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Abstract
(Wong NYE, van Waart H, Sleigh JW, Mitchell SJ, Vrijdag XCE. A systematic review of electroencephalography in acute 
cerebral hypoxia: clinical and diving implications. Diving and Hyperbaric Medicine. 2023 September 30;53(3):268−280. 
doi: 10.28920/dhm53.3.268-280. PMID: 37718302.)
Introduction: Hypoxia can cause central nervous system dysfunction and injury. Hypoxia is a particular risk during 
rebreather diving. Given its subtle symptom profile and its catastrophic consequences there is a need for reliable hypoxia 
monitoring. Electroencephalography (EEG) is being investigated as a real time monitor for multiple diving problems related 
to inspired gas, including hypoxia.
Methods: A systematic literature search identified articles investigating the relationship between EEG changes and acute 
cerebral hypoxia in healthy adults. Quality of clinical evidence was assessed using the Newcastle-Ottawa scale.
Results: Eighty-one studies were included for analysis. Only one study investigated divers. Twelve studies described 
quantitative EEG spectral power differences. Moderate hypoxia tended to result in increased alpha activity. With severe 
hypoxia, alpha activity decreased whilst delta and theta activities increased. However, since studies that utilised cognitive 
testing during the hypoxic exposure more frequently reported opposite results it appears cognitive processing might mask 
hypoxic EEG changes. Other analysis techniques (evoked potentials and electrical equivalents of dipole signals), demonstrated 
sustained regulation of autonomic responses despite worsening hypoxia. Other studies utilised quantitative EEG analysis 
techniques, (Bispectral index [BISTM], approximate entropy and Lempel-Ziv complexity). No change was reported in BISTM 
value, whilst an increase in approximate entropy and Lempel-Ziv complexity occurred with worsening hypoxia.
Conclusions: Electroencephalographic frequency patterns change in response to acute cerebral hypoxia. There is paucity of 
literature on the relationship between quantitative EEG analysis techniques and cerebral hypoxia. Because of the conflicting 
results in EEG power frequency analysis, future research needs to quantitatively define a hypoxia-EEG response curve, and 
how it is altered by concurrent cognitive task loading.

Introduction

Comprehensively understanding how hypoxia affects the 
brain will not only benefit clinicians managing cerebral 
hypoxia in the context of trauma, neurosurgery or 
anaesthesia, but will also benefit divers. Unanticipated severe 
hypoxia can occur in divers due to failure of close circuit 
rebreather devices resulting in rebreathing of a hypoxic 
gas mixture, or open circuit divers breathing the wrong gas 
mixture at the wrong depth.1

The central nervous system is highly susceptible to 
hypoxia.2  An interruption in cerebral blood flow or 
impaired oxygenation of arterial blood can reduce oxygen 
availability and failure to meet the demands of the central 

nervous system. This can result in transient or permanent 
neurological symptoms.3  Symptoms associated with mild 
cerebral hypoxia include difficulties with complex learning 
tasks, inattention, and amnesia.4  In moderate cerebral 
hypoxia, reduced motor co-ordination, and impaired higher-
order cognitive functions can arise.4  In severe cerebral 
hypoxia, syncope, seizure and neurological death can 
ultimately result.4  It is notable that humans appear to have 
a poor appreciation of hypoxia symptoms as they develop, 
reducing the chance of recognition and self-rescue.

Given the importance of recognising and reversing hypoxia 
whilst diving, there is a need for an improved method of 
hypoxia detection. One proposed method is through the use 
of electroencephalography (EEG); a promising indicator of 
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hypoxia with the advantages of being non-invasive, sensitive, 
objective and measuring in real-time.5

Electroencephalography provides a graphical representation 
of potential differences between cerebral locations.6  The 
most frequently used method for classifying EEG waveforms 
is by frequency. Alpha waves (8–12 Hz) are present in normal 
awake EEG recordings and are an indication of relaxed 
wakefulness. Alterations to alpha waves are considered a 
sign of generalised cerebral dysfunction.7  Beta waves (13–
30 Hz) can increase in the frontal region at low amplitude 
during active thinking, focus and concentration.8  Delta 
waves (< 4 Hz) physiologically occur in deep sleep, and 
can pathologically occur with focal cerebral dysfunction.7  
Theta waves (4–7 Hz) are present in states of drowsiness 
and early stages of sleep.7

In the last decade, technological advancements have allowed 
continuous EEG monitoring in clinical practice to be more 
feasible. Difficulties associated with continuous EEG 
monitoring are more logistical in nature, such as difficult 
electrode maintenance, lack of effective computer algorithms 
and lack of clinical expertise for interpretation.9  Quantitative 
EEG analysis techniques, such as bispectral index (BIS™), 
approximate entropy and Lempel-Ziv complexity utilise 
advances in computer power and algorithms to allow 
continuous monitoring of cerebral function, particularly 
in intensive care and anaesthesia.9  In theory, the use of 
continuous EEG in the clinical environment could translate 
into underwater use, employing algorithms that successfully 
detect hypoxia. Our group is currently engaged in a program 
to investigate the utility of multipurpose EEG algorithms for 
detecting adverse gas effects during diving such as nitrogen 
narcosis, hypoxia, hyperoxia and hypercapnia.

The objective of this systematic review was to explore 
and critically analyse the current literature investigating 
the relationship between EEG changes and acute cerebral 
hypoxia in healthy adults. Having an in-depth understanding 
of how EEG is affected by acute cerebral hypoxia could 
contribute towards the development of future technology to 
monitor and reduce the risk of fatal cerebral hypoxic events 
occurring clinically and during diving.

Methods

SEARCH STRATEGY

A systematic electronic search was performed in MEDLINE, 
EMBASE, Scopus and Web of Science on 12 April 
2021. The search term was drafted with the assistance 
of a University of Auckland librarian, resulting in this 
MEDLINE search string: ((Electroencephalography/ OR 
(eeg or eegs or electroencephalogra*).ti,ab,kw,kf.) AND 
(Hypoxia/ OR Hypoxia, Brain/ OR (hypoxi* or hypox?em*).
ti,ab,kw,kf. OR (anoxi* or anox?e*).ti,ab,kw,kf. OR (oxygen 
adj2 deficien*).ti,ab,kw,kf. OR Altitude/ OR altitude?.
ti,ab,kw,kf.)) not (exp animals/ not humans.sh.)

The MEDLINE search string was translated into formats 
compatible with the other three databases with the aid of 
a Polyglot webtool and cross-checked by the university 
librarian.

STUDY SELECTION

Search results from all four databases were exported to 
a reference managing database (Covidence, Melbourne, 
Australia) for de-duplication and review. Preferred reporting 
items for systematic reviews and meta-analyses (PRISMA) 
guidelines were followed.19  All non-English language 
articles were translated for the screening and review process. 
Three reviewers (NW, XV, HvW) independently screened 
all titles and abstracts in double and excluded irrelevant 
studies. No date or language limits were set. Exclusion 
criteria included systematic reviews, meta-analyses, letters, 
editorials, case reports, paediatric studies, animal studies 
or studies investigating participants with pathologies. Any 
disagreements over inclusion or exclusion of studies were 
discussed between the three reviewers to reach consensus.

Full text copies of all potentially relevant studies were 
obtained for review. In addition to the exclusion criteria 
utilised for title and abstract screening, full-text studies 
were excluded if some index of the hypoxic severity was not 
described (i.e., inspired partial pressure of oxygen [PiO

2
] or 

peripheral oxygen saturation [SpO
2
]

 
were not stated), or if 

there was no clear qualitative or quantitative description of 
EEG outcomes. Additional studies were retrieved by liaising 
with content experts (senior anaesthetists and research 
professors) to contribute any relevant grey literature that 
was not captured by our search strings. Reference lists of 
all included full-text studies were also manually reviewed 
for additional relevant publications (literature snowballing).

DATA EXTRACTION

Data extraction was performed by NW and XV and entered 
into a pre-designed electronic table. Data extracted included: 
participant demographics, study design, extent of hypoxia 
achieved, EEG results and analysis. The quantitative data 
extracted was too varied to reliably perform a formal meta-
analysis.

QUALITY OF EVIDENCE

The Newcastle-Ottawa scale was applied to assess quality of 
evidence. This scale assesses the methodological quality of: 
cohort selection (4 points), comparability of the study groups 
(2 points), and quality of outcomes assessed (3 points).10  
Cohort selection is determined by the representativeness 
of the exposed cohort to the target population, how the 
non-exposed cohort is selected, the ascertainment of the 
exposure, and demonstration that the outcome of interest 
was not present at the start of the study. Study group 
comparability is based on whether the study controls for 
potentially confounding factors (such as age and gender). 
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Quality of outcomes assessed is based on whether there 
was independent blind assessment of outcomes, whether 
sufficient time was allowed for outcomes to occur, and the 
adequacy of follow-up of cohorts. A score is formulated out 
of a maximum of nine points. The thresholds for converting 
the Newcastle-Ottawa scale into an objective assessment of 
study quality (as per the Agency for Healthcare Research 
Quality standards) is as follows:
• Good quality – 3 or 4 points in selection domain AND 1 

or 2 points in comparability domain AND 2 or 3 points 
in assessed outcome domain.

• Fair quality – 2 points in selection domain AND 1 or 2 
points in comparability domain AND 2 or 3 points in 
assessed outcome domain.

• Poor quality – 0 or 1 point in selection domain OR 0 
points in comparability domain OR 0 or 1 points in 
assessed outcome domain.

Results

STUDIES INCLUDED FOR ANALYSIS

The search identified 17,842 records, with 9,803 remaining 
for title and abstract screening after duplicates were removed. 
After initial screening, 237 full-text studies were assessed 
for eligibility. Eighty studies met the inclusion criteria. 
One study was identified through snowballing, resulting in 
81 studies for analysis (Figure 1). A complete list of these 
studies can be found in online supplementary Table S1*.

QUALITY OF EVIDENCE

The overall quality of evidence was poor. Only ten studies 
were graded as being of good quality. The comparability 
domain scored the worst, where more than 80% of studies 
scored no points (Table 1).

TYPE OF STUDIES

Thirteen controlled trials were identified, which involved 
randomisation to another intervention. The remaining studies 
identified were experimental cohort studies.

STUDY PARTICIPANTS

The majority of studies were very small, with less than 20 
participants recruited. The greatest number of participants 
(n = 203) were recruited in an experimental cohort study that 
investigated the tolerance time to hypoxia in trainee pilots at 
progressively increasing altitudes simulated in a hypobaric 
chamber.11  Only four studies recruited more females than 
males. The majority of participants were under 40 years of 
age, with the oldest participant aged 57.12  All participants 
were healthy volunteers who were naïve to hypoxic or 
altitude exposure. In particular, three studies recruited 
athletes,13–15 one study recruited divers,16 and six studies 
recruited pilots, parachutists or mountaineers (Table 2).11,17–21 

MODERATE VS SEVERE HYPOXIA

Seventeen studies investigated more than one hypoxic 
exposure (nine studies investigated two exposures; six 
studies investigated three exposures; two studies investigated 
four exposures), producing a total of 108 exposures for 
analysis. The 108 exposures were categorised into two 
groups for comparison: moderate and severe hypoxia.  
Moderate hypoxia was defined as SpO

2
 75−90% and 

severe hypoxia was defined as SpO
2
 < 75%. For studies 

that did not state an SpO
2
 outcome, severity of hypoxia 

was categorised based on PiO
2
 exposure as a secondary 

outcome. In these studies, moderate hypoxia was defined as 
PiO

2
 ≥ 10 kPa and severe hypoxia was defined as PiO

2
 < 

10 kPa. This categorisation produced 48 moderate hypoxia 
exposures and 60 severe hypoxia exposures for analysis 
and comparison.

INDUCTION OF HYPOXIA

Hypoxia was induced in a hypobaric chamber or an altitude 
exposure, or via normobaric hypoxia (inhalation of a hypoxic 
gas mixture). The most prevalent method of inducing 
moderate hypoxia was in a hypobaric chamber, whilst the 
most prevalent method of inducing severe hypoxia was via an 
inhaled hypoxic gas mixture. All altitude exposures produced 
a moderately hypoxic environment (Figure 2).

Figure 1
PRISMA flow diagram for the review

Footnote: * Table S1 in spreadsheet format is available on DHM Journal's website: https://dhmjournal.com/images/HTML/Wong_TableS1.
htm. A table of the references cited in S1 is also available: https://www.dhmjournal.com/index.php/journals?id=320

https://dhmjournal.com/images/HTML/Wong_TableS1.htm
https://dhmjournal.com/images/HTML/Wong_TableS1.htm
https://www.dhmjournal.com/index.php/journals?id=320
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EXPOSURE TIME

Hypoxic exposures were more frequently longer in the 
moderate hypoxia group, with the longest hypoxic exposure 
being 30 days secondary to ascent to higher altitude.22  This 
is in contrast to the higher proportion of short exposures in 
the severe hypoxia group, where the shortest exposure was 
12 seconds in a hypobaric chamber (Figure 3).23

EEG FREQUENCY ANALYSIS

Only 12 studies reported numerical changes in spectral 
power of EEG frequencies (Table 3). The remaining 
studies provided either written descriptions or graphs 
showing general trends in EEG frequency changes, from 
which specific numerical values could not be accurately 
ascertained.

Score Selection a Comparability b Assessed outcome c

≥ 3 points 26 N/A 55

2 points 40 0 22

1 point 15 15 4

0 points 0 66 0

Overall assessment Good Fair Poor

Number of studies 10 5 66

Parameter n studies

n subjects
< 10
10–19
20–29
30–39
40–49
≥ 50

14
35
11
7
5
9

Male
100% 
50–99% 
< 50% 
Not stated 

39
24
4
14

Upper age (years)
18–19
20–29
30–39
40–49
50–59
Not stated

1
17
24
14
6
19

Characteristic
Unspecified healthy   
  volunteers
Students
Athletes
Divers 
Pilots/parachutists/
  mountaineers
Not stated

60

9
3
1
6

2

Table 1
Newcastle-Ottawa scale quality of evidence; a Selection domain maximum 4 points; b Comparability domain maximum 2 points; c Assessed 

outcome domain maximum 3 points; N/A – Not applicable

Table 2
Study participant characteristics

Figure 2
Methods of inducing hypoxia employed in the studies

Figure 3
Hypoxia exposure times employed in the studies
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Alpha waves

Based on the 12 studies that specified numerical changes 
in spectral power of EEG frequencies, moderate hypoxia 
caused a 31% increase, compared to a 20.6% decrease 
in median alpha spectral power under severe hypoxic 
conditions (Figure 4). However, when including the 
qualitative studies, there appeared to be an overall decrease 
in alpha activity under both moderate and severe hypoxic 
exposures, where the decrease in alpha activity was more 
frequently reported under severe hypoxia compared to 
moderate hypoxia (Table 4). In general, the quantitative 
studies were more recent, with modern technology, while 
the studies with qualitative  data were older, which mean 
that most results were based on visual interpretation of the 
EEG, which has severe limitations.

Amongst studies that reported an increase in alpha activity, 
a large proportion (seven out of 11) occurred in those where 
participants performed simple cognitive tasks during the 
hypoxic event, while 32 out of 46 showed a decrease in 
alpha power when no cognitive testing was performed 
(Table 5). This relationship is not depicted in Figure 4, 
which demonstrates a 15% increase in median alpha spectral 
power when no cognitive tasks were performed, and a 9.2% 
decrease in median alpha spectral power when cognitive 
tasks were performed under hypoxic conditions. However, 
only seven out of the 34 studies that utilised cognitive testing 
specified numerical changes in alpha spectral power.

Delta and Theta waves

Delta and theta waves generally increased under both 
moderate and severe hypoxic conditions (Table 4, 
Figures 5 and 6). The increase in delta activity under moderate 

Hypoxic 
severity

Electroencephalogram frequency band

Alpha Beta Delta Theta

↑ ↓ ↔ Not 
stated

↑ ↓ ↔ Not 
stated

↑ ↓ ↔ Not 
stated

↑ ↓ ↔ Not 
stated

Moderate 
(n = 48)

5 13 3 27 9 3 1 35 7 1 1 39 11 5 0 32

Severe 
(n = 60)

6 33 1 20 9 6 1 44 27 3 1 29 35 2 0 23

Table 4
Descriptive changes in EEG frequencies under moderate and severe hypoxic conditions; ↑ – Increased activity; ↓ – Decreased activity; 

↔ – No change in activity

Cognitive 
testing

Electroencephalogram frequency band

Alpha Beta Delta Theta

↑ ↓ ↔ Not 
stated

↑ ↓ ↔ Not 
stated

↑ ↓ ↔ Not 
stated

↑ ↓ ↔ Not 
stated

Yes
(n = 34)

7 14 0 13 6 3 1 24 13 2 1 18 16 1 0 17

No 
(n = 74)

4 32 4 34 12 6 1 55 21 2 1 50 30 6 0 38

Table 5
Descriptive changes in EEG frequencies with cognitive testing compared to no cognitive testing under hypoxic conditions; ↑ – Increased 

activity; ↓ – Decreased activity; ↔ – No change in activity

Figure 4
Box plot of relative change in spectral power in the alpha band; 
study results are split between moderate and severe hypoxia (left) 
and rest or active cognitive function (right). The box plot shows the 
median (red line), interquartile range (blue box) and the whiskers 

show the range
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hypoxia is depicted as a red line without box and whiskers in 
Figure 5. This is because out of the seven studies that 
described an increase in delta activity under moderate 
hypoxia, only one study quantified these changes.33  The 
authors of this study reported a 3.6% decrease in delta 
spectral power at SpO

2
 90%, but an unspecified increase in 

delta spectral power at SpO
2
 80%.33

The increase in both delta and theta activity was more 
frequently reported under severe hypoxic conditions 
(Table 4). More than 50% of studies did not report any 
changes in delta or theta activity, pertaining mainly to those 
that had a moderate hypoxic exposure. An increase in these 
frequencies was also more frequently reported in the absence 
of cognitive testing (Table 5), corresponding to 168.7% 
and 16.9% increases in median delta and theta spectral 
powers respectively, (Figures 5 and 6). Two studies noted 
an increase in theta activity predominantly over the frontal 
and parietal cortices.22,34  One study reported a decrease in 
theta activity which was only observed over the frontal and 
central cortices.35  Burykh, et al. demonstrated an increase 
in theta spectral power of 287.4%,24 corresponding to the 
upper limit depicted in the severe hypoxia and resting state 
boxplots in Figure 6. Whilst this is a notable outlier, those 
authors investigated a small population and several EEG 
frequency changes were analysed by visual inspection.24

Beta waves

More than 70% of studies did not comment on nor 
specify any changes in beta activity. Studies that did 
generally reported an increase in beta spectral power for 
both moderate and severe hypoxic exposures (47.3% and 
15.5%, respectively) (Table 4 and Figure 7). The majority 
of studies that utilised cognitive testing during the hypoxic 
event demonstrated an increase in beta activity (Table 5), 
which was also reflected by the 64.5% increase in median 
beta spectral power in studies that utilised cognitive testing 
during the hypoxic event (Figure 7).

OTHER EEG ANALYSIS TECHNIQUES

Nine studies utilised other analysis techniques rather than 
analysis of specific EEG frequencies (Table 6). These other 
analyses can be broadly categorised as evoked potentials, 
source localisation and quantitative analysis techniques.

Evoked potentials

Evoked potentials provide an insight into the processes 
underlying sensory load perception.45  One study measured 
respiratory-related evoked potentials concluding that 
hypoxic conditions suppress respiratory afferent input to the 
medulla.37  Three studies utilised auditory evoked potentials. 
40,41,43  All three demonstrated a reduction in amplitude of 
endogenous positive and negative slow waves, corresponding 

to a disruption in focus, attention and auditory processing 
secondary to hypoxia.40,41,43

Source localisation

Electrical equivalents of dipole signals, which measure the 
electrical activity of subcortical regions,42 were analysed 

Figure 5
Box plot of relative change in spectral power in the delta band; 
study results are split between moderate and severe hypoxia (left) 
and rest or active cognitive function (right). The box plot shows the 
median (red line), interquartile range (blue box) and the whiskers 

show the range

Figure 6
Box plot of relative change in spectral power in the theta band; 
study results are split between moderate and severe hypoxia (left) 
and rest or active cognitive function (right). The box plot shows the 
median (red line), interquartile range (blue box) and the whiskers 
show the range. The outlier (red +) is larger than 1.5 times the 
interquartile range and is outside the scale (dotted line) at 287.4%
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in two studies.42,44  Both demonstrated an increased signal 
density in the hypothalamus, forebrain, temporal lobe 
and increased activation of the limbic system with initial 
hypoxic exposure. The authors concluded that this signal 
redistribution demonstrates the dynamic adaptive functions 
and self-regulatory mechanisms of the brain, resulting in 
a stable regulation of physiological parameters despite a 
worsening oxygen deficit.42,44

Quantitative analysis techniques

Bispectral index (BIS™) is a proprietary signal-processed 
EEG that produces a single dimensionless number to 
provide an indication of depth of anaesthesia.46  One study 
demonstrated no change in BISTM across a range of SpO

2
 

readings from normal to as low as < 69%.38

Approximate entropy is a statistical approach to characterising 
EEG signals.36  Lempel-Ziv complexity tests the randomness 
of a sequence to assess patterns within a deterministic, non-
linear EEG signal.36,39  One study utilised both approximate 
entropy and Lempel-Ziv complexity, showing a progressive 
increase in both values with worsening hypoxia.36  The 
authors proposed that these methods can be used to evaluate 
changes in neurological function at different hypoxic 
severities.36  These changes in complexity could be explained 
by the changes in beta frequency power reported earlier.

Discussion

This systematic review aimed to explore and critically 
analyse current literature investigating the relationship 
between EEG changes and acute cerebral hypoxia in healthy 
adults. There was evidence for EEG frequency changes 

associated with varying severities of hypoxic exposure 
although quantitative EEG analysis techniques have the 
greatest potential for evaluating the presence and severity 
of cerebral hypoxia.6

EEG FREQUENCY ANALYSIS

Alpha waves

Most studies in this systematic review reported changes in 
alpha waves. Under normal physiological conditions, alpha 
waves are associated with a state of relaxed wakefulness, 
where an alteration can be attributed to generalised cerebral 
dysfunction.7  Overall, the reviewed studies confirmed a 
decrease in alpha wave activity under both moderate and 
severe hypoxic conditions (Table 4). One study reported 
that task difficulty and visual stimulus handling could 
affect alpha frequency amplitudes during continuous EEG 
monitoring.47  Similarly, a large proportion of studies that 
reported an increase in alpha activity were those in which 
cognitive tasks were performed during the hypoxic exposure 
(Table 5). It is possible that there are other circumstances 
where alpha activity may also increase, and therefore cause 
an erroneous interpretation of an individual’s hypoxic state.

Delta and Theta waves

Both delta and theta waves are physiologically associated 
with sleep.7  It was therefore anticipated that these 
frequencies would increase during a hypoxic event and in 
the absence of cognitive testing, which aligns with the results 
of this systematic review (Tables 4 and 5). Nearly 50% of 
studies did not observe significant changes in delta or theta 
waves, whilst those that did, tended to observe an increase in 
delta and theta waves at severe hypoxic thresholds (Table 4). 
It is possible that these studies may also have other factors 
contributing to the observed increase in delta and theta 
waves. Whilst an increase in delta and theta activity may be a 
useful indicator of severe cerebral hypoxia, identification of 
earlier stages of cerebral hypoxia may be missed if relying 
on delta and theta waves alone.

Beta waves

More than 70% of studies did not comment on beta waves. 
The few studies that did, predominantly reported an increase 
in beta activity (Table 4). Beta waves are associated with 
active thinking, focus and concentration,8 which aligns with 
the fact that the majority of studies where cognitive testing 
was utilised, reported an increase in beta activity (Table 5). 
Xi, et al. demonstrated that sedatives can also increase beta 
activity.48  Like alpha waves, there may be other factors that 
could also contribute towards an increase in beta activity, 
resulting in an inaccurate interpretation of an individual’s 
hypoxic state. This highlights the need for a more specific 
and reliable method of EEG analysis to monitor cerebral 
hypoxia.

Figure 7
Box plot of relative change in spectral power in the beta band;  
study results are split between moderate and severe hypoxia (left) 
and rest or active cognitive function (right). The box plot shows the 
median (red line), interquartile range (blue box) and the whiskers 

show the range
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OTHER EEG ANALYSIS TECHNIQUES

EEG can be a complex, chaotic time series signal. As a 
result, researchers and clinicians (particularly anaesthetists 
and intensive care specialists) generally use EEG analysis 
techniques other than frequency analysis to aid with 
interpretation.

Evoked potentials and source localisation

Respiratory related evoked potentials provide an insight 
into the sensory processes underlying respiratory load 
perception.45  Electrical equivalents of dipole signals 
measures the electrical activity of subcortical regions.42  
Studies that utilised respiratory related evoked potentials or 
electrical equivalents of dipole signals demonstrated stable 
regulation of cardiovascular and respiratory parameters 
despite an oxygen deficit.37,42,44  This was supported by 
another study which demonstrated no change in either 
respiratory rate or heart rate with prolonged duration 
or worsening hypoxic severity.49  Edlinger, et al. also 
demonstrated splay between EEG frequency changes and 
autonomic vital signs with worsening hypoxia.12  Overall, 
these studies indicate that autonomic responses can be 
impaired secondary to cerebral hypoxia. This therefore 
suggests that solely monitoring autonomic vital signs may 
not be a useful technique for monitoring cerebral hypoxia 
and could lead to an inaccurate interpretation of the severity 
of an individual’s hypoxic state.

Quantitative analysis techniques

Bispectral index (BIS™) is a proprietary signal-processed 
EEG index that produces a single dimensionless number 
quantifying the shift to predominance of low frequencies – 
and hence to provide an indication of depth of anaesthesia.46  
The only study reporting the effect of hypoxia on BISTM 
readings in adults showed no change across a range of 
peripheral oxygen saturations from normal to 69%.38  Most 
probably the increase in both delta and beta power, as seen 
in severe hypoxia, would counterbalance each other – thus 
causing no consistent change in the BISTM index.

Approximate entropy is a statistical approach of 
characterising and classifying EEG signals.36  Lempel-Ziv 
complexity measures complexity as defined by Kolmogorov, 
by testing the randomness of a sequence to assess patterns 
within a deterministic, non-linear EEG signal.36,39  One 
study concluded that there is a progressive increase in both 
approximate entropy and Lempel-Ziv complexity values 
with worsening hypoxia,36 whilst another only demonstrated 
a significant increase in Lempel-Ziv complexity in 
subjects who were anxious during the hypoxic exposure.39  
Interestingly Jernajczyk, et al. failed to demonstrate 
significant changes in EEG frequencies in response to 
hypoxia, but noticed that changes in cortical electrical 

activity became more apparent by utilising Lempel-Ziv 
complexity.39  This emphasises the difficulties, limitations 
and potential for inaccurate interpretations that can arise by 
analysing EEG frequency changes alone, and infers greater 
potential efficacy of quantitative EEG analysis techniques.

LIMITATIONS

Inevitably, there are some limitations in this review. 
Firstly, the overall quality of evidence was poor, with the 
comparability domain scoring lowest. The majority of 
studies did not control for age or gender, nor specify the 
type of participants recruited, thus study cohorts were poorly 
comparable with each other. Secondly, the high quantity of 
articles that were evaluated during the screening process 
could have created a degree of selection bias. However, each 
title, abstract and full-text study was reviewed at least twice 
by three independent reviewers, reducing the probability of 
incorrectly excluding a relevant study. Thirdly, participants 
of studies analysed in this review were young. Since EEG 
changes with age,50 the results from this systematic review 
may not accurately reflect how EEG changes with cerebral 
hypoxia in an older individual and could therefore not be 
applicable to an older population (> 60 years). Lastly, only 
12 studies specified numerical changes in spectral power 
of EEG frequencies. Whilst these values largely correlated 
to the overall trends in EEG frequency changes outlined in 
other studies, further research is needed to properly validate 
the extent of these changes for each EEG frequency under 
varying hypoxic exposures and cognitive loads.

FUTURE IMPLICATIONS

Further research is required to investigate the practical 
and clinical utility of EEG frequency analysis to monitor 
cerebral hypoxia. Research is also required to evaluate how 
various factors, such as cognitive load, could influence EEG 
frequencies. This could involve directly measuring EEG 
frequencies in participants whilst they perform cognitive 
tasks in progressively deteriorating hypoxic environments 
compared to participants who are not subjected to a cognitive 
load. This would allow more specific assessment into the 
progression and pattern of EEG changes that can be expected 
at different hypoxic thresholds and determine how factors 
such as severity of hypoxic exposure or cognitive load could 
influence EEG frequencies.

This systematic review has identified quantitative EEG 
analysis techniques (BISTM, approximate entropy, Lempel-
Ziv complexity), that could provide greater clinical utility for 
monitoring cerebral hypoxia compared to the assessment of 
EEG frequencies. These quantitative analysis techniques are 
advantageous as they are usually less expensive and require 
less expertise to interpret.9  Further research is required to 
comprehensively assess how BIS™, approximate entropy 
and Lempel-Ziv complexity are affected by cerebral hypoxia 
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in healthy adults, and whether these modalities are more 
reliable for continuous EEG monitoring compared to the 
assessment of EEG frequencies.

Conclusions

There is a relationship between acute cerebral hypoxia 
and EEG frequency changes. Alpha waves decrease whilst 
delta and theta waves increase in response to moderate and 
severe hypoxic exposures, although these changes may be 
affected by factors such as severity of hypoxic exposure 
and cognitive load. Current evidence on the relationship 
between quantitative analysis of EEG and cerebral hypoxia 
is limited. Future research is required to quantitatively 
define a hypoxia-EEG response curve and how factors such 
as cognitive load affects this relationship. The comparative 
utility of analysing EEG frequencies versus quantitative 
analysis of the EEG also requires further investigation. 
As part of a study to determine whether prior hypoxic 
exposure helps recognition of a subsequent hypoxic event 
among divers, our group is undertaking a series of hypoxic 
exposures with EEG monitoring of sufficient quality to allow 
all relevant analyses. A related aim in our currently funded 
research program is the development of technologies that 
improve real-time hypoxia detection and reduce the risk of 
fatal cerebral hypoxic events occurring in divers.
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