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Abstract

Background. The lack of objective disease markers is a major cause of misdiagnosis and nonstandardized approaches
in delirium. Recent studies conducted in well-selected patients and confined study environments suggest that quantitative
electroencephalography (qEEG) can provide such markers. We hypothesize that qEEG helps remedy diagnostic uncertainty not
only in well-defined study cohorts but also in a heterogeneous hospital population. Methods. In this retrospective case-control
study, EEG power spectra of delirious patients and age-/gender-matched controls (n = 31 and n = 345, respectively) were fitted
in a linear model to test their performance as binary classifiers. We subsequently evaluated the diagnostic performance of the
best classifiers in control samples with normal EEGs (n = 534) and real-world samples including pathologic findings (n = 4294).
Test reliability was estimated through split-half analyses. Results. We found that the combination of spectral power at F3-P4 at
2 Hz (area under the curve [AUC] = .994) and C3-O1 at 19 Hz (AUC = .993) provided a sensitivity of 100% and a specificity
of 99% to identify delirious patients among normal controls. These classifiers also yielded a false positive rate as low as 5% and
increased the pretest probability of being delirious by 57% in an unselected real-world sample. Split-half reliabilities were .98
and .99, respectively. Conclusion. This retrospective study yielded preliminary evidence that qEEG provides excellent diagnostic
performance to identify delirious patients even outside confined study environments. It furthermore revealed reduced beta
power as a novel specific finding in delirium and that a normal EEG excludes delirium. Prospective studies including parameters
of pretest probability and delirium severity are required to elaborate on these promising findings.
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individual outcome.'” Such biomarkers are as yet unavailable
in delirium, which poses an explanation for the current lack of
standardized approaches.'"'> Brain imaging modalities such as
computed tomography (CT) and magnetic resonance imaging

Introduction

Delirium describes an acute confusional state that is associated
with cognitive impairment in one or more domains in the con-
text of an underlying medical condition, medication or

intoxication.' It is estimated to affect up to 70% of hospitalized
patients, with a relative increase in correlation with patient age
and disease severity.” Substantial health care costs and
increased morbidity, including in-hospital complications and
sequelae such as cognitive impairment, underline the associ-
ated burden.*® Despite the fact that delirium is generally con-
sidered a reversible condition, diagnosing and treating patients
so as to avoid short- and long-term complications remains a
challenge. Importantly, the diagnostic process is closely tied to
the clinical experience of the treating physician.” In this con-
text, the precision medicine initiative has highlighted that
objective disease marker, that is, biomarkers, are key to guide
individualized approaches to patients in order to improve
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(MRI) have thus far not been proven to be beneficial in the
diagnostic process.”* "

Electroencephalography (EEG) is, in contrast, one of the
most promising tools for providing diagnostic biomarkers that
could help improve diagnostic accuracy in delirium.'® In addi-
tion to being a noninvasive, easy to use, and amply available
tool, it is already well established that EEG should be used in
every patient suspected for delirium to check for presence of
nonconvulsive epileptic activity.'” In line with this notion, the
mainstay of standard EEG (sEEQG) analysis remains its qualita-
tive interpretation by an experienced EEG reader, which can
already yield decisive information for the diagnosis of delir-
ium, for example, when patients are not amenable to clinical
bedside tests or when bedside tests are inconclusive.'® sSEEG
can furthermore indicate potential causes of delirium with clas-
sic deliritum manifesting as diffuse background slowing while
delirium tremens presents with a normal EEG or even faster
rhythms.'**" In contrast, neuroleptic malignant syndrome often
causes only minor slowing while metabolic encephalopathies
typically include bi- and triphasic waves.'” Extending on this
notion that SEEG can be of help in the diagnostic process, 1
case-control study investigating 28 patients undergoing cardio-
thoracic surgery reported that quantitative EEG (QEEG) can in
fact be used not only to assist the diagnostic process but also to
diagnose patients with delirium providing a sensitivity of 100%
and specificity of 96%.'® While these results from a selected
patient group are encouraging, they were obtained in a con-
fined study environment and thus require confirmation. This
interpretation is supported by recent studies that report substan-
tially reduced sensitivity and specificity of gold standard clini-
cal tools for delirium in the field as compared with study
contexts.”’ > For example, meta-analyses revealed a pooled
sensitivity of 80% of the Confusion Assessment Method
(CAM) in clinical routine settings and as low as 47% in the
intensive care setting (CAM-ICU) as opposed to a sensitivity
of 94% to 100% in study environments.”"** The diagnostic
yield can hence be severely limited in clinical routine settings
but it remains unclear if similar trends apply for more objective
neurophysiological methods.

The objective of this study was hence to estimate and poten-
tially validate the diagnostic performance of EEG analyses in
a retrospective case-control study, including EEG data from
several thousand in-hospital patients. This larger data set allows
for reliability estimates that are currently unavailable. For this
purpose, we first used EEG data of a well-defined group of
delirious patients to establish binary classifiers suitable to sepa-
rate delirium from age- and gender-matched controls using lin-
ear regression methods. Extending on previous studies, we
included delirious patients with multiple etiologies of delirium
and 2 further control groups to test the diagnostic performance
of identified classifiers. The latter control groups included
either subjects with normal EEG readings, which were not pre-
viously used to define classifiers, or all EEG data in the data-
base. Control groups thus included patients with all discases
prevalent in a university hospital setting including neurological

or psychiatric disease that may substantially confound the diag-
nostic performance of qEEG.

Our hypothesis was that binary classifiers would be well
suited to separate delirious patients form normal controls, that
is, that a normal EEG excludes delirium, but that diagnostic
accuracy would drop substantially when pathologic EEGs were
included. Classifiers should also specifically include delta or
theta band activity since both are consistently shown to be
increased in delirious patients. >

Materials and Methods

This study complied with local ethics and data protection regu-
lations for retrospective studies and adhered to the Helsinki
declaration in its latest revision. Formal consent of the data
protection board was obtained since substantial amounts of
pseudonymous clinical routine data had to be handled.

Study Design and Patient Selection

We used EEG data recorded between the years 2004 and 2014
at a German university hospital (Charité—Universitatsmedizin
Berlin, Germany). As part of clinical routine, all EEG data
were being stored in a local database along with a brief medi-
cal history and a preliminary diagnosis at the time of EEG
acquisition.

This study was conducted in a retrospective case-control
study design and EEG data were for our purposes divided into 4
groups for successive analytic steps: DELIRIUM, CONTROLI,
CONTROL2, and CONTROLZ3. A graphical summary of the
study design is given in Figure 1, a summary of patient charac-
teristics is given in Table 1.

The first analysis aimed to determine EEG characteristics,
that is, binary classifiers, that best discriminate patients with
confirmed delirium (DELIRIUM; n= 31, age 75.5 + 10.9 years,
12 females) from age- and gender-matched controls with
reported normal EEG patterns (CONTROL1; n =345, age 75.3
+ 13.5 years, 134 females). Delirious patients were defined by
a positive CAM-ICU rating documented within less than 24
hours before the EEG time stamp. Exclusion criteria for the
DELIRIUM group included: structural brain disease and delir-
ium due to alcohol withdrawal since EEG patterns are known
to differ in these patients.”’

The diagnostic performance of identified classifiers was
then determined in the context of 2 further control groups. First
and in order to test the hypothesis that a normal EEG excludes
delirium, we evaluated the classifiers’ capability to distinguish
delirious patients from an unmatched sample of patients with
normal EEGs that were not previously used (CONTROL2; n =
534, age 55.2 = 17.6 years, 262 females). A normal EEG was
defined according to the guidelines of the International
Federation of Clinical Neurophysiology.”® We finally evaluated
how the performance of classifiers would change in a real-
world sample without including any a priori information about
patient conditions (CONTROL3; n = 4294, age 52.9 + 18.9
years, 2171 females).
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1. Selection of samples

Whole database N=4325

Whole database Whole database
1 Keyword search (excluding DELIRIUM)
N=4294
/ Potentially delirious \ CONTROL3
patients N=567
l Age-/gender-matched
physiological EEG
Clinical diagnosis of N=345
delirium + EEG \ ceblsl J
recording within a v
narrow time frame Unmatched
N=31 physiological EEG
DELIRIUM N=534
/ L CONTROL2 )

2. Identification of the 10 best classifiers for discrimination
between DELIRIUM and CONTROL1

3. Validation of the best classifiers vs. CONTROL2

4. Validation of the best classifiers vs. CONTROL3

Figure |. Flowchart of the study design. Step |: Overview of the
selection process for the DELIRIUM, CONTROLI, CONTROL2,
and CONTROL3 groups. The whole database consisted of 4325
EEG recordings. From these recordings, 3| could be assigned to
patients that were delirious at the time of EEG acquisition. From
the remainder EEG data, we drew 3 samples that consisted either
of age-/gender-matched physiological controls (CONTROLI), of
unmatched physiological controls (CONTROL2) or real-world data
without preselection with respect to patient or EEG characteristics
(CONTROL3). A step-wise approach was chosen to estimate
optimal EEG characteristics for the identification of delirium (step 2)
and to test the diagnostic performance versus physiological (step 3)
and real-world (step 4) data.

EEG Recording and Processing

EEG were digitally recorded through a commercially available
clinical EEG system (Galileo.NET, BE Light system, EB
Neuro S.p.A., Firenze, Italy). The montage consisted of stan-
dard electrode numbers and positions of the international 10-20
system. The sampling rate was 256 Hz. Routine recordings
typically lasted 20 minutes with eyes closed shortly interrupted
by provocation maneuvers. We included only epochs that were
free of provocation maneuvers.

EEG processing was done with Matlab 2016a (MathWorks,
Natick, MA, USA) and the additional Fieldtrip toolbox.”
Preprocessing included low-pass filtering at 70 Hz, notch fil-
tering at 50 Hz and detrending. Artifacts were dealt with in a
stepwise approach: First, data were split into 10-second trials
and rejected if excessive variance indicated artifacts and outlier
data. Remainder trials were visually inspected and rejected if
confounding data were present. Subsequently, all EEG data
were standardized by their mean power to allow for valid com-
parisons between subjects. Power was calculated through a
multitaper method fast Fourier transform using Hanning tapers
without spectral smoothing.

Analysis

Power spectra of all possible bipolar EEG sensor combinations
and frequencies were compared between delirious patients
(DELIRIUM) and age-/gender-matched controls (CONTROL1)
in order to determine EEG characteristics that best differentiate
the 2 conditions. This was done by fitting data in a generalized
linear model and calculating a receiver operating characteristic
(ROC) for each comparison. Specifically, for each comparison,
identified by integer m from 1 to 14 700 (210 channel combina-
tions * 70 frequencies), we calculated a logistic regression
model according to the model equation

ym,i = pm,i

where y is the binary response variable (delirium: yes or no), p
is the normalized spectral power for a given channel combina-
tion at a given frequency, and i denotes the individual patient
from 1 to n. We then obtained the optimal operating point of the
resulting ROC and its area under the curve (AUC). The magni-
tude of the AUC ranges from 0 to 1 with a perfect classifier
having a value of 1 and is a direct indicator for the performance
of a classifier. The diagnostic performance of the ten best clas-
sifiers was determined in the context of unmatched normal
EEGs (DELIRIUM vs CONTROL2) and all available EEG
data (DELIRUM vs CONTROL3). We added likelihood ratios
(LRs) to the analysis since these are a suitable means to deter-
mine how test results change the pretest probability that a con-
dition exists in a patient which better reflects the clinical

situation’®;

LR+ = sensitivity / (1 —specificity)

The change in pretest probability by a positive test is in linear
approximation given by

probability(%) = log(LR)x.19

We then calculated positive and negative predictive values to
fully describe the test performance. Subsequently, we tested
whether a combination of classifiers from different frequency
bands increased the diagnostic yield.



Clinical EEG and Neuroscience 00(0)

Table I. Patient Characteristics: Demographic Data and Description of Delirium Subtype in the Study Population.”

DELIRIUM CONTROLI CONTROL2 CONTROL3
Sample size (male/female) 31 (19/12) 345 (211/134) 534 (272/262) 4294 (2123/2171)
Mean age (years) 755 753 55.2 529
Standard deviation (years) 10.9 13.5 17.6 18.9

Additional information

Presumed etiology of
delirium:

Patients with either
normal or pathologic

Patients with a normal EEG. Most common
reasons for EEG recording in clinical

Postoperative: 10 routine were the following suspected or EEG.
Postoperative + sepsis: 7 proofed disorders and symptoms:
Sepsis: 5 |. Epilepsy
CNS infection: 4 2. Disorders of sensitivity or motor
Metabolic: | function
Unknown: 4 3. Syncopations

Motor subtype Hypoactive: | | 4. Dementia
Hyperactive: 5 5. Headaches
Mixed: 8 6. Vertigo
Unknown: 7 7. Inflammatory events

CNS active medication® in 28 yes 8. Falls

the past 24hours 3no 9. Stroke

10. Memory disorders

Abbreviation: CNS, central nervous system.

*The DELIRIUM and CONTROLI group were age- and gender-matched and statistically tested for the hypothesis that both samples are from the same
population (P = .95, z test). For details on how the study population was selected, refer to the section Study Design and Patient Selection.

®For details, see the appendix.

Test reliability was estimated through split-half analyses.
For this purpose, all data used to calculate the diagnostic per-
formance of identified EEG classifiers (ie, DELIRIUM,
CONTROL2, and CONTROLZ3) were divided into 2 groups in
an odd-even manner. The Spearman-Brown formula was then
applied to calculate reliability coefficients for the identification
of delirious patients among controls with normal EEG patterns
or unselected real-world data.

Results

Classifiers Separating Delirium From Matched
Physiologic Controls

The 10 best classifiers that distinguish patients with delirium
from patients without delirium were confined to the delta and
beta frequency range and predominantly included frontal and
central sensor locations (Figure 2). Classifiers with the best
ROC characteristics were in the delta band at F3-C4 (AUC =
.994), F3-P4 (AUC = .994), and O2-F3 (AUC = .993).

Diagnostic Performance of Classifiers in an
Unmatched Sample of Physiologic Controls

In line with results from the previous analyses the best classi-
fiers were in the delta frequency range (Figure 3, Table 2). The
classifiers with the best ROCs were again F3-P4 (AUC = .964)
and O2-F3 (AUC = .969) at 2 Hz. All classifiers provided a
sensitivity ranging from 92% to 100% while specificity was
more variable and ranged from 72.66% to 97%. A combination
of the best frequency specific classifiers, that is, F3-P4 at 2Hz

1:
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Figure 2. Receiver operating characteristics of the 10 best bipolar
montages discriminating between delirious patients (DELIRIUM) and
age- and gender matched controls (CONTROLI).

and C3-O1 at 19 Hz, yielded a further improvement of test per-
formance and provided a sensitivity of 100% and specificity of
99.4% (AUC: = .992). The likelihood ratio for this combination
was 172.41 indicating an approximated change in pretest prob-
ability of 98%. This combination of classifiers identified all
patients of the DELIRIUM group and 3 false positives, but no
false negatives. The Spearman-Brown coefficient of split-half
reliability was .98. Among the 3 false positive assignments,
there were 2 patients who had a history of epileptic seizures
and 1 received an EEG because of concentration deficits fol-
lowing viral encephalitis.
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Figure 3. Receiver operating characteristics of the 10 best bipolar
montages and the corresponding frequency range discriminating
between delirious patients (DELIRIUM) and patients with a
physiological EEG (CONTROL2).

Diagnostic Performance of Classifiers in an
Unselected Real-World Population

The best classifiers in this scenario were F3-C4 (AUC = .969)
and F3-P4 (AUC = .97), and provided a sensitivity of 100% and
specificity of 90.98% and 92.55%, respectively (Figures 4 and 5,
Table 3). Again, the combination of the two best single classifi-
ers F3-P4 at 2Hz and C3-O1 at 19Hz increased the diagnostic
performance providing a sensitivity of 100% and specificity of
94.91% (AUC = .974). The false positive rate was about 5% due
to 175 of 4325 patients that were identified as being delirious
according to EEG criteria although they were classified as non-
delirious based on the brief patient history included in the EEG
report. We screened available remainder documentation (eg,
charts, reports) of respective patients for information that was
potentially omitted in the EEG history and indeed, 10 of these
patients did in fact have a clear diagnosis of delirium (clinical
rating and received appropriate medication). For the remainder,
the level of consciousness and whether or not the patient suffered
from delirium was not clearly documented. A total of 69 patients
had electrophysiological characteristics of epileptic brain activ-
ity, 29 were admitted for stroke, 21 for dementia, and 8 for
hypoxic brain injury. There were also individual cases of central
nervous system infection, Parkinson’s disease, posterior revers-
ible encephalopathy syndrome (PRES), migraine, opioid with-
drawal and condition after neurosurgery. The likelihood ratio of
19.65 indicates an increase of the pretest probability by 57% and
thus a significant diagnostic yield if test results are positive.
Also, the false negative rate remained zero. The Spearman-
Brown coefficient of split-half reliability was .99.

Discussion

This is the first study to show that a combination of few EEG
sensors can be used to accurately identify and diagnose patients

with delirium even in a mixed cohort of several thousand
patients. The diagnostic performance of quantitative EEG out-
paced that of classic clinical tests despite the lack of a priori
information about the patients’ condition. Our results further-
more provide novel evidence that decreased beta power is a
specific finding in delirium and that a normal EEG rules out
delirium.

Identification of the Best EEG Classifiers for the
Diagnosis of Delirium

Since Romano and Engel®' were able to link a slowing of EEG
background activity to delirium, numerous studies have vali-
dated their findings. Most prominent findings include an increase
in relative delta and theta power, and the decrease of posterior
alpha power.”**>**3> These hallmarks are implemented in clini-
cal routine interpretations of SEEG since they can easily be qual-
itatively identified and assist in the diagnostic process.'® Our
results extend on this notion and not only provide further evi-
dence that increased delta power is a typical finding in patients
suffering from delirium but that it is also specific when present
to a certain extent and at specific sensor locations in qEEG. This
is in contrast to common concepts of qualitative EEG interpreta-
tions, which state that background slowing was an unspecific
finding. Findings from this study also extend classic concepts of
EEG changes in delirium by demonstrating that decreased beta
power is also a typical finding. These changes, in contradistinc-
tion to those in the theta and alpha band, seem to be also highly
specific. A thorough discussion of the diagnostic performance of
reported classifiers can be found in the next paragraph. At this
point, one may wonder why decreased beta power has not previ-
ously been reported to be a characteristic of delirium. An intrigu-
ing explanation is that studies in the field mainly employed
qualitative or semiquantitative analyses of EEG data and may
thus have overlooked the effect of beta power. There are as yet
few qEEG studies that tried to establish criteria for an objective
and reliable diagnosis of delirium and thus need to be discussed
in more detail. Two recent studies of van der Kooi et al. focused
on the most promising EEG characteristics for the identification
of delirium. They found that the relative delta power at F8-Pz
provided the best diagnostic performance with a sensitivity of
100% and a specificity of 96%.'%*® Also ranked in the top 4 were
delta power changes at F8-P3, F8-02, and Fp2-Ol. In line with
our results, their sensor combinations spanned frontal and pari-
eto-occipital regions and performed best in the delta band. To the
best of our knowledge, there are only 2 further studies from 1989
and 1997 that investigated quantitative EEG findings in delir-
ium. Koponen et al’’ reported that EEG changes in the alpha and
delta range located at T6-O2 and T5-O1 were the most promi-
nent findings in 51 delirious patients and that these changes were
correlated with the severity of cognitive deterioration. However,
they only evaluated temporo-occipital sensor combinations and
may thus have overlooked effects at more frontal and central
locations. Matsushima et al** found that theta to alpha power
ratios were increased at C3 and Ol locations in a sample of 10
delirious patients. This result is well in line with our findings of
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Table 2. Results for DELIRIUM Versus CONTROL2.?

Reference Frequency Cutoff Sensitivity Specificity False Positive False Negative
Channel Channel (Hz) (WV/Hz) LR (%) (%) Rate (%) Rate (%)
F3 C4 2 >7.05 36.68 96.15 97.38 2.62 3.85
F3 P4 2 >10.02 41.55 100 97.59 241 0
02 F3 2 >11.08 34.18 96.00 97.19 2.8l 4.00
(K] Ol 17 <0.29 4.35 92.00 78.84 21.16 8.00
C3 Ol 19 <0.27 433 100 76.89 23.11 0

F3 Té 2 >11.44 22.48 96.15 95.72 428 3.85
c3 Ol 18 <0.32 3.66 100 72.66 27.34 0

F3 Pz 2 >8.97 20.54 100 95.13 4.87 0
02 C3 2 >6.04 28.48 96.00 96.63 337 4.00
Fz P4 2 >8.55 33.38 100 97.00 3.00 0

F3 P4 2 >10.02 172.41 100 99.42 0.58 0

C3 Ol 19 <0.27

Abbreviation: LR, likelihood ratio.

’Diagnostic performance of the 10 best single bipolar montages (according to their area under the curve (AUC) and best combination of montages (last row)
for the discrimination of patients with delirium (DELIRIUM) from patients with a physiological EEG (CONTROL?2).
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False positive rate

Figure 4. Receiver operating characteristics of the 10 best bipolar
montages discriminating between delirious patients (DELIRIUM)
and the whole database, including patients with physiological and
pathological EEGs (CONTROL3).

C3-0O1 power spectra to be significantly changed in the delta
(increase) and beta (decrease) band which also indicates an
increase of the slow to fast EEG activity ratio in delirium. In
summary, our results provide a synthesis of findings from the
few available quantitative EEG studies in delirium. We further-
more establish reduced beta activity as a specific finding. It
remains elusive and to be investigated in future studies if gEEG
can indicate potential causes of delirium as commonly suggested
for particular configurations of sEEG."

Diagnostic Performance of EEG Classifiers

The retrospective study design enabled us to examine a mixed
population with multiple etiologies for delirium. This distin-
guishes our study from most former studies that focused on one

best combination of single classifiers #
best single classifiers

FTTTr S

Figure 5. Graphical summary of the best single classifiers and the
best combination for the discrimination of delirium patients within
the whole database consisting of physiological and pathological EEG
recordings other than delirium mainly deriving out of the delta and
beta frequency band and mainly including frontal to parieto-occipital
derivations. For detailed information on the performance of the
classifiers, see Table 3.

specific type of delirium (eg, postoperative delirium), a fact
that is important to consider when interpreting reported find-
ings since prevalence and causes of delirium are known to dif-
fer between clinical settings.***

Clinical tools such as CAM/CAM-ICU are currently the
gold standard and most widely used to diagnose patients with
delirium. The broad acceptance and recommendation to use
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Table 3. Results for DELIRIUM Versus CONTROL3.?

Reference Frequency Cutoff Sensitivity Specificity False Positive False Negative
Channel Channel (Hz) (WV/Hz) LR (%) (%) Rate (%) Rate (%)
F3 C4 2 >7.02 11.09 100 90.98 0.02 0

F3 P4 2 >10.02 13.42 100 92.55 7.45 0
02 F3 2 >11.03 10.30 100 90.29 9.71 0
(K] Ol 17 <0.33 2.11 96 54.46 45.54 4.00
C3 ol 19 <0.27 2.25 100 55.62 44.38 0

F3 Té6 2 > 1.4 8.18 100 87.78 12.22 0
c3 Ol 18 <0.32 2.12 100 53.34 46.66 0

F3 Pz 2 >9.4| 9.51 100 89.48 10.52 0
02 c3 2 >6.02 7.92 100 87.38 12.62 0

Fz P4 2 >8.60 8.95 100 88.83 .17 0

F3 P4 2 >10.02 19.65 100 94.91 5.09 0

(K] ol 19 <0.27

Abbreviation: LR = likelihood ratio.

*Diagnostic performance of the 10 best single bipolar montages (according to their area under the curve) and best combination of montages (last row) for
the discrimination of patients with delirium (DELIRIUM) from remainder patients of the whole database (CONTROLS3).

these tools is challenged by recent meta-analyses reporting a
pooled sensitivity of 80% and specificity of 95.9% that may
even be lower in clinical routine settings.”'***! A systematic
review of the CAM revealed a false positive rate of up to 10%
and that the interrater reliability could be as low as .81.” Despite
these results, clinical tools remained the gold standard for the
diagnosis of delirium over the past decades not least since
alternative tools were not available. In this context, we provide
evidence that the diagnostic performance of simple quantita-
tive analyses of a limited number of EEG sensor combinations
may outpace classic clinical tests. Even with an admittedly
confounded and heterogeneous population due to the nature of
our retrospective study design, we still reached a surprisingly
high diagnostic accuracy. This leads us to believe that the diag-
nostic performance should be at least comparable in prospec-
tive controlled studies or even higher. Consequently, our results
provide the intriguing perspective to use EEG for the standard-
ized diagnosis and monitoring of delirium, particularly in situ-
ations when thorough repeated cognitive evaluations are
impractical. Exemplary situations could be the presence of
neurological disease such as aphasia and insufficient patient
cooperation, level of consciousness or staffing. Particularly in
patients with difficult to assess mental status, abbreviated
EEGs including only most relevant electrode locations and
minimum recording durations were suggested and could be
particularly helpful since preparation of a complete EEG set
may impair patient cooperativity and preclude meaningful
conclusions.**

Patients Falsely Classified as Delirious From a Real-
World Sample

We were able to identify all patients that were classified with
delirium. However, it is of particular interest to elaborate on
cases that were classified false positive in order to increase the
specificity of our suggested approach. It is important to bear in

mind that we included only patients for the classifier definition
that were clearly delirious during the period of EEG acquisi-
tion. We can therefore not rule out that the remaining several
thousand EEGs included data from other delirious patients. We
thus elaborated on patients that were classified false positive
since these might in fact have been delirious but not have ful-
filled our inclusion criteria for the DELIRIUM group. Indeed,
a thorough review of the medical charts revealed that 10
patients clearly had a clinical diagnosis of delirium. Most of the
remaining false positive cases had a history of epileptic sei-
zures, which is known to be a possible etiology of delirious
episodes.'” Also, others suffered from potential etiologies of
delirium or from diseases that are closely linked to delirium
(eg, sepsis, stroke, and dementia).***** Unfortunately, we were
retrospectively unable to tell if delirium was present in these
patients or not. However, the percentage of patients classified
as being delirious, including false positive cases, roughly con-
curs with the least expected number of delirious patients in an
in-hospital setting, that is, about 5% (206 out of 4325 patients
in the database).*** While it is important not to overinterpret
results, it is possible that a considerable amount of the false
positive cases may in fact have been delirious. It is hence pos-
sible that the real-world performance of the classifier combina-
tion is even higher than stated.

Incorporation of qEEG in Clinical Routine

This retrospective study neither evaluated the implementation
of qEEG in clinical routine nor did it compare the diagnostic
accuracy between an expert EEG reader and qEEG or the com-
bination of both. It is yet important to address how qEEG can be
incorporated into clinical diagnostic pathways. First of all, there
is currently no software available that can replace the interpreta-
tion of sSEEG data by an experienced EEG reader as is imple-
mented in current guidelines.*® The current focus of qEEG
research is therefore to assist clinicians with the interpretation
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and to provide biomarkers for clinical and research purposes.*®*’

A prevailing issue is that gEEG requires cleaning data from arti-
facts, which cannot be done unsupervised. Semi-automatic
rejection methods such as identification of outlier data by its
variance and presentation of potentially confounded periods to
the EEG reader for final judgement might be a viable compro-
mise between time efficiency and validity.” Yet, even with per-
fect artifact removal, it remains to be examined in future studies
to what extent diagnostic, therapeutic or prognostic conclusions
can be drawn for various entities. This study revealed that at
least in the context of delirium, gEEG may be of substantial
help in inconclusive cases.

Limitations

The most obvious limitation of this study is its retrospective
character. While this design allowed for the inclusion of a sig-
nificant number of control subjects, it is also associated with
typical shortcomings. These include lack of standardized
recordkeeping and application of diagnostic criteria. It is hence
possible that we underestimated the prevalence of delirium
since we had to rely on certain keywords to search the database
for delirious patients. Another limitation is that we cannot
exclude confounding effects of psychotropic drugs on EEG
activity. However, we tested for medication effects and did not
find a significant difference in the EEG activity; neither did any
other quantitative EEG study in delirium. A meta-analysis of
psychotropic drugs’ effects on EEG activity concluded that
only 5% to 8% of cases were affected and that beta band activ-
ity would be increased, that is, affected in the opposite direc-
tion to changes reported in our study.*® It is also possible that
the fluctuating course of delirium severity may have caused
routine EEG recordings to not be obtained when delirium was
most severe.

Another important limitation of qEEG criteria is that their
development critically depends on the underlying normative
database.*’ This is a general issue in electrophysiological prac-
tice and current guidelines therefore suggest that laboratories
create their own reference values.”® While this might be viable
for simple nerve conduction studies, this procedure is time con-
suming and methodologically challenging in qEEG since it
must take sample adequacy and validity into account.”’ This
also challenges the selection of our control, yet all EEG data
were recorded by trained assistants that adhered to published
guidelines for EEG recordings. We also visually screened every
EEG for artifacts and removed confounding data as well as
provocation maneuvers (eg, hyperventilation, photic stimula-
tion). Hence, no relevant proportions of confounding data
should be present in our normative data set.

Conclusions

This retrospective study provides preliminary evidence that
EEG classifiers may outpace the diagnostic performance of
clinical tests in delirium even outside confined study environ-
ments. Results furthermore indicate that a normal EEG

excludes delirium and that suggested EEG criteria could sub-
stantially affect the pretest probability of being delirious.
Prospective studies including parameters of pretest probability,
delirium severity and cognitive outcome are required to elabo-
rate on these promising findings.

Appendix

EEG records contained information about its clinical indication
and the EEG reader’s description and interpretation. Original
(German) search terms for the identification of patients with a
diagnosis of delirium within the hospital EEG database are
enlisted below. Resulting patients were carefully hand-screened
for eligibility for the DELIRIUM group.

Delir

verwirr*

bewusst* bewul3t*

Encephalopathie Enzephalopathie

Encephalitis Enzephalitis

org. affektive Storung

org. Psychose

Wesensveranderung

Orientierungsstérung

kognitive EinbuBen unklarer Atiologie

Hirnfunktionsstorung

Desorientiertheit

Vigilanzminderung
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