emphasizing that we have modeled a network that we can both

stimulate through auditory stimuli and measure the response (EEG).

Nonetheless, we are constrained by themodel and,whilewehave iden-

tified important changes in feedback connectivity within the model,

we cannot be certain that all feedback connections (i.e., those that

were not modeled) would be similarly affected. Indeed, we modeled a

very discrete network of the brain that does not fully recapitulate all

brain dynamics. Despite modeling a restricted network, our results are

consistent with our conceptual model of delirium and recent obser-

vations from PET data that show suppressed thalamic metabolism

in delirium.36 Given the critical role in thalamocortical neurons in

feedback connectivity, our DCM analyses may reflect impairments at

subcortical levels leading to modulation in the cortex. In our analy-

ses, we chose not to model the thalamus as it is such a deep source,

but future exploratory studies could attempt this. One surprising fea-

ture was that inflammation did not correlate with “B matrix” effects

(those associated with the difference between the oddball and stan-

dard tone). This likely reflects the fact that the response to all tones

was diminished by inflammation, not the relative difference between

the standard and oddball, manifesting as increased “environmental

surprise” to each stimulus.

This work uses established modeling techniques to estimate

changes in neuronal function. However, interventional studies, per-

haps targeting interneurons that critically regulate local excitation

and feedforward and feedback connectivity, are needed to confirm

the underlying mechanisms. Designing those studies and developing

therapies targeting interneurons is a significant challenge, and data

from human studies is critical to supporting such an ambitious task.

Establishing whether similar changes occur in non-surgical popula-

tions and in those with more extensive vulnerability to disease will

be a next step. We propose that the link between vulnerability to

delirium and AD, that is, exaggerated feedforward connectivity, may

be a good biomarker. Furthermore, the decrease in feedback con-

nectivity associated with delirium may well map to the changes in

established dementia. Further work is needed to understand the lon-

gitudinal changes in hierarchical connectivity over time in personswho

develop dementia.

In sum, these findings suggest that the predictive coding framework

may provide a useful construct for understanding delirium pathogen-

esis, and those changes in sensory processing occur with delirium that

include increased cortical inhibition and decreased feedback connec-

tivity. This work supports the cognitive disintegration model, though it

questions the role of impaired connectivity as a vulnerability factor to

delirium, mandating reappraisal of that hypothesis. Therapies that are

targeted to interneurons, as mediators of increased inhibition in delir-

ium, may be indicated. This work will be translational in nature and, we

hope, will stimulate precisionmedicine initiatives to reduce the burden

of delirium.
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