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Abstract: A bidirectional relationship exists between diabetes mellitus (DM) and major
depressive disorder (MDD), with depression commonly reported in both type 1 DM (T1DM) and
type 2 DM (T2DM), and depressive symptoms associated with a higher incidence of diabetes.
However, how the two conditions are pathologically connected is not completely understood.
Similar neurophysiological abnormalities have been reported in both DM and MDD, including
elevated electroencephalographic (EEG) activity in low-frequency slow waves and increased
latency and/or reduced amplitude of event-related potentials. It is possible that this association
reflects some common underlying pathology, and it has been proposed that diabetes may place
patients at risk for depression through a biological mechanism linking the metabolic changes
of DM to changes in the central nervous system. In this review we will discuss EEG abnor-
malities in DM, as well as the biological mechanisms underlying various EEG parameters, in
order to evaluate whether or not a common EEG biosignature exists between DM and MDD.
Identifying such commonalities could significantly inform the current understanding of the
mechanisms that subserve the development of the two conditions. Moreover, this new insight
may provide the basis for informing new drug discovery capable of mitigating and possibly
even preventing both conditions.

Keywords: electroencephalography, event-related potential, diabetes mellitus, major depressive
disorder

Introduction

Diabetes mellitus (DM) remains a global epidemic, with an estimated 285 million
people affected by diabetes worldwide.! There are two major types of DM: insulin-
dependent diabetes (type 1 DM [T1DM]) and noninsulin-dependent diabetes (type
2 DM [T2DM]). T1DM, also known as juvenile diabetes, occurs when the immune
system attacks and destroys the cells of the pancreas that produce insulin. In T2DM,
individuals are still able to produce insulin, but their bodies do not respond to it nor-
mally (ie, insulin resistance). Approximately 10% of people with diabetes have TIDM,
whereas the remainder have T2DM. The rising prevalence of DM is a consequence
of the significant increase in the latter type.!

DM possesses a bidirectional relationship with major depressive disorder (MDD).2
MDD is common in T1/T2DM and has significant effects on the course and outcome of
diabetes.’ Some studies have shown that the risk for depression is particularly elevated
in TIDM,* whereas others suggest a specific association with T2DM.’ Likewise,
elevated depressive symptoms have been associated with a higher risk of developing
T2DM.¢ In a recent population-based study, Chien et al” reported the 1-year prevalence
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of DM in patients with MDD to be higher than that of the
general population (11.65% vs 6.53%; odds ratio 1.53; 95%
confidence interval 1.39-1.69). Comorbid MDD in people
with diabetes and vice versa forms a serious threat to qual-
ity of life and increases the risk for the development of
cardiovascular complications of DM, leading to increased
mortality rates and higher health care costs.” However, how
the two conditions are connected remains insufficiently
characterized. Identifying a common underlying mechanism
between DM and MDD could greatly aid in a better under-
standing toward the prevention and treatment of patients who
are comorbid for both conditions. Indeed, enhanced efforts
toward good glycemic control have been shown to contribute
to improvements in mood and perceptions of well-being.3
Also, improving depressive symptoms has been shown to
improve or even alleviate chronic illnesses such as DM.* An
integrated understanding of the mechanisms that subserve
both DM and MDD will need to take into consideration
accumulated evidence implicating central nervous system
(CNS) abnormalities associated with both conditions.

One mechanism that has been used widely to investigate
CNS alterations in DM is electroencephalography (EEG).
EEG is a measure of the brain’s spontaneous electrical activ-
ity acquired from many different electrodes placed on the
scalp. Recorded activity at each electrode is the gross mea-
sure of electrical activity arising from a number of different
neurons in cortical areas surrounding each electrode. EEG
signals are described in terms of either absolute or relative
power. Absolute power is the amount of power in an EEG
frequency band at a given electrode measured in microvolts
(uV?). Relative power is the percentage of power in any fre-
quency band compared with the total power of the entire EEG
spectrum. A more advanced form of EEG, called quantitative
EEG (QEEG), now exists. In QEEG, electrical signals from
the brain are converted to digital form, which allows patterns
undetectable by the naked eye to be revealed.

Diabetes may place patients at risk for depression through
a biological mechanism linking the metabolic changes of
DM to changes in the CNS.? Keeping with this perspec-
tive, McIntyre et al'® demonstrated that a common point
of pathophysiology exists between MDD and DM when
considering brain volume abnormalities and neurocognitive
deficits. In this review, we discuss the literature pertinent to
EEG abnormalities in DM, but we also discuss biological
mechanisms underlying each EEG parameter discussed,
in order to evaluate whether or not a common link exists
between neurobiological mechanisms associated with EEG
findings in DM and in MDD.

EEG frequency band activity

Spectral power in four main EEG frequency bands has been
explored in DM, including activity in the delta (<4 Hz),
theta (4-8 Hz), alpha (8—13 Hz), and beta (13—-30 Hz) bands.
Delta waves accompany slow-wave sleep, theta waves reflect
a state of drowsiness, and alpha and beta waves generally
reflect a relaxed state and an active brain, respectively.
Gamma (3144 Hz) waves have also been investigated but
with less focus when compared with the other EEG bands.
The normal EEG spectrum is dominated by alpha and beta
waves, whereas theta waves are a minor component and delta
waves are normally absent. Alpha, beta, and gamma make up
the high-frequency fast waves, whereas the low-frequency
slow waves comprise delta and theta.

High-frequency fast-wave activity

EEG studies of both adults and children with diabetes generally
reveal a decrease in high-frequency fast-wave activity. When
reports of EEG findings in children were scarce, Eeg-
Olofsson and Petersen'! reported a significantly lower level of
alpha activity in diabetic children and adolescents with DM
(n=69, mean age 12.8 years). Pathological EEGs in this study
were shown to significantly correlate with hypoglycemia.
Similar results were demonstrated in a follow-up study.'?
Topographic EEG mapping in a group of young patients with
T1DM (n = 14; eight men, six women; 33.1 + 8.9 years) in
later years also revealed decreased alpha activity (P < 0.05)
during induced hypoglycemia." In contrast to these reports,
Bjorgaas et al'* found a moderate increase in alpha band
activity over fronto-central and temporal regions during
controlled hypoglycemia in 19 diabetic children (mean age
14.2 £ 1.4 years) using QEEG.

One early study demonstrated that adults with T1DM have
areduction in relative alpha power in frontal and central areas,
with no difference in the incidence of hypoglycemia between
patients with normal and pathological EEGs."" However,
biochemically induced hypoglycemia in adults with T1IDM
(n =13, median age 28 years [range 20—40 years]) has been
shown to decrease alpha activity in the parieto-occipital

and temporal regions.'

In a similar study, high-frequency
alpha activity (9.75-12.87 Hz) was reduced over posterior
regions of the brain, whereas low-frequency alpha activity
(8.12-9.62 Hz) was elevated over the anterior brain."”
Elderly patients with T2DM (n = 43 males) have been
reported to have slowing of EEG activity over the central
cortex and reduction in alpha activity over the parietal area,
compared with age-matched nondiabetics (n = 41 males).'

Adolescents with TIDM and previous ketoacidotic episodes
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(n = 44) have been found to have decreased relative alpha
power, suggesting a role for hyperglycemia.' This finding
is in direct contrast to the largely supported role of low
blood glucose level in EEG abnormalities observed in DM.
A similar study showed pronounced loss of alpha oscillations
in posterior temporal regions (P < 0.05 or 0.01), along with
the alpha peak frequency in temporo-central regions being
reduced bilaterally (P < 0.01) in TIDM patients (n = 49)
compared with controls (n = 51).2° However, both of these
changes were found not to correlate with a previous history of
hypoglycemia. Two recent papers investigating EEG change
in T1DM patients confirmed reports from earlier EEG studies
by demonstrating a global reduction of alpha band activity
(P < 0.04) with the most pronounced regional difference
over posterior temporal regions (P < 0.001).2!> Again, this
reduction was found not to correlate with hypoglycemia.?!

Reduced activity in the beta band has also been reported
in people with diabetes. Elderly patients with T2DM
demonstrate decreased beta activity over posterior regions of
the brain.'® In contrast, diabetic children have been reported
to have elevated beta band activity over fronto-central and
temporal regions.'* Studies conducted in more recent years
support the earlier observation of reduced beta activity in
DM. T1DM patients with hypoglycemia (N = 13) have
been shown to have reduced absolute power in the beta band
(13-35 Hz) and slowing of centroid frequencies of beta and
total frequency bands (1.3—35 Hz) (up to P < 0.01).% In two
later studies of young adults with T1DM, reports of decreased
beta band activity were not found to correlate with a previous
history of hypoglycemia.?*?! One of these studies reported
reduced activity in the beta band bilaterally in the anterior
temporal and occipital regions (T3, T4, O1, and O2, P < 0.05
or 0.01),%° whereas the latter reported a reduction over
bilateral posterior temporal regions (P < 0.01).>' Reduced
power in the beta band over central and posterior temporal
regions was also demonstrated in very recent studies of
individuals with TI/T2DM.?>** EEG power did not correlate
with metabolic control.?? Instead, a positive correlation was
found between verbal ability and resting EEG power in the
alpha (P < 0.03) and beta (P < 0.04) bands.”

Only a handful of EEG studies have reported reduced
gamma activity in DM patients. Young adults with T1DM have
been shown to have decreased gamma oscillations bilaterally
over posterior temporal regions (P < 0.05 or 0.01).2*! More
recently, Cooray et al?> showed global reduction of gamma
band activity (P < 0.005) in T1DM patients, which was most
pronounced over mid-parietal regions (Pz, P < 0.001) and
was found to negatively correlate with visual-spatial ability

(P < 0.04). No correlation to hypoglycemia was reported in
all three studies mentioned.?*?2

Low-frequency slow-wave activity

EEG studies of diabetic patients generally report an increase
in low-frequency slow-wave activity. One early report
demonstrated enlarged slow waves in the left parietal area of
adults with TIDM.' Similarly, Eeg-Olofsson and Petersen'!
reported increased theta activity in diabetic children (n =69,
mean age 12.8 years), which correlated with hypoglycemic
conditions. Pathological activity within theta and/or delta
bands has also been demonstrated in young individuals
with uncontrolled TIDM who were newly diagnosed with
ketoacidosis or ketosis (n =39, age 11 months to 16 years).>
This finding supports a probable role for hyperglycemia,
which was in contrast to the widely reported connection
between EEG abnormalities in DM and hypoglycemia.

Elderly patients with T2DM have been shown to have
slowing of EEG with significantly greater power in the
theta band at central midline areas (P < 0.05).'8 Elevated
theta activity in temporal and parieto-occipital areas has
been demonstrated in adults with TIDM (n = 13) during
induced hypoglycemia.'® In a similar study, theta activity
was shown to increase over anterior regions, whereas delta
activity increased over posterior regions.!” Adolescents with
T1DM also demonstrate increased theta and delta activity,
which has been shown to be related to poor metabolic
control and ketoacidosis.'” Tribl et al'® reported similar
results over lateral frontal regions, in the range of slight
hypoglycemia. However, during deep hypoglycemia, there
was a topographic maximum of slow frequencies in posterior
regions of the brain, particularly from the centro-temporal
region to the parieto-occipital region.'?

Diabetic children (n = 19, mean age 14.2 + 1.4 years)
have been shown to have marked and widespread increase in
low-frequency activity during controlled hypoglycemia with
the increase in theta activity observed globally in all cortical
areas, whereas the increase in delta activity was mainly due
to an 11% increase in the temporal region (P < 0.0005).'
A small but significant increase in theta and delta amplitudes
was also observed but with no regional differences.'* In
this particular study, the increase in slow-wave activity
correlated with hypoglycemic symptom score.'* Young
adults with well-controlled TIDM without a history of
recurrent hypoglycemia also revealed elevated delta activity
in frontal (F4-F8) and temporo-parietal (T5-P3) regions, and
increased theta activity in frontal and left central positions
(F3, Fz, F8, and C3, P < 0.05).%° Hyllienmark et al*! found
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similar results in adolescents with T1DM, where a history
of severe hypoglycemia correlated with a global increase
in theta activity, whereas poor metabolic control correlated
with elevated delta activity. In contrast to these previous
findings, one recent study found a global reduction in the
power of slow-wave activity (P < 0.01) in TIDM patients,
with a positive correlation found between verbal ability and
resting EEG power in the theta band (P < 0.04).%

EEG: neurobiological mechanism and

relation to depression
While earlier research attributed EEG abnormalities to
reduced blood glucose in diabetics, more recent studies have
generally failed to find strong support of such a view. Rather,
recent studies have demonstrated a role for cognitive pro-
cesses such as visual-spatial ability and verbal ability.?*-?>2*
According to the “metabolic hypothesis,” metabolic
defect in DM may lead to permanent cerebral dysfunction.'?
However, even in early reports of EEG abnormalities in dia-
betic patients, authors stressed the fact that although repeated
episodes of hypoglycemia may cause functional and meta-
bolic disturbances in neurons, they are still probably of minor
importance as causal factors, because diabetic patients with
no sign of hypoglycemia also have EEG abnormalities.!!!2
In one early study of diabetic patients, the incidence of hypo-
glycemia seemed to be as frequent in patients with a normal
EEG as in those with a pathological EEG.'> Moreover, minor
hypoglycemic episodes have been shown to have no effect
on EEG.?® Interestingly, abnormal EEG power spectra have
been demonstrated in diabetic patients with well-controlled
T1DM without history of recurrent hypoglycemia.” Hence,
studies of diabetic patients in the literature do not always
clearly relate abnormal EEG findings with blood glucose
level. This may be due to the fact that there are factors beyond
the previously supported “metabolic hypothesis.” With fewer

and fewer studies supporting the role of hypoglycemia in
EEG abnormalities in DM, cognitive processes have been
recently brought to the forefront. The EEG abnormalities
shared between DM and MDD may aid in better understand-
ing this relationship.

Similar alterations of EEG frequency bands as those
observed in DM have been demonstrated in MDD patients,
namely elevated slow-wave activity (see Table 1). Low-
frequency EEG activity including theta and delta power
has been shown to be increased over the right hemisphere
in depressed patients (n = 20, mean age 44.31 £ 9.31 years)
compared with age-matched healthy controls (n = 20, mean
age 44.15 £ 9.22 years).?” Korb et al*® used low-resolution
electromagnetic tomography analysis and found elevated
delta and theta power in the anterior cingulate cortex (ACC)
of depressed patients, a region of the brain shown to be
dysfunctional in MDD. Pizzagalli et al?® reported that the
rostral ACC produces the largest cluster of positive correla-
tions between theta current density and glucose metabolism.
Positive correlations were also found in right fronto-temporal
regions, revealing a connection between theta band activity
and cerebral metabolism in the ACC as well as the disruption
of functional connectivity within fronto-cingulate pathways
in depression.” More recently, elevated theta activity has
also been found in parietal and occipital electrode sites from
EEG recordings of depressed patients versus nondepressed
subjects.*

Dysfunctional cognitive processes have been documented
in MDD inrelation to EEG alterations.’! Theta activity is viewed
as an EEG index of activity in the default mode network?? in
which the rostral ACC is a main hub with involvement in
self-focused processing.* Elevated resting state activity in the
default mode network is associated with focusing on reflective
thought or task-independent introspection such as rumination,
remembering, and planning.** Rumination, in particular, has

Table | Directional EEG alterations in DM and MDD and their associated brain regions

EEG parameter TIDM T2DM MDD Brain region

Resting EEG

Alpha band power N 1 / Posterior temporal

Beta band power l l T Temporal

Gamma band power N / T Posterior temporal

Theta band power 0 T T Frontal and parieto-occipital; ACC
Delta band power T T T Frontal and temporo-parietal; ACC
Event-related potentials

P300 latency T T T Posterior

P300 amplitude N / 1 Frontal and temporo-parietal
N100 amplitude l l 1 Central and posterior

Abbreviations: ACC, anterior cingulate cortex; DM, diabetes mellitus; EEG, electroencephalographic; MDD, major depressive disorder; TIDM, type | diabetes mellitus;

T2DM, type 2 diabetes mellitus.
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been shown to play a role in affective distress in people with
chronic physical illnesses such as diabetes.® Moreover, slow-
wave activity in DM has also been shown to be reflective of
cognitive mechanisms such as verbal activity.”> Hence, not
only may cognitive dysfunction serve as a better explanation
toward low-frequency EEG abnormalities observed in DM
but it may also represent a common biosignature between
DM and MDD.

Although a focal decrease in fast-wave activity has been
largely reported in the posterior temporal area of diabetics,
MDD has been shown to be associated with elevated activity
in these EEG bands (see Table 1). Singer® found high-fre-
quency oscillations in the beta and gamma bands in depressed
subjects, in a state of focused attention. Gamma band activity
has also been closely related to visual information processing
and attentional perceptual mechanisms.*® In DM, reduced
gamma band activity has been associated with visual spatial
ability.2 However, it is unlikely that DM and MDD share a
common neurobiological mechanism for altered fast-wave
activity, due to the reported difference of directionality in
high-frequency EEG band activity (see Table 1).

Event-related potentials

Different from spontaneous EEG, evoked potentials represent
electrical potentials recorded from the CNS following the
presentation of a stimulus. Event-related potentials (ERPs)
are a measure of change in voltage, which reflect the brain’s
transient electrical response to stimuli. ERPs are quantified
in terms of components that comprise distinctive peaks and
troughs reflective of positive and negative fluctuations in
voltage (P for positive and N for negative). Components are
identified and named based on the polarity of the waveform
deflection and on the latency at which the waveform occurs
post stimulus. Two ERP components that have been the main
focus of investigation in DM are P300 and N100.

The P300 component

The P300 component is a positive component measured
at approximately 300 msec after the presentation of task-
relevant (target) stimuli. This ERP index is elicited through
the superposition of the delta and theta band oscillatory
responses and is believed to reflect the cognitive processes
of attention and auditory processing.’”

Patients with T1DM have been shown to have longer P300
latencies.!’*** However, no difference in P300 latency has
been found between T1DM patients with and without history
of hypoglycemic coma.*’ Prolonged P300 latency observed by
Tallroth et al'” in T1DM diabetics (n =8, mean age 28.0 £ 7.4

years) versus healthy controls (n = 12, mean age 26.4 + 4.2
years) was found to be correlated to diabetes duration but
not to total hypoglycemic episodes. This group also reported
reduction of the P300 amplitude, which was found to be
associated with hypoglycemia, but did not restore after nor-
malization of blood glucose levels.!”

Significant reduction of the P300 amplitude has been
demonstrated in T1DM patients with poor metabolic control,
whereas no such reduction was observed in patients with strict
control.*' In a more recent study of TIDM patients (n = 119)
versus healthy controls (n = 61), elevated P300 latency corre-
lated with low cognitive global score, whereas a slight decrease
in the P300 amplitude correlated with psychomotor speed.*

Studies have also demonstrated increased P300 latency
in T2DM patients, with the largest difference between diabetic
patients and healthy controls observed in the posterior region
of the brain.'#2*4-46 Blood glucose level has been shown not
to correlate with reduced P300 latency in T2DM.*

The N100 component

The N100 component, measured 100 msec after presentation
of an auditory stimulus, is elicited by physical characteristics
of a stimulus in the absence of task demands. It is thought
to reflect processes of the primary and association auditory
cortices.*’

One early study revealed reduced amplitude in the N100
component in patients with T1IDM (n = 50).* More recently,
Cooray et al*’ found normal N100 latency but a highly signifi-
cant decrease in the N100 amplitude in patients with TIDM.
This finding correlated with a decrease in psychomotor speed
but not with function in other cognitive domains.** Patients
with T2DM have also been shown to have lower N100 ampli-
tude when compared with healthy control subjects, mainly
over the central and posterior regions of the brain.**

ERP: neurobiological mechanism

and relation to depression

Similar to the literature on EEG frequency band abnormali-
ties in DM, the majority of ERP studies in diabetes do not
lend support to the role of blood glucose level in observed
abnormalities. The prolonged P300 latency observed in
T1DM has been found not to correlate with hypoglycemic
episodes.'” Moreover, no difference in P300 latencies has
been found between T1DM patients with and without history
of hypoglycemic coma.* Although reduced P300 amplitude
has been found to be associated with hypoglycemia in TIDM,
normalization of blood glucose levels has failed to restore
the reduction.!” Also, Tandon et al** demonstrated that P300
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latency or amplitude in T2DM does not show any correlation
with blood glucose level. Hence, like EEG studies, ERP
studies of diabetic patients do not support a clear relation
between abnormal ERP findings and blood glucose level.

ERP abnormalities are not specific to DM, because simi-
lar findings have been reported in association with MDD (see
Table 1). In depressed patients, a delay in the latency of the
P300 component has been demonstrated over the bilateral
temporal lobes, the left frontal region, and the right tempo-
ral parietal area.*">* Early ERP studies in MDD have also
reported a reduction of the P300 amplitude.** More recent
studies have reported similar findings. 1523557

According to Sara et al, ERPs can be divided into early
(<100 ms) and late (>100 ms) occurring components.
Early ERP components such as N100 are thought to reflect
the activity in sensory nerves, brainstem, thalamus, and
primary sensory cortex.*® Late components such as P300
reflect aspects of information processing such as attention,
allocation, and decision making.” It has been suggested
that P300 is elicited at the end of a cognitive episode at
which time, a decision is made as to whether a stimulus
is important or not.® According to this perspective, P300
latency may reflect the discrimination time needed to
interpret a stimulus, whereas the P300 amplitude has
been correlated with psychological variables such as
expectancy, attention, and meaning of the stimulus.> In
addition, the P300 component is also thought to index
the updating of neurocognitive models that are concerned
with the prediction of future events.’*°! Cognitive
theories of depression have proposed that depression
may be characterized by abnormalities in the ability to
predict future events.®>% In DM, both prolonged P300
latency and reduced amplitude have also been linked with
cognition.** Whereas P300 latency has been shown only in
relation to a decline in global cognitive score in diabetic
patients, the P300 amplitude has been particularly linked
with psychomotor speed. Psychomotor speed is defined
by the amount of time it takes an individual to process
a signal, prepare a response, and execute that response.
Therefore, the P300 component may provide a common
neurophysiological index of cognitive dysfunction between
DM and MDD.

Depressed patients have been shown to have increased
N100 latency,*? with some studies reporting reduced N100
amplitude® ¢ and others reporting an increase.”! Burkhart
and Thomas® suggested that the significant reduction they
observed in the N100 peak amplitude at the frontal scalp
location between depressed patients and controls was reflec-

tive of differences in arousal level or sensory sensitivity. The
reason for this is that the N100 component responds mainly to
physical characteristics of a stimulus and is thought to reflect
initial extraction of information from sensory analysis of the
presented stimulus.®”® The increase in the N100 amplitude,
as reported by Kemp et al,*! is interpreted as greater sensory
sensitivity,®¢” which is thought to reflect heightened initial
cortical innervation.®® Sources relating to the N100 compo-
nent appear to include the supra temporal primary auditory
cortex and direct thalamo-cortical projections to frontal and
parietal areas.®*’*"! In DM, reduced N 100 amplitude has also
been associated with cognitive processes such as psychomo-
tor speed.?**8 However, due to the lack of similarities in the
findings arising from ERP studies investigating N100 in DM
and MDD (see Table 1), the neurobiological mechanisms
mediating this ERP index are most likely not congruent in
the two conditions.

Conclusion

Similar neurophysiological abnormalities have been reported
in both DM and MDD, including elevated EEG activity in
low-frequency slow waves and increased latency and reduced
amplitude of the P300 ERP component (see Table 1). EEG
studies in DM have failed to find consistent support toward the
role of low blood glucose level in frequency band alterations
and ERP abnormalities. Hence, the origin of neurophysiologi-
cal disruptions in DM may not exclusively be due to metabolic
disturbances. Rather, cognitive dysfunction may govern such
abnormalities in DM, as this is the case in MDD. Keeping
with this perspective, disruptions in cognitive processes have
been reported in both conditions, in association with EEG
abnormalities. This leads to the notion that DM and MDD may
share common neurobiological mechanisms that underlie EEG
alterations. Taken together, DM and MDD can be conceptual-
ized as multisystem disorders, with the CNS as an integral
component. Although most studies have evaluated neurophysi-
ological changes as a measure of CNS abnormalities in DM or
MDD alone, future studies are warranted to examine the two
conditions together in order to identify common neurobiologi-
cal mechanisms governing CNS dysfunction. Such studies
could play a useful role in better understanding mechanisms
that commonly underlie the development of DM and MDD
by refining biosignatures that may inform new drug discovery
in the treatment of both conditions.
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