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Quantitative EEG as a predictive biomarker

for Parkinson disease dementia

ABSTRACT

Objective: We evaluated quantitative EEG (QEEG) measures as predictive biomarkers for the
development of dementia in Parkinson disease (PD). Preliminary work shows that QEEG measures
correlate with current PD cognitive state. A reliable predictive QEEG biomarker for PD dementia
(PD-D) incidence would be valuable for studying PD-D, including treatment trials aimed at pre-
venting cognitive decline in PD.

Methods: A cohort of subjects with PD in our brain donation program utilizes annual premortem
longitudinal movement and cognitive evaluation. These subjects also undergo biennial EEG re-
cording. EEG from subjects with PD without dementia with follow-up cognitive evaluation was
analyzed for QEEG measures of background rhythm frequency and relative power in 8, 6, «, and
bands. The relationship between the time to onset of dementia and QEEG and other possible
predictors was assessed by using Cox regression.

Results: The hazard of developing dementia was 13 times higher for those with low background
rhythm frequency (lower than the grand median of 8.5 Hz) than for those with high background
rhythm frequency (p < 0.001). Hazard ratios (HRs) were also significant for > median 6 band-
power (HR = 3.0; p = 0.004) compared to below, and for certain neuropsychological measures.
The HRs for §, @, and B bandpower as well as baseline demographic and clinical characteristics
were not significant.

Conclusion: The QEEG measures of background rhythm frequency and relative power in the 0
band are potential predictive biomarkers for dementia incidence in PD. These QEEG biomarkers
may be useful in complementing neuropsychological testing for studying PD-D incidence.
Neurology® 2011;77:118-124

GLOSSARY

AVLT-LTM = long-term memory score on the Auditory Verbal Learning Test; BRF = background rhythm frequency; COWAT =
Controlled Oral Word Association Test; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, 4th edition; FFT =
fast Fourier transform; HR = hazard ratio; JLO = Judgment of Line Orientation; MMSE = Mini-Mental State Examination;
PD = Parkinson disease; PD-D = Parkinson disease with dementia; PD-MCI = Parkinson disease with mild cognitive impair-
ment; QEEG = quantitative EEG; WAIS = Wechsler Adult Intelligence Scale.

Dementia is common in Parkinson disease (PD)."> The addition of cognitive dysfunction to
the motor disability of PD increases disability and mortality risk.>> Treatment with acetylcho-
linesterase inhibitors and NMDA antagonists has been shown to provide modest symptomatic
benefit in PD dementia (PD-D).c-® However, thus far there is no therapy known to prevent or
delay the occurrence of dementia among patients with PD. It is likely that any neuroprotective
therapy would have greatest efficacy if started at, or even prior to, the earliest symptoms of
dementia. In the absence of a reliable biomarker for impending PD-D, large numbers of
cognitively normal patients with PD would need to be treated with a putative neuroprotective
agent in order to ensure that the expected incidence of dementia would be sufficient to demon-
strate efficacy in a controlled trial.
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The resting EEG is simple to acquire, re-
quires minimal patient cooperation, and is not
dependent on verbal or motor responses which
may be affected in PD. Quantitative EEG
(QEEG) measures may be ideal biomarkers to
complement neuropsychological testing for
studying cognitive decline among patients with
PD. Our group and others have used QEEG
methods to show correlation between dementia
in subjects with PD and increased low-
frequency and decreased high-frequency con-
tent of the resting EEG.”~"> Given these results,
the present study investigates whether any of
these measures might also serve as predictive
biomarkers of PD-D incidence. We hypothe-
sized that, among our longitudinally followed
brain bank cohort, median cutoff QEEG values
in subjects with PD without dementia are asso-
ciated with PD-D incidence over time.

METHODS Subjects. Study subjects in the cohort were en-
rolled in the Banner Sun Health Research Institute Brain and

16 The brain bank database was ana-

Body Donation Program.
lyzed for subjects with PD evaluated over a 9-year period, from
April 2000 (beginning of EEG examinations) to April 2009.
Subjects underwent annual longitudinal movement disorder, be-
havioral neurology, and neuropsychological assessments as well
as biennial EEG recordings. PD was diagnosed along the lines of
the UK Parkinson’s Disease Society brain bank clinical diagnos-
tic criteria (bradykinesia plus at least one other cardinal feature of
PD, no atypical features or secondary cause).”** The neuropsy-
chological battery included Folstein Mini-Mental State Exami-
nation (MMSE), long-term memory score on the Auditory
Verbal Learning Test (AVLT-LTM), Controlled Oral Word As-
sociation Test (COWAT), Stroop Interference, Trails B,
Wechsler Adult Intelligence Scale (WAIS)-III Digit Span, and
Judgment of Line Orientation test (JLO). After each series of
evaluations, subjects were classified as having dementia (PD-D)
or no dementia by consensus conference among a movement
disorder neurologist (C.H.A.), behavioral neurologist (M.N.S.),
and neuropsychologist per previously published criteria that use
DSM-IV.? Subjects with PD with no dementia with mild cogni-
tive impairment (PD-MCI) were identified as per previously
published criteria.”” Conference participants were blinded to
EEG results. For this study, only subjects without PD with no
dementia at the time of baseline EEG, and who had at least one
subsequent cognitive evaluation, had EEG analyzed. Subjects us-
ing anticonvulsant or benzodiazepine medication at the time of

the EEG examination were excluded from the study.

Standard protocol approvals, registrations, and patient
consents. The Sun Health and Mayo Clinic institutional re-
view boards approved all procedures and written informed con-

sent was obtained from study participants.

EEG recording. Recordings during relaxed wakefulness were
obtained from subjects seated in a recliner with eyes closed as
previously described.! Briefly, Ag/AgCl EEG electrodes were
placed on the scalp using 20 standard 10-20 EEG electrode

positions. Recordings were referenced to the Fz electrode, with a
right mastoid electrode serving as ground. Electrode impedances
were closely monitored and kept below 5 k(). Data were ac-
quired using the Neuroscan Synamps2 system (Compumedics,
Charlotte, NC) at a sampling rate of 1,000 Hz and a bandpass of
1-200 Hz. An EEG technician and neurophysiologist (J.N.C.)
were present during the entire recording session to observe the
behavioral state of the patient and to monitor on-line for signal
quality. Patients were asked every minute if they were awake, and
drowsiness was further excluded by monitoring for background
changes and slow eye movements of drowsiness during the course of
the recording. When muscle, eye movement/blink, or other artifacts
were identified, the subject was coached until an artifact-free signal
was obtained. The final recorded sample consisted of an awake

artifact-free period of approximately 100—120 seconds.

EEG data processing. The data from baseline EEG were pro-
cessed off-line using Neuroscan EDIT software (Compumedics,
Charlotte, NC). Consecutive, nonoverlapping, 4,096-point ep-
ochs were created from the continuous data, allowing for a fre-
quency resolution of 0.244 Hz. Each epoch was manually
inspected for artifacts, though rejection of artifacts was uncom-
mon due to the monitoring of the online acquisition. The num-
ber of epochs accepted for further processing ranged from 25 to
30. In the rare cases when artifact was present in greater than
20% of the EEG traces, the subject was excluded from the study.
The epochs were passed through a 10% cosine window, pro-
cessed with a fast Fourier transform (FFT), and averaged to pro-
duce an averaged FFT power spectrum for each electrode. The
background rhythm frequency (BRF) was defined as dominant
peak in the power spectra of the posterior electrodes (P3, P4, Oz)
determined by visual inspection of the FFT average.

Frequency bands were designated as follows: 8 = 1.5-3.9
Hz; 6 = 4-7.9 Hz; o = 8-12.9 Hz; B = 13-30 Hz. The global
(over multiple electrodes) relative (%) EEG bandpower (defined
here as “bandpower”) for each of the 4 frequency bands was
calculated (using all electrodes except Fp1, Fp2, Al, and A2) asa
percentage of total EEG power between 1.5 and 30 Hz from the
FFT average.

Statistical analysis. For subjects subsequently reclassified as
PD-D, the date of onset of dementia was approximated by the
midpoint between cognitive evaluations. The incidence of de-
mentia for the entire sample was calculated using the Kaplan-
Meier method. Mean and median values were calculated for all
the variables. The median value was used as a “middle value” for
each variable to determine a cutoff. Cox regression was used to
calculate the incidence curves and hazard ratio (HR) using me-
dian cutoff categories (below or above the median cutoff value)
of the multiple variables (e.g., QEEG measures). Analysis of the
confounding effect of one variable on another was performed by
using multivariable Cox regression modeling. A change in the
HR of >20% in either direction by controlling for another vari-
able in the modeling was designated as a confounding effect of

that other variable.

RESULTS There were a total of 138 subjects with
PD, 21 of whom had dementia at baseline, leaving
117 subjects who met initial inclusion criteria. Seven
subjects were excluded due to use of anticonvulsant
or benzodiazepine medication at the time of the EEG
examination, and 4 subjects were excluded based on
the presence of artifacts in at least 20% of the EEG
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Table 1 Baseline demographic, clinical, and
QEEG measures of subjects with
PD(n=106)

Mean (SD) Median (range) ‘

Age,y 75.8(9.0) 77 (54 to 96)
Follow-up duration, y 3.3(2.5) 3.0(0.31t08.8)
PD duration, y 7.8(6.7) 6.2 (0 to 35)
MMSE 28.1(1.9) 28 (21 to 30)
AVLT-LTM 8.2(3.5) 8.0(0to15)
COWAT 35(10) 34 (12 to 66)
Stroop interference -5.7(6.6) -5.3(-221t09.0)
Trails B 126 (71) 106 (32 to 300)
WAIS-III digit span 15.8(3.5) 16 (9 to 28)
JLO 23.7(4.7) 25 (0 to 30)
BRF, Hz 8.55(0.83) 8.5(6.4to11)
8 Bandpower, % 15.7 (8.7) 14 (2.9 to 51)
0 Bandpower, % 23(12) 19 (5.6 to 64)
« Bandpower, % 40 (16) 38(12to0 78)

B Bandpower, % 21(10) 20 (5.6 to 54)

Abbreviations: AVLT-LTM = long-term memory score on
the Auditory Verbal Learning Test; BRF = background
rhythm frequency; COWAT = Controlled Oral Word Associ-
ation Test; JLO = Judgment of Line Orientation; MMSE =
Mini-Mental State Examination; PD = Parkinson disease;
QEEG = quantitative EEG; WAIS = Wechsler Adult Intelli-
gence Scale.

traces. Therefore, 106 subjects were included in the
analysis. Twenty-four (23%) subjects had a diagnosis
of PD-MCI at the baseline EEG examination.

Mean and median values for the baseline charac-
teristics of the 106 subjects with PD are given in
table 1. Age ranged from 54 to 96 years with a mean
of 76 years. The duration of follow-up after the EEG
examination ranged from 0.31 to 8.8 years with a
mean of 3.3 years. Forty-seven subjects (44%) were
women. Figure 1 shows the Kaplan-Meier curve of
all 106 subjects with PD for dementia incidence with
95% confidence limit bands. The incidence of de-
mentia within 5 years of the baseline EEG examina-
tion for the aggregate group was 34%.

Table 2 shows the 5-year cumulative incidence of
dementia using median cutoff categories for the de-
mographic variables, PD duration, MMSE score,
and QEEG measures. The HR values and their sig-
nificance are also given.

Demographic and PD characteristics. Age, sex, and
PD duration median cutoff categories did not yield
significant HR values.

PD-MCI and neuropsychological battery test results.
Figure 2 shows the cumulative incidence curves of
the median cutoff categories for PD-MCI and the
neuropsychological tests. The presence of PD-MCI
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Figure 1 Incidence of dementia since EEG
among 106 subjects with
Parkinson disease using Kaplan-
Meier method (black)
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Red lines indicate the 95% confidence band. Circles indi-
cate the duration of follow-up for subjects who did not de-
velop dementia (censored observations).

showed a significant HR of 4.3. Trails B, Stroop in-
terference, MMSE, and AVLT-LTM all had signifi-
cant HRs, whereas COWAT, JLO, and WAIS-III
digit span did not. The high to low rank order of
HREs for significant neuropsychological test variables
is Trails B > Stroop interference > MMSE >
AVLT-LTM.

QEEG measures. Figure 3 shows the cumulative inci-
dence curves of the median cutoff categories for the
QEEG measures. For the QEEG measures, the BRF
HR of < median BRF (median cutoff value of 8.5
Hz) compared to > median BRF was significant at
13, and the HR was significant at 3.0 for > median 6
bandpower compared to < median 6 bandpower.
The incidence of dementia within 5 years was 66%
for those with lower than median BRF vs 8.1% for
higher than median BRF. The incidence of de-
mentia within 5 years was 51% for those with >
median 6 bandpower vs 21% for those with <
median 6 bandpower. Bandpower for 8, a, and 3
bands did not show significant HRs using the me-
dian cutoff categories.

The multivariable modeling analysis showed that
the relationship between the hazard of dementia and
BRF was not confounded by other factors. In this
modeling, adjustment for sex, age, or PD duration
reduced the HR for BRF by less than 4%. Adjust-
ment for PD-MCI or MMSE reduced the HR for
BRF by less than 15%, and no other neuropsycho-
logical test (except Trails B) by more than 9%. The
adjustment for Trails B did reduce the BRF HR to
9.3, which is still a high HR. Adjustment for the 6, 0,
a, or B bandpower reduced the HR for BRF by less
than 8%. For the relationship between the hazard of
dementia and 6 bandpower, age category, sex, and
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[ Table 2

Median cutoff category 5-year cumulative incidences of dementia since EEG among subjects with PD? ]

5-Yearincidence, % (95% Cl) |

Yes
Demographic and PD characteristics
Male 43(25-57)
Age > median 36 (20-49)
PD duration > median 58 (21-78)
PD-MCI and neuropsychological
battery test results
PD-MCI 72 (41-87)
MMSE < median 64 (36-80)
AVLT-LTM < median 47 (27-61)
COWAT < median 44 (26-57)
Stroop interference < median 50 (32-63)
Trails B > median 54 (35-67)
WAIS-IlI digit span < median 37 (19-51)
JLO < median 48 (24-64)
QEEG measures
BRF < median 66 (46-79)
& > median 39 (22-53)
0 > median 51 (31-65)
a < median 43 (24-57)
B < median 41 (23-55)

Abbreviations: AVLT-LTM =

No HR(95% CI) ]

27 (11-40) 1.81(0.87-3.7) 0.11
35(18-49) 1.05(0.52-2.1) 0.89
39 (14-56) 1.76 (0.70-4.4) 0.23
26 (13-36) 4.3(2.1-9.0) <0.001
26 (14-37) 3.4(1.65-6.9) 0.001
24 (11-36) 2.3(1.10-4.7) 0.03
26(11-39) 1.89(0.91-3.9) 0.09
17(3.3-28) 3.8(1.56-9.3) 0.003
13(1.5-23) 5.6(2.1-15) <0.001
33(17-46) 1.13(0.56-2.3) 0.74
40(16-57) 1.3(0.57-3.0) 0.54
8.1(0.1-15) 13(4.5-37) <0.001
32(16-45) 1.30(0.64-2.6) 0.46
21(7.6-32) 3.0(1.42-6.4) 0.004
29 (14-42) 1.63(0.80-3.3) 0.18
30(15-43) 1.47(0.73-3.0) 0.28

long-term memory score on the Auditory Verbal Learning Test; BRF = background rhythm

frequency; COWAT = Controlled Oral Word Association Test; JLO = Judgment of Line Orientation; MMSE = Mini-Mental

State Examination; PD = Parkinson disease; PD-MCI =
Adult Intelligence Scale.

Parkinson disease with mild cognitive impairment; WAIS = Wechsler

2 The hazard ratio (HR) with confidence interval (Cl) and its p value is given.

the other QEEG bandpower measures were not con-
founding. However, the 3.0 HR for 6 bandpower
was reduced by PD duration to 2.1 and by MMSE to
2.4. In addition, the multivariable modeling revealed
that controlling for BRF reduced the HR for 6 band
to only 1.16.

DISCUSSION We found that certain QEEG mea-
sures are potential predictive biomarkers for PD-D
incidence. Those with a lower than median BRF had
a significantly higher incidence of dementia (HR =
13) over time than those with higher than median
BRF, while those with high 6 bandpower have a
smaller but still significant increased incidence of
PD-D (HR = 3.0) than those with lower than me-
dian 6 bandpower. PD duration at baseline, sex, and
age median cutoff categories did not elicit significant
HRs for risk of dementia. Moreover, in the multi-
variable modeling, adjustment for PD duration, sex,
and age did not reduce the HR for BRF by more
than 8%. The presence of PD-MCI and the median
cutoff scores for Stroop interference, AVLT-LTM,
and MMSE all had significant HRs. Trails B score
had the next highest HR after BRF, but accounting

for Trails B still produced a high BRF HR of 9.3.
The BRF hazard was not reduced in the multivari-
able modeling by more than 15% by either PD-MCI
or any of these neuropsychological test results. This
suggests that the BRF predictive biomarker for de-
mentia is not simply acting as a surrogate for any of
PD duration, age, PD-MCI, or the neuropsycholog-
ical tests with respect to dementia risk. Moreover, the
multivariable modeling suggests that the BRF is not
simply acting as a biomarker of current cognitive im-
pairment without dementia criteria being fulfilled. 6
bandpower HR was considerably less than for BRF
and was confounded by both PD duration and
MMSE. This may suggest that 6 bandpower is per-
haps partially reflecting current cognitive impair-
ment without dementia criteria being fulfilled.
However, the 6 bandpower HR was still above 2 after
the multivariable analysis. It is important to note that
besides BRF and 6 bandpower, the other QEEG
measures analyzed did not yield significant HRs. In
our previously published cross-sectional EEG study,
all these measures showed group differences between

PD-D and PD no dementia groups.'* Our findings
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Figure 2
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Cumulative incidence curves for median cutoff categories for
Parkinson disease (PD)-mild cognitive impairment (MCI) and
neuropsychological tests
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black, > median red; Controlled Oral Word Association Test (COWAT): < median black, > me-
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red; Wechsler Adult Intelligence Scale (WAIS)-IIl Digit Span: < median black, > median red;
Judgment of Line Orientation (JLO): < median black, > median red. Asterisks indicate statisti-
cal significance as defined by p < 0.05.
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suggest that QEEG biomarkers have differential abil-
ity to act as various biomarker types, i.c., for concur-
rent dementia (surrogate biomarker) vs prediction of
future dementia (predictive biomarker).

The predictive value of abnormal QEEG measures
at the level of the individual patient needs more study,
although it is conceivable that such measures may even-
tually assume a role in prognostication or in guiding
decisions regarding early therapy. QEEG measures may
also be useful as a biomarker tool in the study of PD-
related cognitive decline, particularly for studying ther-
apeutic intervention in PD-D. The promise of

biomarkers is based partly on their potential to be more

Neurology 77 July 12,2011

objective and precise than assessments of symptoms and
examination findings of PD cognitive decline. Today,
neuropsychological testing is considered to be the gold
standard for assessing PD cognitive decline. However,
neuropsychological testing can be affected by coopera-
tion, effort, and degree of parkinsonism in verbal and
motor responses. EEG acquisition requires only relaxed
wakefulness and requires no effort or verbal and motor
responses. In our QEEG cross-sectional study, we
found that Unified Parkinson’s Disease Rating Scale
scores, Hoehn & Yahr staging, and levodopa equiva-
lents did not account for the QEEG changes in PD
cognitive decline.'* Moreover, EEG detects neurophys-
iologic activity related to cortical neurons that partici-
pate in cognitive functions.?’24 All these combined
characteristics, along with low cost and good test-retest
reliability, suggest that QEEG may effectively comple-
ment neuropsychological testing in therapeutic and
other studies concerning PD cognitive decline.?>%¢

Among this population of longitudinally followed
individuals fulfilling clinical diagnostic criteria for PD,
the incidence of dementia was 34% of subjects without
dementia by 5 years. The difference in dementa inci-
dence at 5 years between high and low median cutoff
values was 58% for BRF and 30% for 6 bandpower
measures. Thus, these measures could be used to risk-
stratify potential study candidates prior to entry into
trials of treatments intended to prevent or delay demen-
tia in PD. For example, if subjects were screened for
BRF <8.5 Hz, the 5-year incidence of dementia would
increase from 34% to 66%. Thus, the sample size
needed to detect a 25% reduction in the incidence of
dementia would be 300 patients instead of 900 patients
(o = 0.05, B = 0.2). Moreover, studies could assess the
ability of a treatment to prevent the QEEG changes
associated with transition to PD-D as a secondary out-
come measure. This would afford an opportunity to see
if the intervention could improve or prevent the wors-
ening of cortical neuron physiology as assessed by
QEEG measures.

We do not know why the BRF and 6 bandpower
showed significant HRs while 8, «, and B band-
power measures did not. The different EEG fre-
quency bands have had various normal functions and
pathophysiology correlates proposed. The back-
ground “o rhythm” is a normal EEG activity de-
tected from dendrites of cortical neurons that is
generated by subcortical and corticocortical cir-
cuits.?® Thus, early subcortical or cortical PD pathol-
ogy may contribute to the pathologic downward
spectral shift of the BRF frequency. The downward
spectral peak shift of the BRF seen in our results was
significant, but perhaps it did not result in signifi-

cantly lower overall o bandpower because most of
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Figure 3 Cumulative incidence curves for median cutoff categories for each
of the quantitative EEG measures
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power: > median black, < median red. Asterisks indicate statistical significance as defined
by p <0.05.

the BRF peak still stayed within the a band. o back-
ground rhythm has been implicated to correlate with
the “default network,” which is cortical neuronal net-
work activity that occurs during the cognitive resting
state.”” There is evidence that high levels of amyloid
deposition may create an aberrant default network in
asymptomatic subjects, thereby representing a pres-
ymptomatic state for AD.?® Accordingly, Lewy body
pathology in the frontal lobe or other regions that
project to posterior cortical regions may disrupt the
default network in PD, giving rise to abnormal back-
ground «a frequency. This concept needs further in-
vestigation. The 6 bandpower increase could have
been significant because even a small amount of BRF
peak “overflow” into the 6 range, which is normally
small, resulted in a significant increase in the usually
low 0 bandpower. Alternatively, the 6 bandpower in-
crease may arise from an independent pathologic
generator. Increased 6 power has been observed in
attention deficit disorder, and patients with PD
without dementia are known to demonstrate atten-
tion deficits.!”**° Increased & activity represents se-

vere disruption of cortical activity, and its presence

much more closely correlates with coincident cogni-
tive decline rather than predicts it.'* B rhythms are
thought to represent primarily neocortical activity,
but their wide frequency range of 13-30 Hz may
make 3 bandpower an insensitive early predictor of
PD-D.2"-% Pathologic and biochemical studies of
subjects with PD who have had QEEG assessed will
eventually provide insight about the substrates of
early predictive QEEG changes for PD-D.

QEEG parameters can be useful in defining the risk
of incident dementia in PD. Both a lower than median
BRF and, to a lesser extent, a higher than median EEG
power in the 6 band are associated with a higher risk of
dementia in this population. These parameters are po-
tential biomarkers for cognitive decline in PD and may
prove useful in clinical trials. QEEG, as an assessment
of the physiologic activity of cortical neurons, may pro-
vide the most feasible window into the cortical dysfunc-
tion associated with the cognitive decline of patients
with PD. Measurement of additional subjects with lon-
ger duration of follow-up will enable further refinement
of prediction models.
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