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ABSTRACT
Background: Delirium is common and dangerous,
yet underdetected and undertreated. Current
screening questionnaires are subjective and
ineffectively implemented in busy hospital workflows.
Electroencephalography (EEG) can objectively detect
the diffuse slowing characteristic of delirium, but it is
not suitable for high-throughput screening due to size,
cost, and the expertise required for lead placement and
interpretation. This study hypothesized that an efficient
and reliable point-of-care EEG device for high-throughput
screening could be developed.
Methods: This prospective study, which measured
bispectral EEG (BSEEG) from elderly inpatients to assess
their outcomes, was conducted at the University of Iowa
Hospitals and Clinics from January 2016 to October 2017.
A BSEEG score was defined based on the distribution of
2,938 EEG recordings from the 428 subjects who were
assessed for delirium; primary outcomes measured
were hospital length of stay, discharge disposition, and
mortality.
Results: A total of 274 patients had BSEEG score data
available for analysis. Delirium and BSEEG score had a
significant association (P < .001). Higher BSEEG scores
were significantly correlated with length of stay (P < .001
unadjusted, P = .001 adjusted for age, sex, and Charlson
Comorbidity Index [CCI] score) as well as with discharge
not to home (P < .01). Hazard ratio for survival controlling
for age, sex, CCI score, and delirium status was 1.35 (95%
CI,1.04 to 1.76; P = .025).
Conclusions: In BSEEG, an efficient and reliable device
that provides an objective measurement of delirium
status was developed. The BSEEG score is significantly
associated with pertinent clinical outcomes of mortality,
hospital length of stay, and discharge disposition.
The BSEEG score better predicts mortality than does
clinical delirium status. This study identified a previously
unrecognized subpopulation of patients without clinical
features of delirium who are at increased mortality risk.
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D

elirium is common and dangerous in hospitalized elderly
patients. 1–3 It is also underdiagnosed and therefore
undertreated.4–6 It is estimated there are at least 2–3 million cases of
delirium per year in the United States alone.1,7 Delirium is associated
with increased mortality,8–11 rate of complications, hospital length of
stay (LOS), and institutionalization after discharge.1–3 Patients with
delirium also have a high risk of long-term cognitive impairment.12
Delirium can add over $60,000 in health care costs per patient per
year, or more than $150 billion in health care costs in the United States
per year.3 Early identification of risk and immediate intervention are
keys to reducing poor outcomes associated with delirium.13–16
Extensive efforts have been made to identify efficient methods for
screening for delirium, including the Confusion Assessment Method
(CAM),16,17 the CAM for the Intensive Care Unit (CAM-ICU),18,19 and
the Delirium Rating Scale-Revised-98 (DRS-R-98).20 Despite these
tools, delirium remains underdiagnosed.4,6 Although studies3,16,21
show that 30%–40% of delirium cases can be prevented using lowtechnology interventions, these are often challenging to apply because
they need to be administered frequently by busy hospital personnel.
The questionnaires’ subjective nature makes monitoring change over
time difficult, particularly when administered by different evaluators,
as is often the case. As a result, these tools have been reported to have
suboptimal sensitivity (approximately 38%–47%) in busy clinical
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was investigated.
This study
■■ Diagnosing delirium is difficult in busy clinical settings,
■■
■■

and delirium remains underdiagnosed and undertreated,
leading to poor patient outcomes, including mortality.
This study aimed to investigate whether bispectral
electroencephalography (BSEEG) can detect delirium and
predict patient outcomes, including mortality.
BSEEG score was significantly associated with clinical
presence of delirium as well as patient outcomes,
including hospital length of stay, discharge disposition,
and mortality.

environments such as the ICU.22,23 These considerations
highlight the critical need for more objective detection of
delirium.
Electroencephalography (EEG) has been a useful modality
in detecting brain waves characteristic of delirium.24,25
Several limitations, however, prevent its routine use for
screening large volumes of inpatients. First, a standard
20-lead EEG machine is typically large and expensive;
thus, patient access to such machines is limited. Second, an
experienced technician must spend significant time correctly
positioning the 20 leads and obtaining the tracings, and a
specialized neurologist must interpret the data. These
requirements often result in significant delays in initiating
appropriate treatment.
Objective
Electrophysiologic signals characteristic of delirium are
often reported as “diffuse slowing.” The term implies that
brain waves across most channels are of a reduced frequency.
The emergence of low-frequency waves indicates potential
occurrence of delirium. That all channels are able to detect the
same reduction in frequency suggests only a small number
of channels would be sufficient to obtain the relevant data.
Bispectral EEG (BSEEG) utilizes only 2 channels and, when
combined with appropriate signal analysis algorithms, may
be easily applied by non-experts, thus greatly facilitating its
use as a screening tool. Due to the objective nature of BSEEG,
interrater reliability does not affect it, and it can be more
strongly correlated with patient outcomes. Previously, our
team showed that BSEEG signals have significant correlation
with delirium in general hospital26 as well as in emergency
department27 settings. Thus, we conducted an expanded
study to determine whether BSEEG signals are associated
with delirium and whether they predict patient outcomes,
including mortality.
METHODS
Study Design and Oversight
This prospective cohort study sought to determine an EEG
signal feature associated with delirium. Initially, we aimed
to establish the association between BSEEG signals and
clinical delirium. Also, to test the usefulness of this approach
on patient care, the association of BSEEG scores from this

protocol was reviewed and approved by the University of
Iowa Institutional Review Board prior to enrollment and
data collection. Written informed consent was received from
participants prior to their inclusion in the study.
Setting and Participants
For the purpose of this study, we recruited patients 18–99
years old from the University of Iowa Hospitals and Clinics
(UIHC) from January 2016 to October 2017. The study
team screened and reviewed potential subjects admitted to
UIHC. Eligible patients were assessed for capacity to provide
consent and participate. If the subject was found not to have
capacity to provide consent, consent was obtained from
his or her legally authorized representative. If the subject’s
capacity to provide consent was intact, consent was obtained
from the subject directly. Subjects aged 18–99 years were
included. Exclusion criteria were patients with droplet or
contact precautions or whose goals of care were comfort
measures only. All participants or their legally authorized
representative provided written informed consent. Given our
aim to investigate the potential role of brain wave signals
associated with delirium and patient outcomes, our analysis
focused on individuals aged 55 years or older, who are more
vulnerable to delirium.

Variables and Data Sources
Questionnaire instruments and delirium definition.
Baseline medical and surgical history and demographic
information were obtained from medical records and
patient interviews. For measurement of clinical symptoms of
delirium, the CAM-ICU,18,19 the DRS-R-98,20 and Delirium
Observation Screening Scale (DOSS)28,29 were used. For
the assessment of baseline cognitive function, the Montreal
Cognitive Assessment (MoCA)30 was used. The CAM-ICU
and DRS-R-98 were administered to each subject twice daily
unless the subject declined an instance of assessment. DOSS
score was tabulated by clinical nursing staff during their
routine care and was obtained from review of the medical
record. Delirium was defined based on any questionnaire
screening positive (ie, CAM-ICU positive, DRS-R-98 score
≥ 19, DOSS score ≥ 3) or clinical documentation of altered
mental status or confusion consistent with delirium from
the medical record.31 Each case was reviewed by a weekly
research meeting led by a board-certified consultationliaison psychiatrist (G.S.).
BSEEG data collection. A hand-held, 2-channel EEG
device (CMS2100, CONTEC, Qinhuangdao, Hebei, China)
was used for brain wave recording. BSEEG data were
collected twice daily unless the subject declined an instance
of assessment. The trained research assistant cleaned the
patient’s forehead with an alcohol swab and placed 1 electrode
on the center of forehead as a ground, 2 electrodes on the left
and right sides of the forehead (Fp), and 2 electrodes on both
sides of the earlobe as references to obtain BSEEG signals for
10 minutes. The 10-minute duration was chosen a priori as
an amount of time that allowed for collection of adequate
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Classification
Age, mean (SD), y
Female, n (%)
Race, n (%)
White
Other
Mean rating scale score
CCI*
DRS-R-98**
DOSS**
MoCA**

Clinical Category
BSEEG Category
Delirious
Control
Positive
Negative
(n = 102)
(n = 172)
(n = 138)
(n = 136)
73.8 (9.4) 73.3 (9.8) 73.4 (8.8)
73.6 (10.5)
52 (51.0)
95 (55.2)
74 (53.6)
73 (53.7)
101 (99.0)
1 (1.0)

168 (97.7)
4 (2.3)

135 (97.8)
3 (2.2)

134 (98.5)
2 (1.5)

4.2
16.9
6.3
14.4

3.4
6.6
0.2
23.4

4.2
12.3
3.5
18.7

3.3
8.6
1.3
22.2

aAge and sex were not significantly different between delirious and control

groups or between BSEEG-positive and BSEEG-negative groups. CCI, DRS,
DOSS, and MoCA scores were significantly different between delirious
and control groups and between BSEEG-positive and BSEEG-negative
groups.
*P < .05. ** P < .01.
Abbreviations: BSEEG = bispectral electroencephalography, CCI = Charlson
Comorbidity Index, DOSS = Delirium Observation Screening Scale,
DRS = Delirium Rating Scale-Revised-98, MoCA = Montreal Cognitive
Assessment.

EEG data without sacrificing efficiency and throughput,
which are essential features of a screening test. The recording
was obtained while the patient was at his or her highest level
of consciousness, as we roused the patient so that they were
as awake and alert as their clinical status allowed. Patients
were instructed to keep their eyes closed and jaw relaxed and
to remain quiet and still as much as possible. The obtained
BSEEG data were converted into spectral density plots,
and the signal-processing algorithm was used to produce a
BSEEG score.
Spectral density analysis and BSEEG score. Raw EEG
signal from each channel was subjected to power spectral
density analysis to determine relative presence of “high” and
“low” frequency components. Through an iterative approach,
a score reflecting the relative presence of high- and lowfrequency activity was developed. From 2,938 recordings of
EEG scores from all 428 study participants, a mean value
and standard deviation (SD) were calculated (Supplementary
Figure 1). The BSEEG score is defined as the number of SDs
from the study population mean.
Outcome measures. We measured 3 patient outcomes as
follows: (1) hospital LOS; (2) discharge not to home, which
included death during hospitalization; and (3) mortality at
the time of study conclusion. LOS, discharge outcome, and
mortality status data were obtained through each subject’s
hospital record. Mortality was also assessed by a follow-up
phone call interview and obituary record.
Statistical Methods and Analysis
Regression analyses were used to illustrate how the
proposed BSEEG score is associated with clinical delirium
and patient outcomes such as hospital LOS, discharge not
to home, and mortality. Specifically, logistic regression was
conducted by treating delirium and discharge not to home
as binary response variables, while linear regression was
used to evaluate the relationship between hospital LOS and

was computed through Cox proportional hazards regression
analyses. Age, sex, and severity of illness (as quantified with
the Charlson Comorbidity Index [CCI]33) were controlled
in regression analyses. The association between mortality
and BSEEG scores was further illustrated by comparing 2
nonparametric survival functions for BSEEG-positive and
BSEEG-negative groups. The R package survminer (version
0.3.1) was utilized to determine a cut point that maximizes
the difference of mortality between 2 groups. The survival
function is a series of the Kaplan-Meier estimators
obtained from the number of deaths and the total number
of individuals at risk at the time. The log rank test was
conducted to determine whether the 2 survival functions
differ. Two-sided P values of .05 or less were considered to
indicate statistical significance. All analyses were performed
with R software, version 3.4.3.
RESULTS

Participants, Descriptive Data, and Outcome Data
From January 30, 2016, to October 30, 2017, 820 patients
were approached and a total of 428 patients were enrolled
in the study. We decided to focus on patients aged 55
years or above, as older age is associated with increased
susceptibility to delirium. Overall, 337 of 428 patients
were aged 55 years or older, and 274 of 337 had BSEEG
scores available for analysis. In some cases, BSEEG scores
could not be calculated due to poor signal quality of raw
EEG data. In the group aged 55 years or older, 37.2% of
patients were categorized as delirious per screening by
questionnaire such as the CAM-ICU, DRS-R-98, or DOSS
or clinical documentation. The study population was also
independently divided into 2 groups—BSEEG-positive,
with higher BSEEG scores indicative of more low-frequency
components in their brain waves, and BSEEG-negative,
with lower BSEEG scores indicative of fewer low-frequency
components in their brain waves—based on a threshold to
differentiate patient outcomes as described in the following
section (Supplementary Figure 2). Otherwise, these cohorts
were balanced with respect to overall baseline characteristics
(Table 1).
Main Results
Association between BSEEG score and clinical delirium.
Data from 274 subjects were analyzed to establish association
between BSEEG score and clinical delirium. Logistic
regression showed significant association between delirium
category and BSEEG score (P = 6.39 × 10−6, unadjusted;
P = 1.22 × 10−5, adjusted for age, sex, and CCI score).
BSEEG score and patient outcomes. To test the usefulness
of the BSEEG score in predicting patient outcomes, we used
outcome data available from 274 subjects who were aged
55 years or older to investigate the association of BSEEG
scores obtained at the time of study enrollment with patient
outcomes commonly affected by delirium. Specifically, we
assessed hospital LOS, discharge disposition, and mortality.
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Figure 1. Survival Curve Over 360 Days Based on (A) Clinical Delirium Status and (B) BSEEG Scorea
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aPatients who were clinically delirious had increased mortality compared to those without clinical delirium (P = .0038). BSEEG-positive patients showed higher

mortality than BSEEG-negative patients regardless of clinical delirium status (P = .0032). “No. at risk” indicates how many subjects in each stratum were
followed at each time point to calculate survival probability as shown in the figure.
Abbreviation: BSEEG = bispectral electroencephalography.

First, LOS and BSEEG scores were significantly associated
(P = .00099, unadjusted; P = .0014, adjusted for age, sex, and
CCI score). A higher BSEEG score coincides with an increase
in a patient’s LOS.
Second, we compared the discharge outcome and BSEEG
score. When BSEEG was compared between those who were
discharged to their home and those discharged not to home,
including death during hospitalization, a higher BSEEG
score was significantly associated with discharge not to home
(P = .0038, unadjusted; P = .0090, adjusted for age, sex, and
CCI score).
Third, when we analyzed subject mortality controlling
for age, sex, and CCI score, the hazard ratio32 based on 1
SD change in BSEEG score was 1.44 (95% CI, 1.12 to 1.84;
P = .004). Even after control for clinical delirium status in
addition to age, sex, and CCI, the hazard ratio based on
BSEEG score remained significant at 1.35 (95% CI, 1.04 to
1.76; P = .025).
Besides mathematical association, we wanted to determine
if the BSEEG could be useful as a measure to assess risk for
poor patient outcomes. We divided the study population into
a BSEEG-positive group and a BSEEG-negative group, as
mentioned previously. Then, we assessed if there was also
a correlation between groups based on BSEEG scores and
all-cause mortality at the end of our study period in patients
in our dataset, because association between delirium and
mortality has been shown previously in the literature.8,9
We first assessed overall survival rates among our study

participants to confirm that our clinical categorization
of delirium is valid enough to replicate well-established
association between delirium and higher mortality. Our
result showed differences in mortality between those with
and without clinical delirium (P = .0038) (Figure 1). Second,
we tested a group difference based on a BSEEG cutoff score
and confirmed that the BSEEG-positive group showed
worse survival compared to the BSEEG-negative group
(P = .0032) (Figure 1). This categorization also differentiated
other outcomes, including LOS and discharge disposition,
significantly (Table 2).
We also hypothesized that BSEEG score not only
measures the presence of delirium but also represents
delirium severity. We therefore divided subjects in 3 groups
of approximately equal sample size based on BSEEG score:
BSEEG high, BSEEG intermediate, and BSEEG low. The
survival curve showed a “dose-dependent” relationship of
increasing mortality with increasing BSEEG score (Figure
2, P = .005), suggesting a strong relationship between BSEEG
score and mortality.
We wondered about outcomes of subjects in whom
clinical assessment and BSEEG score were discordant. We
therefore divided the cohort into 4 groups based on clinical
delirium diagnosis and BSEEG. Clinically delirious subjects
with positive BSEEG scores showed the highest mortality. In
contrast, those patients categorized as clinically delirious but
with a negative BSEEG score had lower mortality, similar to
that of non-delirious subjects with negative BSEEG scores.
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Table 2. Patient Outcomes
a

Patient Outcome
Deceased, n (%)
Length of stay, mean, d
Discharge not to home, n (%)

Control
(n = 172)
23 (13.4)
5.2
60 (34.9)

BSEEG(+)
(n = 138)
36 (26.1)
8.1
76 (55.1)

BSEEG(–)
(n = 136)
16 (11.8)
5.8
58 (42.6)

Delirious
vs Control,
P Value
< .005
< .001
< .001

BSEEG(+)
vs BSEEG(–),
P Value
< .005
< .005
.041

aFor

comparing patient outcomes between 2 groups, Student t test was used for length of stay, whereas
Fisher exact test was used for mortality and discharge not to home. Results show that all outcomes
significantly differ between the 2 groups in each comparison.
Abbreviations: BSEEG = bispectral electroencephalography; BSEEG(+) = BSEEG-positive group, indicative of
more low-frequency brain waves; BSEEG(–) = BSEEG-negative group, indicative of fewer low-frequency
brain waves.

Figure 3. Subgroup Analysis of Mortality Based on Both
Clinical Delirium Status and BSEEG Categorya
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aMortality was directly proportional to the BSEEG score, with higher BSEEG

score group associated with higher mortality (P = .005). “No. at Risk”
indicates how many subjects in each stratum were followed at each time
point to calculate survival probability as shown in the figure.
Abbreviation: BSEEG = bispectral electroencephalography.

Moreover, those thought to be non-delirious subjects based
on results of clinical assessment but with positive BSEEG
scores had a higher mortality, even compared to those
patients with clinical delirium but with a negative BSEEG
score (Figure 3).
DISCUSSION
Key Results and Interpretation
The data presented here show that the BSEEG score
was significantly associated with the clinical presence of
delirium, even after control for age, sex, and CCI score.
More importantly, our results indicate that the BSEEG score
was strongly associated with patient outcomes, including
hospital LOS, discharge disposition, and mortality among

Strata
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180
Time, d
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360
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14
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aPatients who were both clinically delirious and BSEEG-positive, ie,

D(+)/B(+), showed the highest mortality (purple line). Patients who
were clinically delirious but BSEEG-negative, ie, D(+)/B(–), had lower
mortality (blue line), almost as low as patients who were both clinically
non-delirious and BSEEG-negative, ie, D(–)/B(–) (orange line). In contrast,
patients who were clinically non-delirious but BSEEG-positive, ie,
D(–)/B(+), had higher mortality rates (green line), indicating that BSEEG
score was a better predictor of mortality than clinical delirium status. “No.
at Risk” indicates how many subjects in each stratum were followed at
each time point to calculate survival probability as shown in the figure.
Abbreviation: BSEEG = bispectral electroencephalography.

hospitalized patients. Importantly, this association was
based on a BSEEG score obtained at the time of enrollment,
often within 24 hours of admission. These results suggest
that a single BSEEG score obtained at the beginning
of hospitalization can predict patient outcomes. This
result also indicates that among patients who cannot be
clinically identified as delirious, a subset is at high risk of
death that is distinguishable by differences in brain wave
activity as detected by BSEEG. We have termed this state as
subclinical brain failure (SBF), a finding that warrants further
investigation and more attention. Thus, identification of
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Delirious
(n = 102)
29 (28.4)
10
74 (72.5)

Shinozaki et al

obvious mental status change but also for a broader cohort
of inpatients. Because the BSEEG method would not require
extensive training for lead placement or interpretation by a
neurology specialist, application for screening large numbers
of patients even without notable mental status change
becomes possible.
With additional clinical validation, such BSEEG-based
biomarkers will enable early intervention and will potentially
improve the current practice of medicine and surgery for
patients at risk of delirium. For example, BSEEG analysis may
be an important factor in the decision to perform elective
surgery or be used for heightened monitoring after surgery.
When high-risk patients are identified through BSEEG
analysis, it is then possible to direct hospital resources more
efficiently and effectively compared to the current standard
of care.
BSEEG monitoring may also be applicable in additional
settings such as the primary care clinic, emergency
department, and nursing home or home-care settings.
Delirium is particularly dangerous when patients experience
it outside of hospitals because of the lack of recognition and
resources to manage it. The simple, noninvasive nature of
this test makes it ideal for routine screening. BSEEG has
the potential to be a fast, easy, noninvasive, and objective
assessment tool, similar to the measurement of vital signs
that can be used to monitor or screen for delirium in
appropriate populations. A positive result would raise an
early alarm and trigger more comprehensive workup for an
acute illness. The BSEEG may be more clinically relevant than
and would provide an objective and quantitative replacement
for currently used criteria for “altered mental status” in other
prognostic models such as the Sequential Organ Failure
Assessment (SOFA).41 As the aging population is expanding
rapidly, efficient modalities for delirium screening such as
BSEEG are predicted to be in high demand.
Limitations
We introduced constraints into this study by limiting
electrode placement to the forehead, which was intentional
due to our ultimate goal of developing a user-friendly
screening method for hospital staff. Other lead placement
conformations may result in better performance, but could
hinder broad usability. The usefulness of BSEEG score for
delirium screening depends on the assumption that EEG
changes are generalized or diffuse. Therefore, focal change,
either by slowing or seizure activity or a structural brain
abnormality, may confound results. Another limitation
is that we do not have information about several patient
characteristics that could potentially affect risk for delirium
and thus patient outcomes. Those characteristics include
rates of dementia or mild cognitive impairment, past
history of delirium, admission diagnosis, habitual use of
alcohol or benzodiazepine receptor agonists, and other
prescribed medications such as opioids and corticosteroids.
An additional limitation of this study is that it was conducted
at a single institution in the Midwest region of the United
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this population with the BSEEG method could lead to early
intervention and potentially improved survival rates.
The search for EEG-based biomarkers of delirium has
a long history involving several research groups. Since the
1940s, it has been reported that EEG patterns detected
from only 2 channels can be used to distinguish marked
delirium from normal awareness.24 However, currently
available technologies using a small number of EEG leads
are not “tuned” for delirium screening and lack a form factor
appropriate for mass screening. In the area of anesthesiology
in the last 2 decades, new devices utilizing EEG signals
obtained from a few leads attached to a patient’s forehead have
been used to monitor the depth of anesthesia. This approach
has gained much popularity and is commonly used during
surgical operations.34–36 Although this approach is similar
to the one proposed here, the algorithm is trained only to
measure depth of anesthesia and the equipment used is heavy
and embedded in a large anesthesia machine; thus, the cost is
quite high and it is unsuitable for high-throughput screening
of the general hospitalized population. Two-channel brain
wave monitoring has also been used in psychiatric treatment
involving electroconvulsive therapy (ECT).37 The ECT
machine includes an EEG function, with 2 leads to monitor
seizure activity. However, it also lacks delirium screening
technology and has an inappropriate form factor for mass
point-of-care screening use. Nevertheless, these applications
demonstrate that obtaining EEG signals from a limited
number of leads is established technology. The usefulness
of an EEG obtained using a limited number of electrodes
for detecting delirium has only recently been demonstrated;
one study38 confirmed that the sensitivity and specificity of
limited EEG leads are excellent and comparable to those
for machines with the traditional 20 leads for this purpose.
However, that report did not provide information about the
relationship of limited-lead EEG screening for delirium with
patient outcomes.
Although previous literature supports the notion that
EEG is useful for detecting delirium, no investigation has
determined the effects of using a point-of-care BSEEG
device to identify biomarkers of delirium on a large number
of patients, nor has any study tested the association of such
a screening method with patient outcomes such as hospital
LOS, discharge disposition, and mortality or the effect of
intervention on these outcomes. Only a few studies32,39,40
have investigated the association of conventional EEG data
and mortality, although, in general, those EEG recordings
were limited to those subjects who were thought to need
EEG examination for another medical indication such as
altered mental status, and thus a broader range of general
inpatients has never been studied.
Our data demonstrated the usefulness of the BSEEG
score in identifying patients at risk for delirium and in
predicting patient outcomes such as hospital LOS, discharge
disposition, and mortality among elderly hospitalized
patients. This study is the first to use a point-of-care EEG
device to demonstrate the association between BSEEG
biomarker signals and their association with delirium and
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Supplementary Figure 1. Distribution of BSEEG Scores.

a. Supplemental Figure 1. Distribution of BSEEG Scores. Scores are
based on a total of 2938 recordings from 428 patients of all age groups.
The BSEEG score is defined as the number of standard deviations from
the mean, with the mean being a score of 0.
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Supplementary Figure 2. Study participant Enrollment Flow Chart.

a. Supplemental Figure 2. The study population was categorized in two ways: clinical delirium status and BSEEG score.
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