Chapter 11 )
The Electroencephalogram and Delirium

Check for
updates
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Introduction

Delirium has been recognized since ancient times as an acute brain dysfunction
associated with illness. Electroencephalography (EEG) is one of the oldest tech-
niques for studying brain function. Despite this long history, the scientific literature
on EEG in delirium is limited. One of the reasons for this lack of progress may be
inconsistent terminology across medical disciplines to describe neuropsychiatric
changes in acute systemic illness. Whereas most geriatricians, psychiatrists, anes-
thesiologists, and intensivists appear to prefer the term “delirium,” neurologists,
neurointensivists, and clinical neurophysiologists would describe the same entity as
“encephalopathy.” In this chapter, we will use the term “delirium” to refer to a clini-
cal state characterized by a combination of features defined by diagnostic systems
such as the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) [1] or the tenth revision of the International Statistical Classification of
Diseases and Related Health Problems (ICD-10) [2]. The term “acute encephalopa-
thy” in this chapter will refer to a rapidly developing (over less than 4 weeks, but
usually within hours to a few days) pathobiological process in the brain that can lead
to a clinical presentation of delirium or, in case of a severely decreased level of
consciousness, to coma. In this chapter we will preferentially use the term
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“delirium,” and we will review the EEG literature on both delirium and (acute)
encephalopathy.

Despite the fact that delirium can be precipitated by a range of pathophysiologi-
cally diverse conditions, its clinical presentation is relatively homogeneous leading
some to suggest there is a final common pathway. However, the substrate of this
presumed common pathway is unclear. Studies on different etiologies of delirium
are difficult to perform as it is usually impossible to assign one specific cause for
delirium [3]. Studies on encephalopathy are more often focused on one specific
etiology (e.g., septic encephalopathy) usually neglecting concomitant pathology
(e.g., organ dysfunction or medication use).

EEG in Normal Adults

There may be some misconceptions regarding the interpretation of EEG. We there-
fore start with a brief introduction on basic concepts of EEG to provide non-
neurological clinicians and non-neuroscience researchers an appreciation of its
scope and limitations.

EEG signals are voltage potentials mainly generated by neurons in the cerebral
cortex (gray matter). However, action potentials of individual neurons are too weak
and too brief to be recorded on an EEG. EEG recordings from a single electrode
reflect the postsynaptic activity of thousands or even millions of cortical neurons.
The EEG signal predominantly originates from neurons that are aligned radially to
the recording surface (such that their excitatory and inhibitory postsynaptic poten-
tials can be summated). These compound potentials generate currents flowing in the
extracellular space that can be detected at the surface of the brain. Yet electrical
activity recorded at the brain’s surface does not only reflect the spontaneous activity
of large populations of cortical neurons but also depends on important input from
subcortical structures, in particular the thalamus and brainstem reticular formation.
EEG abnormalities may therefore result from disruption of cortical networks or
from modification of subcortical input on cortical neurons. It should be noted that
activity generated in the lateral surfaces of the brain is recorded more precisely than
is activity arising from interhemispheric, mesial, or basal areas [4]. Further, not all
potentials that may be recorded at the cortical surface are detectable at the scalp.
Summated potentials from the cerebral cortex are attenuated or distorted by overly-
ing structures, such as the pia mater, the subarachnoid space that is filled with cere-
brospinal fluid, the dura mater, and the skull. For these reasons, spatial resolution of
regular, low-density EEG is poor, which hampers anatomical inferences. Another
limitation of EEG is its low specificity — widely disparate diseases and conditions
may produce similar changes in EEG. By contrast, temporal resolution is excellent,
so that changes in milliseconds may be visible in EEG. In addition, EEG is rela-
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tively cheap and applicable at the bedside in patients with delirium, in contrast with
other neuroimaging techniques such as magnetic resonance imaging (MRI) or posi-
tron emission tomography (PET).

A basic EEG array usually consists of up to 25 electrodes distributed over the
scalp, covering a large part of the underlying cortex. The electrodes are typically
placed proportionally to the head size in the so-called International 10-20 system
[5], so that in each individual the electrodes carry names that reflect the sub-lobar
area that is sampled. Odd numbers indicate left hemisphere locations, and even
numbers are on the right (e.g., F3 is over the left lateral frontal cortex).

In clinical use, the EEG signal is typically displayed as a tracing of voltage
changes over time and can be regarded as composed of oscillatory activity in vari-
ous frequency ranges, or bands. These oscillations may result from the synchro-
nized, rhythmic induction of postsynaptic potentials by populations of neurons that
are interconnected with feedback loops. A frequently used measure is EEG power,
the square of the average of the amplitude of the EEG signal, across the time sam-
pled. EEG power spectrum analysis allows for the calculation of the distribution of
signal power across frequency bands in a certain time frame. Distinct frequency
bands can often be observed and may all be present in a healthy EEG, depending on
the state of the individual or ongoing cognitive processes.

Delta activity (<4 Hz) appears during slow-wave sleep and is not normally pres-
ent in adults when they are awake. Healthy adults may show some theta activity
(4-8 Hz) over the temporal regions during drowsiness. During wakefulness, activity
in the 8—13 Hz range is present in occipital regions while the eyes are closed (alpha
rhythm) and in pericentral regions while the hands are at rest (mu rhythm), and beta
activity (13-30 Hz) is normally present over the frontal areas. Slow activity (in theta
bands) slightly increases with aging [6], whereas the use of certain medications
such as benzodiazepines or barbiturates may increase the amount of beta activity
[7]. In general, the slower the activity, the higher the amplitude, with beta usually
below 30 pV, alpha around 70 pV, and delta often over 150 pV. The overall picture
of an awake EEG with these frequency characteristics is called the background
activity.

Moreover, an EEG in healthy awake individuals shows an anterior to posterior
gradient, that is, the increase of amplitudes and decrease of predominant frequen-
cies from anterior to posterior sites. In the awake person, the frontal lobe is domi-
nated by beta activity of low amplitude, whereas a prominent alpha rhythm will
dominate the posterior regions after eye closure. EEG reactivity in healthy indi-
viduals refers to the attenuation of the alpha rhythm upon fixation or opening of
the eyes and the mu rhythm that disappears with contralateral hand movement.
An example is provided in Fig. 11.1a. In summary, EEG rhythms in awake,
healthy adults commonly manifest as relatively low in amplitude, while the fre-
quencies of these oscillations may be mixed [8] and the lowest, delta activity,
being absent or rare.
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Fig. 11.1 Examples of 14 s of EEG recordings. EEGs are represented in a bipolar montage. The
first four lines represent the most lateral part of the right hemisphere, the next four the correspond-
ing part on the left. Under the ECG, lines represent the lateral part more cranially, halfway over the
side of the skull, again the first four over the right and then four over the left. The last six channels
are over the cranial midline. Filter settings 0.16-70 Hz. (a) 45-year-old male, 3 days after cardiac
surgery, without complications. He is awake and oriented. The EEG shows eyeblink artifacts in the
frontopolar leads and muscle artifacts (dense blackening of the curve, especially in the second four
lines at the end). After eye closure, halfway the page, an alpha rhythm arises over the posterior
leads. Conclusion: normal EEG. (b) 80-year-old female, heart and kidney failure. She is slightly
obtunded and confused. The EEG shows no anterior to posterior gradient and is dominated by
polymorphous slow (delta) rhythms. There is no background differentiation; the eyes are closed.
Conclusion: delirium. (¢) 60-year-old male with cerebral aspergillosis after stem cell transplant for
multiple myeloma. Clinical delirium. The EEG shows periods of high-amplitude polymorphous
delta activity, interspersed with periods of attenuation. There are no features of stage 2-3 sleep
such as spindles or K-complexes. Conclusion: delirium



11 The Electroencephalogram and Delirium 173

EEG Characteristics of Delirium

In delirium, the EEG is characterized by a diffuse increase of theta and delta oscil-
lations. This pathological slowing is typically more prominent over frontal regions
where low-amplitude beta normally reigns. Increased power in the delta band may
consist of polymorphous (i.e., irregularly shaped) delta activity, frontal intermittent
rhythmic delta activity (FIRDA), and triphasic waves (TWs) [9].

The presence of diffuse polymorphous delta activity during the awake state is
typical in the delirium EEG. Polymorphous delta activity when restricted to lateral-
ized or focal regions is also seen with focal brain pathology such as stroke or brain
tumors [10—-12]. Thus, it is important that the delta activity is bilateral and diffuse to
indicate delirium. However, diffuse polymorphous delta activity is also a character-
istic of stage 2-3 non-rapid eye movement (NREM) sleep [9]. This delta activity
will be more continuous during sleep and not intermittent such as in most cases of
delirium. Normal stage 2-3 NREM sleep can further be distinguished because of
special features (sleep spindles, vertex waves, K-complexes) that are absent in the
EEG of an awake delirious patient. Still, an EEG suggestion of delirium is best taken
from an awake EEG. In a way, one might speculate that delirium is the intrusion of
bouts of NREM sleep in the awake state. Indeed, extreme sleep deprivation may
cause delirium as well as produce such EEG sleep intrusion in the healthy adult [13].

Polymorphous delta activity in delirium may be continuous (Fig. 11.1b) but is
usually intermittent (Fig. 11.1c). Intermittent delta activity may appear in a rhyth-
mical (i.e., monomorphic and repetitive) fashion as short, moderate- to high-
amplitude runs that last between 2 and 6 s over the frontal areas, alternated by
episodes of faster frequencies or even a normal background pattern. Frontal inter-
mittent thythmical delta activity (FIRDA), also referred to as generalized rhythmic
delta activity (GRDA) with frontal predominance, is associated with various patho-
logical processes such as increased intracranial pressure, intoxication, posterior
fossa pathology, and certain diseases such as Lewy body dementia, as well as with
hyperventilation in normal individuals [14]. Due to its non-specificity, it may not be
surprising that FIRDA may also manifest with delirium of various etiologies, such
as sepsis [15], hyperglycemia, and uremia [16].

Triphasic waves may also occur in the delta frequency band and can be recog-
nized by their large, frontally predominant positive peak (>70 pV), flanked by two
negative deflections (i.e., plotted upward, in accordance with the EEG polarity con-
vention for surface negative waveforms). They typically occur in prolonged runs
approximately once per second and attenuate during sleep. In the American Clinical
Neurophysiology Society standardized ICU EEG nomenclature, these are referred
to as generalized periodic discharges (GPDs) with triphasic morphology. TWs are
associated with delirium due to a variety of causes and with increased risk of unfa-
vorable outcomes such as mortality [17, 18]. Akin to FIRDA, TWs may be a reflec-
tion of a number of conditions but have historically been described in hepatic failure
[19], which frequently results in delirium [20]. An example of TWs is provided in
Fig. 11.2a.
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Fig. 11.2 Some specific examples of 14 s EEG recordings. Filter settings 0.16—70 Hz. (a) 43-year-
old female, hepatic failure with high ammonia serum levels due to valproic acid intoxication.
Clinical delirium with periodic unrest; also asterixis and confusion. The shown episode is during a
short period of relaxation. The EEG shows high-amplitude delta with prominent frontal-
predominant sharp waves at leads, so-called triphasic waves in delirium associated with hepatic
failure. (b) 58-year-old male, glioblastoma in the left hemisphere, after he suffered a generalized
tonic-clonic seizure. He has dysphasia, but is responsive, no unrest. The EEG shows relatively
normal background activity over the right hemisphere, but a highly abnormal pattern over the left
hemisphere with so-called periodic lateralized discharges, which in this case reflects a postictal
and tumor-related focal phenomenon. (¢) 66-year-old male, glioblastoma in the right hemisphere
with focal seizures with jerking of the left arm. He was found at home and brought to the ICU with
respiratory problems and unresponsiveness, but no jerking. The EEG shows an evolving rhythmi-
cal pattern over the right hemisphere that waxes and wanes and polymorphous delta activity over
the left hemisphere. Conclusion: non-convulsive status epilepticus
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The occurrence of various features of the EEG thus sometimes allows for the
detection of underlying causes of delirium. Nevertheless, quantitative spectral pat-
terns may vary between individuals, and more research is needed to associate cer-
tain spectral features with clinical phenotypes, e.g., hypoactive or hyperactive
delirium [21]. For now, general slowing and disorganization of the background EEG
appear to be shared features of the delirium EEG.

The increase of power in the theta and delta band is inseparably paired with a
reduction of power in the alpha and beta frequency band. While EEG reactivity with
appearance of a posterior alpha rhythm upon eye closure is observed in healthy
adults, during delirium the EEG often shows an abnormal lack of posterior alpha
rhythm. The relative alpha power is thus reduced in delirium, while relative power
in the theta and delta band typically increases. Consequently, the ratio of fast-to-
slow band power is reduced in delirium. Interestingly, upon recovery, a shift from
predominant delta power back into theta, alpha, and higher frequency bands may be
observed [21]. EEG manifestations of delirium are thus reversible, following the
clinical symptoms.

In clinical practice, EEG may be helpful in detecting delirium in certain popula-
tions [21], and the amount of relative delta power in spectral analysis might provide
a tool for quantification and follow-up [22].

Delirium Due to Non-convulsive Seizures

Non-convulsive seizures can be thought of as abnormal excessive or synchronous
neuronal activity without obvious motor activity [23, 24]. In case of persistence or
recurrence without interictal return to baseline, the term non-convulsive status epi-
lepticus is used. Criteria for non-convulsive seizures include the presence of epilep-
tic activity as detected with EEG (e.g., Figure 11.2b, c) and clinical or EEG
improvement after the administration of a rapidly acting anti-epileptic drug [25, 26].
Non-convulsive seizures can present with a variety of symptoms and signs that may
be nonspecific, including a decreased level of consciousness, confusion, psychosis,
eye deviation, nystagmus, subtle convulsions, rigidity, automatisms, chewing,
tachycardia, sweating, or an increase in intracranial pressure [27].

Some symptoms and signs of non-convulsive seizures therefore show overlap
with features of delirium, and their persistence could point to non-convulsive status
epilepticus. Causes of non-convulsive status epilepticus overlap with causes of
delirium. These include metabolic alterations (such as hepatic and renal failure,
electrolyte abnormalities), drug intoxications, and acute withdrawal of certain drugs
[28]. Not only can delirium manifest during seizures (in the ictal period), delirium
can also persist after or between electrographic seizures (postictal confusion) [29].
The issue whether non-convulsive status epilepticus leads to delirium is relevant, as
status epilepticus should be treated with anti-epileptic drugs, which might be with-
held in case of a mistaken diagnosis of delirious state due to other causes. Sometimes,
non-convulsive status epilepticus may consist of intermittent seizures that can be
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missed with a conventional 30-min EEG recording. To definitely rule out non-
convulsive status epilepticus, prolonged or continuous EEG recording is advised
[30], which may be logistically challenging.

It may not come as a surprise that the literature on delirium due to non-convulsive
status epilepticus is limited. In three studies on non-neurological intensive care unit
(ICU) patients who underwent continuous EEG monitoring for evaluation of altered
consciousness, non-convulsive status epilepticus was detected in 0% (n = 62 patients
with sepsis), 6% (n = 154 surgical ICU patients), and 10% (n = 201 medical ICU
patients) [15, 31, 32]. Another study in patients presenting with delirium found a
much higher proportion of patients with non-convulsive status epilepticus using
continuous EEG (28%) or conventional 20-min EEG (6%) [33]. However, the selec-
tion of study participants was unclear, as well as the required quantity of certain
EEG features to classify as epileptic. Furthermore, the majority of patients classi-
fied with non-convulsive status epilepticus showed an EEG feature of generalized
periodic discharges, which most experts do not consider typically epileptic.

Non-convulsive status epilepticus is an important but relatively rare underlying
cause of delirium, especially in the patient without primary (focal) brain disease and
without a history of seizures. Clues to non-convulsive status epilepticus may include
subtle motor movements, such as gaze deviation, nystagmus, subtle limb twitches,
rigidity, and oral and manual automatisms, particularly in cases with a (hyper)acute
onset of delirium and a prior history of seizures. The single most helpful test to
detect non-convulsive status epilepticus is EEG [28].

During a 30-min EEG recording, brief episodes of non-convulsive seizures
may be missed. However, if electrographic seizure activity does not occur dur-
ing apparent behavioral phenomena, this argues against an epileptic origin of
these features. Diagnosis of non-convulsive status epilepticus is supported when
the administration of a rapidly acting anti-epileptic drug results in both clinical
and EEG recovery.

Applications of EEG in Delirium Research and Management

The EEG has the potential to contribute to various areas of delirium research and
management.

Firstly, it may provide insight in the pathophysiology of delirium. In the last two
decades, there appears to be a renaissance of interest in EEG among neuroscientists
fueled by rapid developments in network science. Network science has introduced
new opportunities for understanding the brain as a complex system of interacting
units [34]. Networks consist of nodes (vertices) that are connected to edges. When
a neural network is constructed from EEG, the EEG electrodes can be considered
the nodes of the network and the strength of the phase coupling between the EEG
channels as edges. Using this network construct, EEG is usually analyzed within the
commonly accepted EEG frequency bands (i.e., delta, theta, alpha, and beta). A
variety of network characteristics can thus be computed, including the average con-
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nectivity strength and measures of network topology. It appears that network altera-
tions during delirium are characterized by loss of functional connectivity in the
alpha band and changes toward a more random and less integrated network [35, 36].
With these analyses, hypoactive delirium could be distinguished from a similar state
which occurs during recovery from anesthesia [36].

Network analyses can also be used to study whether delirium due to different
causes results in similar alterations in connectivity and topology, strengthening the
argument for a final common pathophysiologic pathway. This could be investigated
by comparing delirium due to a different etiology (e.g., postoperative, infectious,
metabolic) with regard to various EEG characteristics. It is however difficult to clas-
sify delirium into etiological subgroups because of its multifactorial nature.

Another interesting approach is to build computational models that represent
populations of interconnected inhibitory and excitatory neurons, resulting in an arti-
ficial EEG signal. By modifying the components of these so-called neural mass
models, such as ion channel thresholds, this EEG signal acquires or loses certain
characteristics and features, which can be compared with an EEG signal during
delirium. Neural mass in silico models can thus fundamentally increase our under-
standing of EEG disturbances in delirium [37].

Secondly, EEG may be applied in routine diagnosis and monitoring of delirium.
Delirium is often not recognized in daily clinical practice by non-delirium experts,
such as ICU physicians [38]. To improve recognition, delirium screening tools have
been developed. While clinical tests suffice in a research setting with a limited num-
ber of research assistants administering the test [39, 40], they appear insensitive in
daily routine practice with numerous nurses in day-to-day care [41, 42]. There is
therefore a need for an objective delirium detection tool which is easy to use. A
conventional 30-min 25-channel EEG recording is not practical for large-scale, rou-
tine monitoring. Fortunately, quantitative analysis of 1-min, two-channel EEG
could reliably distinguish patients with “definite delirium” from those with “definite
no delirium” after cardiac surgery [43]. These results were validated in an indepen-
dent cohort of postoperative patients (n = 159, area under the receiver operating
characteristic curve 0.75 based on the relative delta power, and 0.78 based on
explorative analysis of relative power from 1 to 6 Hz) [44]. Another recent study
also showed high specificity and sensitivity when a bispectral EEG device was used,
even with the inclusion of patients with dementia [45]. Before brief EEG recordings
can be introduced in daily clinical practice, usability needs to be optimized.

Thirdly, EEG could be used to assess prognosis of delirium. Quantification of
slowing of EEG background activity over time might provide a more accurate mea-
sure of monitoring the resolution of delirium than clinical monitoring with scores
such as the Glasgow Coma Scale. However, although associations have been
described between different grades of slowing of EEG background activity and out-
come, prognosis seems to be predominantly determined by etiology [46]. EEG reac-
tivity, e.g., modulation of background activity in response to stimulation, is related
with a more favorable prognosis. Further more, presence of physiological EEG ele-
ments during NREM sleep appears to have prognostic value. These include vertex
waves, sleep spindles, and K-complexes. Particularly the presence of K-complexes
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was found to be associated with favorable outcomes [47]. In summary, EEG is a
sensitive tool, and various EEG features seem to have prognostic value in delirium.
It is still unclear which EEG characteristics are optimal in predicting delirium out-
come [48].

Conclusions

The EEG in delirium is characterized by slowing of background activity, resulting
in increased power in the theta and especially delta frequency range. Several other
features may also be present in the EEG of delirious patients, such as FIRDA and
TWs. The use of EEG in detection and monitoring of delirium seems promising,
and the sensitivity of EEG for delirium is high. Certain EEG elements may also
have prognostic value, which could be of clinical relevance. Moreover, network
analyses and in silico models offer opportunities to study the presence of common
pathways due to different causes. Lastly, EEG is a useful tool in further investiga-
tion of non-convulsive seizures and their link to delirium. EEG, even when a limited
number of electrodes is used, is thus a valid method that could aid prediction, detec-
tion, and monitoring of delirium.

Declaration of Interests Authors AJCS and FSL are advisors for Prolira, a start-up company that
is working on the development of an EEG-based delirium monitor. Any (future) profits from EEG-
based delirium monitoring will be used for future scientific research only.
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