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Objectives: To write a new macro programme for the
use of the non-parametric 3-D Receiver Operating
Characteristic (ROC) surface method in the discrimi-
nation of three or more groups, to study the useful-
ness of electroencephalography (EEG) frequency
in the diagnosis of Alzheimer type dementia (AD),
non-Alzheimer type dementia (NAD) and healthy
subjects, and to determine cut-off values of EEG
frequency.

Patients and Methods: The mean EEG frequen-
cies in the left fontal region EEG records of subjects
in the present study were calculated and the ROC
surface method was used in discrimination of the
groups.

Results: The volume under the ROC surface was
calculated as 0.464+0.150. Accuracy of the mean
frequency in differentiation of groups was statistically
significant (p=0.024). 8 Hz was found to be convenient
for differentiation of AD from NAD patients and 10
Hz for the differentiation of NAD patients and healthy
subjects. The sensitivity was 87.5% for Alzheimer’s
dementia diagnosis and total accuracy was 65% using
this cut-off pair.

Conclusion: We suggest that the mean EEG frequency
may be used only as a pre-diagnostic tool for the differ-
ential diagnosis of these groups.

Key words: Alzheimer type dementia; dementia; electroenceph-
alography; diagnostic accuracy; volume under a ROC surface;
classification.

Amagc: ilk olarak en az (ic grubun ayirici tanisini yap-
mak icin kullanilabilecek parametrik olmayan ROC ylzeyi
metodunun yayginlagsmasini saglamak icin yeni bir makro
programi yazmayi; ikinci olarak bu metotla Alzheimer tipi
demans (AD), non-Alzheimer tipi demans (NAD) ve sag-
Ikl bireylerin ayirici tanisinda ortalama EEG frekansinin
kullanilabilirligini arastirmayi ve Uglncu olarak ortalama
EEG frekansina ait cut-off degerleri belirlemeyi amagladik.

Hastalar ve Yontemler: Calismadaki bireylerin sol fron-
tal bdlgesinden kaydedilen EEG &Orneklerinin ortalama
frekansi hesaplanmis ve ROC ylizeyi metodu ile grupla-
rin ayirimi planlanmigtir.

Bulgular: Ortalama EEG frekansina gbére ROC ylzeyi
altindaki hacim 0.464, bootstrap standart sapmasi ise 0.150
olarak hesaplanmistir. Gruplari ayirmada ortalama frekansin
basarisi istatistiksel olarak anlamli bulunmustur (Z=1.99 ve
p=0.024). Muhtemel bitlin degerler arasindan en uygun cut-
off degerleri sensitivite ve spesifite degerlerine gére belirlen-
migtir. Alzheimer tipi demans hastalarini bireylerinden en iyi
ayiran deger 8 Hz iken NAD bireylerini saglikli bireylerden en
iyi ayiran deger 10 Hz olarak belirlenmistir. Bu cut-off ¢iftinin
kullaniimasi ile AD tanisi i¢in sensitivite %87.5 ve toplam
dogru tani bagarisi %65 olarak bulunmustur.

Sonug: Bulgularimiza dayanarak ortalama EEG frekansi-
nin AD diger demanslilar ve saglikli bireylerden ayirmada
bir 6n tani araci olarak kullanilabilecegini 6nerebiliriz.
Anahtar sézclkler: Alzheimer tipi demans; demans; elekt-
roensefalografi; tani basaris;; ROC yuzeyi altindaki hacim;
siniflama.
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Diagnostic tests play an important role in the early
diagnosis and treatment of diseases. If there is a “Gold
Standard” diagnostic test for the diagnosis of the dis-
ease, then this test will define the disease in the best
way. The diagnostic accuracy will be 100%, but the
test may be invasive, postmortem and expensive, or
may take a long time. For these reasons, there may be
a requirement for non-invasive or cheaper diagnostic
tests. If a new diagnostic test becomes available, then
the diagnostic accuracy of this test must be evaluated by
Receiver Operating Characteristic (ROC) curve analysis.
The area under the ROC curve is used as the measure
of accuracy in studies examining two groups.! In medi-
cal studies, subjects are usually classified as one of two
basic types which healthy and patient. However, there
may be a transitional stage that exists in many disease
processes, or more than two groups of disease for dif-
ferential diagnosis. In these conditions separate ROC
curves have often been used for differential diagnosis.
231 For example if there are three groups, group 1 and
group 2 initially, then group 1 and group 3, and group
2 and group 3 cut-off values from differential diagnosis
data are defined with three different ROC curve analy-
ses. This method leads to an increase in type I statistical
error. To eliminate such problems, ROC surface analysis
was developed.™

The volume under the surface (VUS) of the ROC sur-
face plot is used as the performance metric. To date stud-
ies have focused on the theory of both parametric and
non-parametric ROC surface analysis.*® Because ROC
surface analysis has not been included in any statistical
programme, the use of this method has been limited in
practice especially in medical areas. To date only two
studies have used a macro programme written for the
use of the non-parametric ROC surface method in the
diagnosis of three or more groups; one of these studies
used Mathematica and the other used the R programme.
Furthermore, one of these studies applied parametric
ROC surface analysis and the second study applied non-
parametric ROC surface analysis when there was verifi-
cation bias.”®! To enable the use of ROC surface analysis
in various fields there is a need for new programmes for
this type of method.

Dementia is a common progressive disease among the
elderly population that is characterized by loss of mem-
ory and especially loss of abilities concerning the frontal
region. Accounting for approximately two-thirds or more
of all dementia cases,””! Alzheimer’s disease (AD) is one
of several causes of dementia. Other types of dementia
are classified as non-Alzheimer Dementia (NAD).['"Y) The
increasing mean life-span has led to a significant increase
in the number of people in the age groups that are at high-
risk for developing AD and NAD.

Preliminary diagnosis of dementia is normally made
by a general practitioner on the basis of clinical history
of memory impairment and sometimes by using estab-
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lished techniques such as the Clinical Dementia Rating
(CDR) scale. As CDR and various other scales are rat-
er-dependent, time-consuming (involving an interview
with at least two people), subjective due to potential
unreliable data gathered from the patient or informant,
and inapplicable in several situations such as aphasia,
deafness or loss of hearing, more simple novel methods
should be developed.

Electroencephalography (EEG) is one of the
most powerful candidates for this purpose.'?
Electroencephalography has been used for many
decades as a non-invasive, cost-effective tool for explor-
ing functional brain changes in dementia.l'¥ Since gath-
ering information from EEG by both conventional and
quantitative methods necessitates experience, special
training and expertise, researchers are trying to develop
simple methods that can be carried out quickly by a non-
specialist clinician without special training, and that can
be used anywhere with a simple EEG recording appara-
tus, such as electrocardiography.

Although a general slowing in EEG activity has been
shown in subgroups of dementia, no changes or differ-
ences were found in other studies.*”! Conventional
visual analyses of the EEG have demonstrated a diffuse
slowing of the brain rhythms in AD patients.'® Some
quantitative methods, such as power spectral analysis,
have also shown a decrease in the mean frequency with
an increase in delta and theta power and a parallel
decrease in alpha and beta power in AD patients com-
pared with those of normal elderly subjects.'”) However
a cut-off value for EEG frequency as a diagnostic tool
has not yet been defined. The exception is a study by
Gueguen et al.,™ in which the mean EEG frequencies
of normal elderly people and those with AD were com-
pared and the value of 8.6 Hz for the mean frequency
was determined as the cut-off value for differential diag-
nosis of normal subjects and AD patients.

The aims of this study were; to write a new macro to
perform non-parametric ROC surface analysis in studies
that have more than two groups, to evaluate the success
of mean EEG frequency as a pre-diagnostic tool using
the ROC surface method for differentiation between AD,
NAD and healthy subjects and to find cut-off values of
mean EEG frequency to differentiate these groups.

PATIENTS AND METHODS

The study was conducted in Diizce University Research
Hospital in Diizce. Eight AD patients (Group 1), sixteen
NAD patients (Group 2) and sixteen healthy volunteers
(Group 3) were included in the study. Volunteer con-
trol subjects were chosen from amongst the patients’
companions at the hospital. All AD and NAD patients
were randomly selected from the dementia patients
who were in follow-up at the neurology outpatient
clinic of the Research Hospital of Diizce University. AD
patients were diagnosed according to the International
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NINCDS/ADRDA and DSM-IV diagnostic criteria and
non-Alzheimer demented patients were diagnosed
according to the Clinical Dementia Rating scale (CDR).
Mean ages in AD and NAD groups were 72.0+10.38
and 73.218.41, respectively and the difference was not
statistically significant. The following criteria for the
control group were established age and sex matched,
no disturbances of memory or other cognitive functions,
no deficits in the neurological examination, no systemic
or other disorders such as diabetes, arterial hyperten-
sion, coronary disease, hypercholesterolemia (above
250 mg/ %), epilepsy, migraine or psychiatric disorders.
None of the controls or dementia patients was given
neuroleptic, antidepressant or sedative drugs that could
affect the results of EEG recordings. Informed consent
was obtained from all participants or their caregivers
or close relatives, according to the Code of Ethics of the
World Medical Association (Declaration of Helsinki)
and standards established by the authors’ Institutional
Review Boards. The study was approved by the ethics
committee of the hospital.

Electroencephalography Analysis

Electroencephalography data were collected by a
commercially available system (PowerLab/8sp, AD
Instruments, Australia) through an isolated bio-ampli-
fier (BIOamp, ADInstruments, Australia) from the left
frontal area. The EEG bio-amplifier was carefully cali-
brated with checks prior to the recording process in each
subject to ensure stability, and precisely the same acqui-
sition parameters and procedures were employed for all
individuals included in the study. The pair of electrodes
was located according to the international 10-20 system
on the scalp F3-F7 points in the left frontal area. We
selected this pair because previous studies showed that
left frontal regions are greatly affected in dementia.l?02!!
Electroencephalography data were recorded in resting
state subjects with eyes closed. Subjects were seated in
a slightly reclined chair in a sound-attenuated, normally
lit room and were kept awake during the recording. In
all subjects, EEG recordings were performed for 10 min-
utes in the late morning. The bio-amplifier filter setting
was set to 200 ¢V /cm with a high pass value of 1 Hz, a
low pass value of 50 Hz and a sampling rate of 200 Hz.
All recordings were stored on a computer and analysed
offline. If there was visually detectable blinking or other
artifacts these were quickly removed by manual opera-
tion. The mean frequency of EEG activity in 10 minutes
was measured by the simple data analysis tool of the
Chart software and used as the data. Almost all digital
EEG recording systems include such analysis tools.

Receiver Operating Characteristic

Surface Method

The Receiver Operating Characteristic (ROC) surface in
the three-group case is defined for continuous diagnos-
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tic markers as a direct generalization of the two-sample
ROC curve to three-group classification problems. Two
ordered cut-off values named t;, and t, are required
in order to perform the classification into the three
groups. The following decision rule may be applied:®
Y is a diagnostic marker. IF Y<t; THEN decision is
‘group 1’

OR IF t,<Y<t, THEN decision is ‘group 2’
OR decision is “group 3’

Different cut-off value pairs for mean EEG frequency
were determined for use in differentiation of groups.
The most appropriate among these values according
to their true classification rates were selected as the
optimum cut-off pair (t; and t,) and the confusion ratio
matrix was established according to the optimum pair.
This matrix contains the true classification rates and also
the rates of misclassification into each of the groups.
Three-way ROC surface (3D-ROC) graphic by points
whose coordinates are the three true classification rates,
over all possible pairs of ordered decision thresholds
was drawn. The surface corresponding to a perfect test
is the surface of a unit cube.

The volume under the ROC surface equals the prob-
ability that diagnostic measurements of any three sub-
jects, one from each group, are in the correct order, and
can be a useful index for the accuracy of a three-group
diagnostic test. The volume under the ROC surface of
0=1/6 corresponds to a test without discriminatory
power, and the value of 1 indicates a perfect test.l”]

The volume under the ROC surface (VUS) is given by, 62

VUS:é‘zP(Y,<Y2<Y3)+%P(Y,<Y2=Y3)+%P(Y,=Y2<Y5)+%
P(Y,=Y,=Y;)

where Y,, indicates the test measurement obtaine/c\l
from the k™ group, for k=1,2,3. The variance of VUS, 6,
can be estimated using the Jackknife, Bootstrap or Delta
method.® In this study, the corresponding variance esti-
mator was obtained by using 1000 bootstrap samples.
The null hypothesis of the statistical test is:

H,: 6=1/6 versus H,: 0>1/6, and the Z test was used

for this hypothesis.
b-0
V- Var( é\)

The 3D-ROC surface method has not previously
been included in any statistical package. This is the main
reason why this method has not been widely used. For
this study we wrote a new macro programme, named
HS.MAC, in MINITAB (ver. 14.0) in order to perform
the 3D-ROC surface analysis. The non-parametric VUS
value and bootstrap variance of VUS were calculated
by the HS.MAC programme. In addition, a test was per-
formed for VUS and the appropriate cut-off pairs for the
test variable were determined.

7=
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Table 1. Descriptive values of mean EEG frequency
(Hz) from left frontal area for each group

Groups n Mean+SD (Hz) Min. (Hz) Max. (Hz)
AD 8 5.88+2.53 2 10
NAD 16 8.94+2.54 5 13
Control 16 10.19+2.69 6 13

RESULTS

Table 1 shows the descriptive statistics as Mean+SD for
mean EEG frequency values in each group. Based on
mean EEG frequency, our estimate of the volume under
the ROC surface was 0.464 with a bootstrap standard
deviation of 0.150. The statistical significance of this vol-
ume was tested by the Z test and accuracy of the mean
frequency in differentiation of groups was statistically
significant (Z=1.99 and p=0.024). After this step, all fre-
quency values of the three groups were arranged from
large to small and all possible value pairs were taken as
the cut-off and the diagnostic accuracy of these pairs was
calculated. We selected the optimum cut-off pair accord-
ing to sensitivity and specificity values. The confusion
ratio matrix was established for this pair (Table 2).

In total nine classification rates were calculated
on the basis of the optimum cut-off pair for the three
groups. Three of these were defined as the probability
of correct classification into groups and six were defined
as the probability of misclassification. In this study we
particularly focused on the correct classification rate for
AD diagnosis and so examined the cut-off pairs of mean
frequency that were most powerful for AD diagnosis.
The most appropriate cut-off pair was determined as 8
Hz and 10 Hz. Of these values 8 Hz is the cut-off value
for differentiation of AD from NAD, and 10 Hz for dif-
ferentiation of NAD and control groups. Based on these
mean EEG frequency values the probabilities of correct
classification of individuals into their groups or incorrect
classification into other groups are presented in Table
2. Apart from this cut-off pair, a few other cut-off pairs
with high diagnostic accuracy were found, but 8-10 Hz
was selected as the most appropriate and the best diag-
nostic combination. As shown in Table 2, AD diagnosis
success for the selected cut-off pair was high (87.5%) and
correct classification probabilities of NAD and control
individuals were moderate (56.3% and 62.5%, respec-
tively). In addition, the individuals who were actually in

Table 2. True and misclassification rates for three
groups according to selected cut-off pair
(confusion ratio matrix)

Predicted
Actual AD NAD Control
AD 7 (87.5%) 1 (12.5%) 0 (0%)
NAD 4 (25.0%) 9 (56.3%) 3 (18.8%)
Control 3 (18.8%) 3 (18.8%) 10 (62.5%)
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Fig. 1.  ROC surface plot for mean EEG frequency, the three axes

are the correct classification rates (TC) or sensitivity/specif-
ity values of each cut-off pair for three groups.

the NAD or control group but were placed in different
groups on the basis of this cut-off pair were distributed
in similar ratios. The total correct classification probabil-
ity was (7+9+10)/40=65%.

Finally the 3D-ROC surface plot was drawn using
the true classification rates of all possible cut-off pairs
(Fig. 1), and the ROC curves were assessed for the pair-
wise classification using the true classification rates of
the three groups via the non-parametric method (Fig. 2).

DISCUSSION

Diagnostic methods have been studied intensively in
many medical fields. The most widely used and the
most informative statistical method for measuring the
accuracy of diagnostic tests is ROC analysis.! This
analysis has been used to differentiate two groups such
as patient and healthy groups. When there were more
than two groups, some studies also used the ROC curve
method, and assessed each pair of groups separately.
The weighted area under the curve value was calculated
after the areas were obtained with this analysis. This
value is a new success criterion.¥ However, since only
two groups are evaluated in each analysis as if they are
independent of the others, type I statistical error will be
increased.

Recently, the ROC surface method has been used to
diagnose three or more groups, however this method
has not yet been widely used.®¥ The most important
reason for this situation is the fact that it has not been
included in any statistical software. Only two pro-
grammes concerning ROC surface analysis have been
reported. The first was written with Mathematica and
can perform parametric ROC surface analysis.®™ The sec-
ond was written with R; in the case of verification bias,
nonparametric ROC surface analysis can be performed
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*TC: True classification rates for AD, NAD and Control groups respectively.

and the standard error of the VUS is predicted using
Jacknife and Delta methods.”!

For this study, a Minitab macro programme named
HS.MAC was written in order to enable the use of the
ROC surface method. Currently, the HS.MAC pro-
gramme can perform non-parametric ROC surface anal-
ysis for only three groups. The bootstrap method is used
to predict the standard error of the VUS. Minitab statisti-
cal software was chosen to write the macro because it is
simple and more commonly used than the Mathematica
and R programmes. Consequently, researchers will be
able to use ROC surface methods more comfortably
through this macro.

In our study, the usefulness of mean left frontal EEG
frequency in pre-diagnosis of AD and NAD patients
in clinical practice was investigated by this method.
The role of EEG in differentiation of AD patients from
some dementia cases has previously been studied.
12151824251 Gjomificant EEG changes were not found in
the majority of studies aiming to differentiate vascular
dementia and AD.! Electroencephalography mapping
was shown to correctly diagnose 63% of cases only.?!
In another study comparing frontotemporal dementia
and AD patients with control individuals separately
there was an increase in slow activities in EEG of AD
patients but not in frontotemporal dementia patients.’*”!
These results imply that EEG may be a potential tool for
differential diagnosis of AD from various dementing ill-
ness. The above-mentioned studies either compared the
EEG changes in patients and healthy controls or in two
patient groups. In this study, we compared members of
three groups simultaneously, and the cut-off values for
mean EEG frequency that come from left frontal region
EEG records were examined for differential diagnosis.

Since complex and expensive digital EEG recording
and analysing systems necessitate highly skilled, trained
people, most practitioners and physicians have avoided
using EEG in diagnosing and differentiating dementia.
In a previous study, the mean EEG frequencies of normal
elderly people and AD were compared and the value of
8.6 Hz for the mean frequency was determined as the
cut-off value in differential diagnosis of normal and AD
patients.'”? We determined cut-off values for differentia-
tion of AD and NAD patients and healthy subjects. In this

285

study, the most successful cut-off value in differentiation
of AD and NAD groups was 8 Hz, and for NAD and con-
trol groups the cut-off was 10 Hz. The selected cut-off pair
provided good accuracy, particularly in AD diagnosis
(87.5%). Total accuracy in assignment of subjects to their
groups was 65% only. This result is concordant with the
findings of Saletu et al.,*! who found that mean left fron-
tal frequency could only be used as a pre-diagnostic tool
in differentiation of three groups. Because the total correct
classification probability was not that high, and because
EEG is not a specific tool for dementia diagnosis, mean
frequency can only be used as a pre-diagnostic tool in
clinical practice. In addition, the number of cases in each
group was not large enough to demonstrate that EEG can
be used as an advanced differential diagnostic tool.

In actually, the one of important limitations of this
study is the number of cases in groups. Because sample
sizes in the groups, especial AD group, are small it is
impossible to claim that EEG is advanced differential
diagnostic tool for dementia.

Mean EEG frequency can be a useful pre-diagnostic
tool in differentiation of AD, NAD and healthy individu-
als. In general, it seems that mean left frontal EEG fre-
quency is lower than 8 Hz in AD, while it is higher than
10 Hz in healthy individuals. Electroencephalography
is relatively cheap, usable by all practitioners and
physicians and available everywhere for AD and NAD
diagnosis. The ROC surface method may be an effective
tool for differential diagnosis in studies comparing three
groups, and the HS.MAC macro that was written for this
purpose may be used to compare three groups. Further
research with a large number of subjects should be car-
ried out to enable more widespread use of the ROC
surface method.
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