
Clinical Neurophysiology 131 (2020) 1051–1058
Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier .com/locate /c l inph
Predisposition for delirium and EEG characteristicsq
https://doi.org/10.1016/j.clinph.2020.01.023
1388-2457/� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

q On behalf of the BioCog Consortium, clinicaltrials.gov identifier: NCT02265263,
ethical approval number EA2/092/14 (Berlin), 14-469 (Utrecht).
⇑ Corresponding author at: Department of Intensive Care Medicine, University

Medical Center Utrecht, HP F.06.149, Postbus 85500, 3508 GA Utrecht, the
Netherlands.

E-mail address: s.j.t.vanmontfort-2@umcutrecht.nl (S.J.T. van Montfort).
S.J.T. van Montfort a,⇑, E. van Dellen a,b, L.L. Wattel a,c, I.M.J. Kant a, T. Numan d,
C.J. Stam e, A.J.C. Slooter a

aDepartment of Intensive Care Medicine and UMC Utrecht Brain Center, University Medical Center Utrecht, Utrecht University, the Netherlands
bDepartment of Psychiatry and UMC Utrecht Brain Center, University Medical Center Utrecht, Utrecht University, the Netherlands
c Faculty of Science, University of Amsterdam, the Netherlands
dDepartment of Anatomy and Neurosciences, Amsterdam UMC, VU University Medical Center, Amsterdam, the Netherlands
eDepartment of Clinical Neurophysiology and MEG Center, Neuroscience Campus Amsterdam, VU University Medical Center, De Boelelaan 1117, 1081 HV Amsterdam, the Netherlands

a r t i c l e i n f o h i g h l i g h t s
Article history:
Accepted 27 January 2020
Available online 21 February 2020

Keywords:
Delirium
Risk factors
Functional impairment
EEG
Functional connectivity
Graph analysis
� Functional impairment is related to decreased connectivity of the alpha frequency band.
� Other EEG characteristics of delirium were not associated with predisposition to delirium.
� The onset of delirium may reflect new neurophysiological alterations.

a b s t r a c t

Objective: Delirium is associated with increased electroencephalography (EEG) delta activity, decreased
connectivity strength and decreased network integration. To improve our understanding of development
of delirium, we studied whether non-delirious individuals with a predisposition for delirium also show
these EEG abnormalities.
Methods: Elderly subjects (N = 206) underwent resting-state EEG measurements and were assessed on
predisposing delirium risk factors, i.e. older age, alcohol misuse, cognitive impairment, depression, func-
tional impairment, history of stroke and physical status. Delirium-related EEG characteristics of interest
were relative delta power, alpha connectivity strength (phase lag index) and network integration (min-
imum spanning tree leaf fraction). Linear regression analyses were used to investigate the relation
between predisposing delirium risk factors and EEG characteristics that are associated with delirium,
adjusting for confounding and multiple testing.
Results: Functional impairment was related to a decrease in connectivity strength (adjusted R2 = 0.071,
b = 0.201, p < 0.05). None of the other risk factors had significant influence on EEG delta power, connec-
tivity strength or network integration.
Conclusions: Functional impairment seems to be associated with decreased alpha connectivity strength.
Other predisposing risk factors for delirium had no effect on the studied EEG characteristics.
Significance: Predisposition for delirium is not consistently related to EEG characteristics that can be
found during delirium.
� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Delirium is an acute neuropsychiatric syndrome, predominantly
characterized by a disturbance of attention and awareness with
additional cognitive dysfunction (American Psychiatric
Association, 2013). It is a common and serious clinical complica-
tion of another medical condition, affecting over 10% of hospital-
ized elderly patients (Marcantonio 2017). Delirium is related to
poor outcomes, such as long-term cognitive impairment and death
(Marcantonio 2017). The development of delirium is often not the
result of one factor, but rather of an interaction of various risk fac-
tors (Inouye et al. 2014; Zaal et al. 2015; Marcantonio 2017). Risk
factors for delirium can be distinguished into predisposing and
precipitating factors (Inouye et al. 2014). Predisposing risk factors
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determine the baseline vulnerability to delirium, for example due
to older age. Precipitating risk factors for delirium are acute
changes that trigger the syndrome, for example sedation. A variety
of risk factors have been recognized, but the underlying biological
mechanisms leading to vulnerability to delirium remain poorly
understood.

Delirium appears to be related to global neurophysiological dis-
turbances, which can be measured on three different levels (van
Dellen et al. 2014; Numan et al. 2017b; van Montfort et al. 2018;
Brandt et al. 2019) (Fig. 1). Focusing on the frequency spectrum
of the neurophysiological signal, previous studies have shown
slowing of resting state electroencephalography (EEG) activity dur-
ing delirium, most accurately characterized by an increase in rela-
tive delta power (van Dellen et al. 2014; Numan et al. 2017b). In
addition, focusing on functional connectivity (i.e. statistical inter-
dependencies between activity of remote brain regions which are
assumed to reflect communication between these regions
(Aertsen et al. 1989)), delirium has been characterized by
decreased functional connectivity strength in the alpha frequency
band (van Dellen et al. 2014; Numan et al. 2017b; van Montfort
et al. 2019). Patterns of functional connectivity can be represented
as networks, which can subsequently be analyzed with methods
derived from network theory (Stam and van Straaten 2012; van
Straaten and Stam 2013). Global organizational patterns, such as
network efficiency and network integration, can be calculated from
these functional networks (Bullmore and Sporns 2009; Stam and
van Straaten 2012; van Straaten and Stam 2013). Focusing on func-
tional network characteristics, delirium has been associated with
impaired network integration (Numan et al. 2017b; van Montfort
et al. 2018, 2019). Therefore, it is hypothesized that delirium is a
disconnection syndrome, reflecting a breakdown of functional
brain networks (Sanders 2011; van Dellen et al. 2014; Young
2017).

However, it is unknown if these neurophysiological alterations
coincide with the onset of delirium, or reflect vulnerability to the
disorder. The aim of this study was to test the hypothesis that pre-
disposing delirium risk factors induce similar neurophysiological
alterations as during delirium. In this way, vulnerability may lower
the threshold for a transition from a healthy state towards dis-
turbed brain activity that manifests as delirium. More specifically,
we hypothesized that predisposing risk factors for delirium are
Fig. 1. Hypothetical EEG correlates of thehealthy and the delirious state. During delirium
From a network perspective the connectivity of the alpha frequency band was decreased
hypothesized that these changes may be a biological mechanism underlying vulnerabili
associated with increased delta power, decreased connectivity
strength and decreased network integration in the alpha frequency
band (Fig. 1). To gain more insight in the multifactorial nature of
the disorder, we additionally evaluated the cumulative effect of
the predisposing risk factors on these EEG characteristics.

2. Methods

2.1. Design and study population

The subjects for this study derive from the Biomarker Develop-
ment for Postoperative Cognitive Impairment in the Elderly (BioCog)
project at the University Medical Center (UMC) Utrecht (Winterer
et al. 2018). In this cross-sectional sub-study, elderly individuals
were included, consisting of non-hospitalized participants that
were on the waiting list for elective surgery, recruited via the
University Medical Center (UMC) Utrecht (i.e. orthopedic-,
cardiac-, gastro-intestinal-, maxillofacial- or otorhinolaryngologic
surgery), as well as participants that were recruited via a local gen-
eral practitioner. Inclusion criteria were a European ancestry, age
of 65 year or above, and a signed informed consent for the study.
Participants with one or more of the following characteristics were
excluded: a life expectancy shorter than a year; an indication for
(early) dementia as indicated with a score of 23 or lower on the
Mini Mental State Examination (MMSE) (Folstein et al. 1985);
missing EEG data. EEG measurements and clinical assessments
were performed on the same day.

2.2. Clinical assessment

The risk factors investigated in this study were based on a high
quality review (Inouye et al. 2014). We were not able to evaluate
all risk factors described in the review, i.e. participants with
dementia, hearing or visual impairment and history of delirium
were not available, and comorbidity was not measured within this
study.

2.2.1. Age and history of transient ischemic attack or stroke
To determine age and history of transient ischemic attack (TIA)

or stroke, the medical records of the participants were used. If this
information was not available, participants were asked whether
a higher relative delta power (A2) was found compared to healthy controls (A1).
(B1) and disintegrated (B2) compared to the normal healthy state (B1 and C1). We
ty for delirium, associated with the clinical expression of its risk factors.
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they had experienced a TIA or stroke. If either or both were posi-
tive, this risk factor was considered present.

2.2.2. Alcohol misuse
The self-reported Alcohol Use Disorders Identification Test

(Audit) was used to determine the risk factor of alcohol misuse.
The Audit is a validated questionnaire of 10 items that assesses
alcohol consumption, drinking behaviors, and alcohol-related
problems (Bohn et al. 1995; Reinert and Allen 2007). The questions
were scored on a 5-point Likert scale (0–4). A cut-off value of 8
points was used to distinguish between normal and harmful alco-
hol consumption (Babor et al. 2001).

2.2.3. Cognitive impairment
To determine cognitive impairment, the MMSE was used. The

MMSE is a short examination that is often used in clinical practice
(Folstein et al. 1985). The continuous outcome measure was the
total score.

2.2.4. Depression
To estimate depression, the validated Hospital Anxiety and

Depression Scale (HADS) was used (Zigmond and Snaith 1983;
Bjelland et al. 2002). For the current study, only the 7 items assess-
ing depression were used. They were scored on a 4-point Likert
scale (0–3) with a maximum score of 21. We considered partici-
pants with a score of 7 or above as depressed (Vodermaier and
Millman 2011).

2.2.5. Functional impairment
Functional impairment was measured with the validated

Barthel Index following the Hamburg classification manual
(Mahoney and Barthel 1965; Collin et al. 1988; Lübke et al.
2004). The continuous outcome measure was the total score (0–
100), where the maximum score of 100 indicates fully independent
functional ability.

2.2.6. Physical status
The American Society of Anesthesiologists (ASA) validated clas-

sification is widely used for the assessment of preoperative physi-
cal status (Aronson et al. 2003; Sankar et al. 2014), ranging from I.
healthy; II. mild systematic disease; III severe systematic disease
that is not incapacitating; IV. incapacitating systematic disease
that is a constant threat to life; to V. moribund status, not expected
to survive for 24 hours without surgery (Owens et al. 1978). The
used outcome measure was dichotomous, where an ASA-score of
I was classified as healthy and an ASA-score of II or higher as
unhealthy.

2.2.7. Estimated intelligence coefficient (IQ)
The validated Dutch reading test for adults ‘Nederlandse leest-

est voor volwassenen’ (NLV) was used to estimate premorbid IQ
(Mulder, et al. 2012). The participant was requested to read aloud
a list of 50 words. The pronunciation of each word was scored on
correctness by a trained assessor. The raw score ranges from 0 to
100 and was converted to an estimated IQ score using the NLV
norm table (Mulder, et al. 2012).

2.3. EEG recordings, selection and preprocessing

A 5-minute EEG recording was performed using a 32-electrode
cap (Braincap MR, Brain Products GmbH, Germany) at the positions
of the 10–20 system. BrainVision Recorder (Brain Products GmbH,
Germany) was used at a sample frequency of 5000 Hz. During
recording, the participants sat upright and were awake with their
eyes closed. Electrode impedance was kept below 5 kX.
The quality of the EEG recordings was visually inspected by two
researchers independently (ED and LW) in BrainVision Analyzer 2
software (Brain Products GmbH, Germany). The first 10 artifact-
free epochs of 8 seconds were selected for further analyses, as this
was previously shown to be sufficient for stable results (van Dellen
et al. 2014; van Diessen et al. 2015; Fraschini et al. 2016). Signals
from electrodes TP9 and TP10 were excluded due to muscle arti-
facts and signals from the electrocardiography (ECG) electrode
were additionally discarded from the analysis, leaving a total of
29 electrodes included in the analysis. Data was re-referenced
towards an average reference that included all electrodes (except
A1 and A2). The unfiltered EEG recordings were down sampled
to 512 Hz using cubic spline interpolation.

BrainWave software was used for further analysis
(v0.9.152.12.5; freely available at: http://home.kpn.nl/stam7883/).
Data were band-pass filtered into five frequency bands: delta
(0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–25 Hz) and
gamma (25–48 Hz).

2.4. EEG outcomes

2.4.1. Relative delta power
For each subject, the relative spectral power was computed

using a fast Fourier transformation and averaged over all channels
and epochs. Relative spectral power was calculated as the ratio of
the power of the corresponding band (i.e. delta, theta, alpha, beta
or gamma) and the total power. As previous studies have shown,
slowing of resting state EEG activity during delirium is most accu-
rately characterized by an increase in relative delta power (van
Dellen et al. 2014; Numan et al. 2017b). Therefore, we have only
used the relative delta power for further analyses.

2.4.2. Mean phase lag index (PLI)
The mean phase lag index (PLI) was used to measure functional

connectivity strength with minimal bias due to volume conduction
(Boersma et al. 2013; van Dellen et al. 2015). The PLI was calcu-
lated between each channel i and j based on their instantaneous
phase difference (Dut) using the following definition:

PLIij ¼ jhsignðDutÞij
The sign(Dut) is 1 for all positive phase differences and �1 for

all negative phase differences, which was averaged over an epoch.
The absolute value of this average is the PLI, giving a score between
0 (i.e. no phase synchronization or equal in leading and lagging
over the epoch) and 1 (i.e. complete phase-locking) between each
channel i and j in the alpha frequency band, resulting in a connec-
tivity matrix of PLI values. As previous studies have shown an
impaired connectivity strength specifically in the alpha frequency
band during delirium (van Dellen et al. 2014; Numan et al.
2017b), only PLI values of the alpha frequency band were
calculated.

The minimum spanning tree (MST) can be regarded as the back-
bone of the original network, connecting all nodes without forming
loops (Stam et al. 2014; Tewarie et al. 2015) (Fig. 2). The MST of a
network with N nodes always contains N�1 edges, which allows a
reliable comparison with another network with the same number
of nodes (Stam et al. 2014; Tewarie et al. 2015; van Diessen et al.
2015). PLI values of the connectivity matrix were ranked and the
highest PLI value was included as the first MST connection using
Kruskal’s algorithm (Kruskal 1956). The second highest PLI value
was then added as an MST connection, until all nodes (EEG chan-
nels) were connected. If adding a connection would result in a loop
or triangle, this connection was discarded and the next PLI value
was evaluated. For each participant, functional connectivity
strength was calculated by averaging the alpha frequency band
PLI values of included connections in the MST of all 10 epochs.

http://home.kpn.nl/stam7883/


Table 1
Demographics and risk factors for delirium in the total sample.

Total sample (n = 206)

Male, n (%) 137 (67)
IQ, mean ± SD 104.2 ± 12.4

Age in years, mean ± SD 71.3 ± 4.8
Lowest quintile, cut-off, n (%) �67, 37 (18)
Highest quintile, cut-off, n (%) �76, 43 (17)

Alcohol misuse
Yes, n (%) 10 (5)
No, n (%) 196 (95)

MMSE (cognitive impairment), mean ± SD 28.5 ± 1.5
Lowest quintile, cut-off, n (%) �26, 15 (12)
Highest quintile, cut-off, n (%) 30, 67 (33)

HADS (depression)
Yes, n (%) 20 (10)
No, n (%) 186 (90)

BI (functional impairment), mean ± SD 97.7 ± 5.6
Lowest quintile, cut-off, n (%) �99, 43 (21)
Highest quintile, cut-off, n (%) 100, 163 (79)

History of TIA/stroke
Yes, n (%) 26 (13)
No, n (%) 180 (87)

Physical status
Healthy, n (%) 30 (15)
Unhealthy, n (%) 176 (85)

Abbreviations: IQ = intelligence coefficient, MMSE = Mini Mental State Examination,
HADS = Hospital Anxiety and Depression Scale, BI = Barthel Index, TIA = transient
ischemic attack.

Fig. 2. Schematic representation of the minimum spanning tree. Minimum
spanning trees can conceptually range between a path-like tree (a sparsely
integrated network) and a star-like tree (a highly integrated network). The shown
path-like tree has two leaf nodes (orange), i.e. nodes that are connected to only one
other node, describing a network that is sparsely integrated. A path-like tree has a
small leaf fraction. At the other end of the spectrum is a star-like tree, which has in
this example one central node (purple) and eight leaf nodes (orange). It thus has a
high leaf fraction and information can spread easily across the network, but the
central node in the star-like tree will easily be overloaded with information. A
hierarchical tree is a hypothesized optimal topology, combining a relatively high
efficiency, while the relatively low maximum number of connections per node
prevents the overload of central hub regions. This figure was based on Fig. 2 in van
Dellen et al. (2014). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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For readability purposes, the term ‘mean PLI’ is used in the follow-
ing parts of the article to indicate these mean alpha frequency band
PLI values of the MST.

2.4.3. MST leaf fraction
The MST leaf fraction was used to measure network integration.

It describes the proportion of nodes with a degree of one, i.e. nodes
that are connected to only one other node (Stam et al. 2014;
Tewarie et al. 2015). A small leaf fraction means that the network
has few nodes that are connected to only one other node, describ-
ing a network that is sparsely integrated (Fig. 2). A large leaf frac-
tion means that the network has many nodes that are connected to
only one other node, describing a network that is highly integrated
(Stam et al. 2014; Tewarie et al. 2015; van Dellen et al. 2016). Since
previous studies on delirium have found disruptions in the leaf
fraction in the alpha frequency band specifically (van Dellen
et al. 2014; Numan et al. 2017b), we focused on the alpha fre-
quency band in our analyses. For each participant, network inte-
gration was calculated by averaging the MST leaf fraction values
of the alpha frequency band of all 10 epochs. For readability pur-
poses, the term ‘MST leaf fraction’ is used in the following parts
of this article to indicate these alpha frequency band MST leaf frac-
tion values.

2.5. Statistical analysis

The effect of all seven risk factors on the three outcome mea-
sures, adjusted for gender and IQ, was tested with multivariate lin-
ear regression models. The association of the individual risk
factors on the three outcome measures (i.e. relative delta power,
mean PLI, MST leaf fraction) was analyzed with univariate linear
regression models. We performed additional, exploratory analyses
on the extremes of the distribution of a possible indicator (highest
versus lowest quintile) to avoid the report of false negative
findings.

Multicollinearity between the different risk factors was tested
with a Spearman’s rank order correlation, revealing no correlations
between the seven risk factors (r < 0.2). The mean PLI and the MST
leaf fraction were not normally distributed and were log trans-
formed for all analyses. A likelihood ratio test revealed linearity
of all continuous variables. False Discovery Rate (FDR) correction
was performed to control for multiple testing in the univariate
and multivariate models using the Benjamini and Hochberg
method (Benjamini and Hochberg 1995; Genovese et al. 2002).
After FDR correction, a corrected p-value below 0.05 was consid-
ered statistically significant (Benjamini and Hochberg 1995). Sta-
tistical analyses were performed in IBM SPSS Statistics version 21.

3. Results

3.1. Demographics

In this study, 230 participants were included, of whom 181 sub-
jects were on the waiting list for elective surgery in het UMC
Utrecht, and 49 were recruited via a general practitioner. From
the included participants, eight were excluded due to insufficient
EEG quality and 16 were excluded due to missing clinical data.
Our total sample consisted of 206 participants with complete data
on all clinical variables. Table 1 shows the demographics and risk
factors for delirium in the sample. A mean power spectrum
(Fig. S1), a topographical power plot (Fig. S2) and a typical MST
network (Fig. S3) can be found in the Supplementary Appendix.

3.2. Multivariate models

The results of the multivariate models, to test the effect of all
seven risk factors on the three outcome measures (i.e. relative
delta power, mean PLI, MST leaf fraction), are shown in Table 2.
Functional impairment was associated with mean PLI, independent
of other risk factors, IQ or gender (F(9,196) = 1.671, adjusted
R2 = 0.071, b = 0.198, p = 0.018, p < 0.05 after FDR correction).
The multivariate models for relative delta power and MST leaf frac-
tion did not show significant effects of the other delirium risk
factors.

3.3. Univariate models

The results of the univariate models on individual risk factors
and the three outcome measures, are shown in Table 2. A signifi-



Table 2
Results of the multivariate and univariate models of risk factors for delirium on EEG relative delta power, mean phase lag index and minimum spanning tree leaf fraction.

Relative delta power Mean PLI (functional connectivity) MST leaf fraction (network
integration)

adj. R2 b Sig. (p) adj. R2 b Sig. (p) adj. R2 b Sig. (p)

Multivariate modela �0.019 0.071 �0.015
Age 0.036 0.632 �0.117 0.109 �0.113 0.128
Alcohol misuse �0.060 0.411 �0.012 0.866 �0.051 0.485
MMSE (cognitive impairment) �0.040 0.602 �0.006 0.940 �0.018 0.814
HADS (depression) �0.015 0.849 �0.007 0.930 �0.015 0.844
BI (functional impairment) 0.049 0.512 0.201 0.006* 0.089 0.233
History of TIA/stroke �0.010 0.892 0.144 0.045 0.063 0.392
Physical status �0.031 0.675 �0.023 0.753 �0.001 0.987

Age �0.004 0.032 0.652 0.014 �0.136 0.051 0.010 �0.123 0.079
Alcohol misuse �0.004 �0.035 0.618 �0.005 0.019 0.783 �0.002 �0.056 0.423
MMSE (cognitive impairment) �0.002 �0.053 0.446 �0.004 0.023 0.901 �0.005 0.009 0.747
HADS (depression) �0.005 0.009 0.899 0.000 �0.067 0.338 �0.003 �0.047 0.503
BI (functional impairment) �0.002 0.054 0.442 0.032 0.193 0.006* 0.004 0.094 0.181
History of TIA/stroke �0.005 �0.015 0.834 0.005 0.098 0.160 �0.003 0.042 0.546
Physical status �0.004 �0.022 0.754 �0.004 �0.024 0.544 �0.003 �0.042 0.731

a Model corrected for gender and IQ, *Corrected p-value (after False Discovery Rate correction) < 0.05. Shown p-values are uncorrected for multiple testing. Abbreviations:
PLI = phase lag index, MST = minimum spanning tree, adj. = adjusted, Sig. = significance, MMSE = Mini Mental State Examination, HADS = Hospital Anxiety and Depression
Scale, BI = Barthel Index, TIA = transient ischemic attack.

S.J.T. van Montfort et al. / Clinical Neurophysiology 131 (2020) 1051–1058 1055
cant effect of functional impairment on mean PLI was found (F(1,
204) = 7.85, adjusted R2 = 0.032, b = 0.193, p = 0.006, p < 0.05 after
FDR correction) (Fig. 3). None of the other delirium risk factors
were associated with any of the outcome measures. Notably, after
FDR correction, age was not significantly associated with mean PLI
(F(1,204) = 3.859, adjusted R2 = 0.014, b = �0.136, p = 0.051) and
MST leaf fraction (F(1,204) = 3.125, adjusted R2 = 0.010,
b = �0.123, p = 0.079).

3.4. Post-hoc extreme quintiles comparisons

Comparing the extreme quintiles within the continuous vari-
ables (i.e. age, cognitive impairment and functional impairment),
Fig. 3. The relationship between functional impairment and EEG connectivity strength. A
the Barthel Index, and EEG connectivity strength, as measured with the mean phase lag in
independent of other risk factors for delirium, IQ or gender. Abbreviations: PLI = phase
showed a significant difference of the highest quintile of functional
impairment compared to the lowest quintile on mean PLI (t(106) =
�3.502, p = 0.001)) and on MST leaf fraction (t(99) = �2.690,
p = 0.008)) (Table S1 in the Supplementary Appendix). Other com-
parisons within the extreme quintiles of the continuous variables
did not show significant differences.

4. Discussion

In summary, functional impairment in non-delirious individuals
was related to a decrease in EEG connectivity strength, but was not
related to relative delta power or measures of network integration.
A model that combined the seven studied risk factors showed that
significant association was found between functional impairment, as measured with
dex of the minimum spanning tree in the alpha frequency band. The association was
lag index.
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this association was independent from the other predisposing risk
factors, gender or IQ. No individual or cumulative relation was
found between the other risk factors (i.e. age, alcohol misuse, cog-
nitive impairment, depression, history of TIA or stroke, physical
status) and relative delta power, connectivity strength or measures
of network integration. These findings suggest that predisposing
risk factors for delirium do not affect EEG characteristics that are
disturbed during delirium, with exception of the risk factor func-
tional impairment. Therefore, predisposition for delirium is not
consistently related to alterations in EEG characteristics.

Associations between predisposing risk factors for delirium and
EEG characteristics were investigated in different ways, i.e. in sep-
arate regression models, in combined regression models, and in
extreme quintiles comparisons, revealing a robust finding of the
relationship between functional impairment and connectivity
strength. Although a relationship has been found between physical
health and neurophysiological outcomes (Douw et al. 2014), our
study is the first to investigate the relationship between functional
impairment and neurophysiological alterations in a cohort of non-
delirious elderly at risk for delirium. The measurement of func-
tional impairment may provide a reflection of physical frailty in
our sample. Physical frailty is defined as an age-related syndrome
of decreased reserve causing vulnerability to physiological stres-
sors and could manifest as functional dependency (Fried et al.
2001; Clegg et al. 2013). Previous studies have shown that frailty
is strongly associated with the risk of delirium (Pitkala et al.
2005; Eeles et al. 2012; Brown et al. 2016). However, as the risk
factors included in this study were based on a landmark paper that
did not identify frailty as a risk factor for delirium (Inouye et al.
2014), we did not consider frailty as a separate risk factor. The clin-
ical overlap between frailty and functional impairment may
explain why only functionally impaired individuals showed a sim-
ilarly impaired functional connectivity as previously found during
delirium (van Dellen et al. 2014; Numan et al. 2017b), while indi-
viduals with other risk factors for delirium did not. However, we
found relatively low adjusted R2 and beta values for the association
of functional impairment and decreased connectivity strength (ad-
justed R2 = 0.071, b = 0.201). Although this relationship was statis-
tically significant, the explanatory power was weak as only 7.1% of
the variation in connectivity strength could be explained by func-
tional impairment. Future research is needed to clarify the exact
relationship between frailty, functional impairment and delirium,
and the similarity in their underlying biological mechanisms.

The other risk factors for delirium were not related to the stud-
ied EEG alterations, which is not compatible with previous studies
indicating that age and cognitive impairment were associated with
decreased functional connectivity (Frantzidis et al. 2014; Minati
et al. 2014; Vysata et al., 2014; Geerligs et al. 2015; Zeng et al.
2015; Chang et al. 2016; Ferreira et al. 2016; Smit et al. 2016).
Interestingly, although non-significant, age did show a similar pat-
tern in the univariate model on functional connectivity and cogni-
tive impairment did show a similar pattern comparing the extreme
quintiles on functional connectivity, as compared to previous stud-
ies (Frantzidis et al. 2014; Minati et al. 2014; Vysata et al., 2014;
Geerligs et al. 2015; Zeng et al. 2015; Chang et al. 2016; Ferreira
et al. 2016; Smit et al. 2016). Whereas previous studies were
mostly performed using a case-control design comparing clinically
diagnosed patients to healthy controls (Frantzidis et al. 2014;
Minati et al. 2014; Vysata et al., 2014; Geerligs et al. 2015; Zeng
et al. 2015; Chang et al. 2016; Ferreira et al. 2016; Smit et al.
2016), we evaluated multiple risk factors for delirium in a group
of elderly individuals. These methodological differences may
impede a direct comparison of our study to the previous literature.

Our findings suggest that predisposing delirium risk factors do
not consistently impact EEG characteristics that are disturbed dur-
ing delirium. Delirium is a state with an acute onset (American
Psychiatric Association 2013). The related neurophysiological
changes may only occur during delirium, or as a result of precipi-
tating factors in the days before clinical manifestation of the syn-
drome (Evans et al. 2017; Numan et al. 2017a). It could be that
predisposing risk factors still impair the structural network (i.e.
lead to decreased anatomical as opposed to functional connec-
tions) (Kyeong et al. 2018), while precipitating risk factors may
influence the functional network (Maestú et al. 2010; Lee et al.
2013; Blain-Moraes et al. 2017; Numan et al. 2017b; Mashour
and Hudetz, 2018). In severe cases, the structural network may
subsequently alter the functional network, as structural and func-
tional networks are robustly linked (Honey et al. 2009; Cabral et al.
2012a, 2012b; Mišić et al. 2015). This alternative hypothesis is sup-
ported by the finding that predisposing risk factors were found to
be associated with decreased structural connectivity as well as effi-
ciency (Kyeong et al. 2018; van Montfort et al. 2019). Future
research evaluating the effects of predisposing risk factors on
structural brain network characteristics will provide more insight
in the validity of the network theoretical framework for under-
standing the vulnerability to delirium.

This study is the first to empirically investigate the association
between predisposing risk factors for delirium and EEG character-
istics in the same study population. It represents a novel approach
to unravel the pathophysiological mechanisms of a very common
medical condition. Bias-limiting EEG measures on a substantial
amount of data, i.e. 80 seconds of EEG recording per participant,
were used (van Diessen et al. 2015). Nevertheless, a limitation of
the current study is the selection of the participant sample. Since
the participants derived from a relatively healthy population, this
resulted in low variability and low frequency of some of the (di-
chotomous) risk factors. Furthermore, the measures for functional
impairment and physical status, may not have been sufficiently
sensitive. The Barthel Index shows a ceiling effect, and the ASA-
score is only a very rough indicator for physical status (Sarker
et al. 2012; Sankar et al. 2014). Although the landmark review on
delirium risk factors that we used did include the most prominent
and robust factors, it did not include all known risk factors.
Another possible limitation of the study might be that we could
not detect associations between different delirium risk factors. In
our study risk factors for delirium were not significantly related
to each other. However, due to the limited clinical measurements
used in the study, we cannot draw strong conclusions on (lack
of) associations among different risk factors for delirium. A signif-
icant limitation of the study is that we had no information on med-
ication use of the participants during the EEG measurement.
Although the participants were derived from a relatively healthy
population and were not hospitalized, we cannot preclude effects
of possible medication on the EEG signal. Furthermore, as our
aim was to test the hypothesis that predisposing delirium risk fac-
tors induce similar neurophysiological alterations as during delir-
ium, we did not evaluated neurophysiological outcomes that are
not known as being altered during delirium. Impairments may
have shifted to other frequency bands or outcomes in patients at
risk for delirium. A more data-driven approach may be used in
future studies to learn more about other possible (neurophysiolog-
ical) alterations in persons at risk of delirium. In addition, as the
spatial resolution of EEG is low, we were not able to include
anatomical information, which may be of relevance for developing
delirium. It would therefore be interesting to replicate our study
design with functional magnetic resonance imaging (fMRI).
5. Conclusions

Although functional impairment was related to a decrease in
connectivity strength, other predisposing delirium risk factors
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were not found to be associated with EEG characteristics of delir-
ium. Therefore, vulnerability for delirium is not consistently asso-
ciated with alterations in EEG characteristics, and the onset of
delirium may reflect new neurophysiological alterations.
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