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The EEG Consistency Index
as a Psycho-Physiological Marker
of ADHD and Methylphenidate Response:
Replication of Results

Jennifer Kim Penberthy, PhD
Daniel Cox, PhD
Raina Robeva, PhD
Boris Kovatchev, PhD
R. Lawrence Merkel, MD, PhD

ABSTRACT. The current study replicates the design and findings of earlier studies examining an

EEG measure called the Consistency Index (CI) as a physiological measure of ADHD (Cox et al.,

1998; Cox, Merkel, Kovatchev, & Seward, 2000; Kovatchev et al., 2001) and medication response

(Merkel et al., 2000). Six males diagnosed with ADHD between the ages of 16 and 19 were exam-

ined in this study. The average CI for participants while off of medication was 26%, indicative of
ADHD (CI < 40% strong likelihood of ADHD). These CI readings changed significantly when the

participants were on therapeutic dosages of methylphenidate. Five of six participants demon-

strated a CI > 50%, which is similar to the CI of an individual with no ADHD (Cox et al., 1998,

2000; Kovatchev et al., 2001). Overall, the average CI when on an effective dose of methyl-

phenidate was 57% (CI > 50% strong likelihood of no ADHD). These changes in overall CI were

statistically significant (p < 0.05) and demonstrate exciting possibilities for the utility of the Cl as a
physiological marker of ADHD. doi:10.1300/7184v10n01_03

KEYWORDS. ADHD assessment, EEG, consistency index, methylphenidate

INTRODUCTION tive, impulsive, and hyperactive behaviors
(APA, 1994). Estimates of the prevalence of

Attention Deficit Hyperactivity Disorder this disorder range from 5 to 15 percent of the
(ADHD) is a common and debilitating condi- school-age population (APA, 1994; Barkley,
tion that is associated with patterns of inatten- 1990). ADHD occurs more commonly in boys
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than girls, with ratios ranging from 4:1 to 9:1
(Monastraetal., 1999) and the onset of the dis-
order typically occurs prior to age seven.
ADHD can lead to significant academic, fam-
ily, mental health, legal, and employment diffi-
culties throughout development (Biederman et
al., 1993; Mannuzza, Gittleman-Klein, Bessler,
Malloy, & LaPadula, 1993; Mannuzza et al.,
1991).

Like most psychiatric disorders, the diagno-
sis of ADHD relies on subjective criteria. The
difficulty in clinical diagnosis is reflected in the
frequent shifts in the diagnostic criteria for
ADHD. The DSM-III (APA, 1980), DSM-III-R
(APA, 1987), and DSM-IV (APA, 1994) all
present different conceptualizations of ADHD.
The most current criteria from the Diagnostic
and Statistical Manual of Mental Disorders, 4th
Edition (DSM-1V) distinguish three subtypes
of ADHD: predominantly inattentive type also
known as attention deficitdisorder (ADD), pre-
dominantly hyperactive-impulsive type, and
combined type. In addition to the core clinical
symptoms of ADHD, high levels of co-morbid-
ity have been found with learning, oppositional
defiant, conduct, mood, and anxiety disorders
(Biederman, Newcorn, & Sprich, 1991). DSM-IV
diagnostic criteriafor ADHD include “a persis-
tent pattern of inattention and/or hyperactiv-
ity-impulsivity thatis more frequent and severe
than is typically observed in individuals in a
comparable level of development. Evidence of
six of nine inattentive behaviors and/or six of
nine hyperactive-impulsive behaviors must
have been present before age seven, and must
clearly interfere with social, academic, and/or
occupational functioning” (APA, 1994). Con-
sequently, diagnosis of ADHD is typically
based on retrospective reports from parents and
teachers of a child’s behavior, and is highly de-
pendent upon subjective judgments about the
degree of relative impairment. Due to the sub-
jective nature of assessment, precision in diag-
nosis has been elusive. Determining a biologi-
cal measure that could aid in the diagnosis of
ADHD would help to refine diagnostic criteria
and may provide more specific diagnostic tests
for ADHD and other disorders of attention and
self-regulation. Although research supports a
neurological basis for ADHD (Hynd et al.,
1991; Castellanos, 1997; Berquin et al., 1998;
Mostofsky, Reiss, Lockhart, & Denckla, 1998;

Raskin, Shaywitz, Shaywitz, Anderson, & Cohen,
1984: Crawford & Barbasz, 1996; Heilman,
Voeller, & Nadeau, 1991; Zametkin et al., 1990;
Castellanos et al., 2001; Castellanos et al.,
2002) there are few definitive large studies ex-
amining EEG as a quantifiable physiological
marker of ADHD.

Most investigators accept that ADHD exists
as a distinct clinical syndrome and suggest a
multi-factorial etiology that includes neuro-
biology as an important factor. Zametkin and
Rapoport (1987) identified eleven separate
neuroanatomical hypotheses that have been
proposed for the etiology of ADHD. A majority
of studies have concluded that either delayed
maturation (Mann, Lubar, Zimmerman, Miller,
& Muenchen, 1992; Matsuura et al., 1993;
Clarke, Barry, McCarthy & Selikowitz, 1998;
El-Sayed, Larsson, Persson, & Rydelius, 2002)
or defects in cortical activation (Chabot &
Serfontein, 1996; Heilman et al., 1991; Lou,
Henriksen, & Bruhn, 1984) play large roles in
the pathophysiology of ADHD. Unfortunately,
while neuroanatomical findings via magnetic
resonance imaging (MRI; Giedd et al., 1996),
functional MRI (Garcia-Sanchez, Estevez-
Gonzalez, Suarez-Romero, & Junque, 1997),
positron emission tomography (PET; Zametkin
et al., 1990), and single photon emission com-
puted tomography (SPECT; Seig, Gaffiney,
Preston, & Hellings, 1995) support the notion
that ADHD is a distinct clinical syndrome and
add to our understanding of the etiology of
ADHD, neuroimaging techniques are too ex-
pensive for general use, are restricted to a few
centers, and generally lack clear specificity and
sensitivity in the diagnosis of ADHD. One
technique suggested by a National Institute of
Mental Health committee as a possible method
to identify functional measures of child and ad-
olescent psychopathology is that of quantita-
tive electroencephalography (QEEG; Jensen et
al., 1993). Compared to methods of functional
neuroimaging (such as PET or SPECT), QEEG
is easier to perform, less expensive, does notin-
volve radioactive tracers, and is noninvasive
(Kuperman, Gaffney, Hamdan-Allen, Preston,
& Venkatesh, 1990).

QEEG is based on analysis of brain activity
that is originally recorded as frequent samples
of brain waves. The frequency of sampling is
usually about 256 Hz, which allows for a math-
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ematical reconstruction of brain wave frequen-
cies to 64 Hz. The standard method employed
for processing of the data is Fast Fourier Trans-
formation (FFT), which produces power spec-
trums of brain activity every two to three sec-
onds. These power spectrums are further
analyzed for abnormalities associated with
ADHD. Thus, the resolution of these analyses
is on the order of seconds.

Using a combination of visual inspection
and quantitative techniques, during the 1970s
several laboratories reported differences be-
tween the EEGs of hyperactive and normal
children (Wolraich & Baumgaertel, 1997).
Among the differences discovered were: a
higher percentage of abnormal EEG patterns
(abnormal usually meaning excessive slow
wave activity) in clinical subjects than in con-
trols (APA, 1994); more power in the 0 to 8 Hz
spectrum in hyperactive children compared to
normal controls (Satterfield, Cantwell, Lesser,
& Podosin, 1972); less power in the 10 Hz
range for hyperactive children versus controls
(Montague, 1975); and less beta and weaker
stimulus-locked alpha attenuation in hyperac-
tive children than in non-hyperactive children
(Grunewald-Zuberbier, Grunewald, & Rasche,
1975). However, early research demonstrated
no definitive patterns of EEG data to discrimi-
nate hyperactive, inattentive, or impulsive chil-
dren from controls.

Numerous investigators have reported that
only when subjects are engaged in behavioral
paradigms (particularly those manipulating at-
tention) do electrophysiological differences
appear between normal and hyperactive or LD
children (Dykman, Holcomb, Oglesby, &
Ackerman., 1982). Partially in response to this
deficit in the research literature, Dykman et al.
(1982) investigated the EEGs of four groups of
boys (10 hyperactive, 10 learning-disabled, 10
with both hyperactivity and LD) engaged in a
complex visual search task. Spectral analysis of
EEG data indicated that LD boys, hyperactive
boys, and boys with a mixed diagnosis dis-
played less beta and less stimulus-locked alpha
than normal boys.

Research in the mid 1980s to mid 1990s
began to address issues of uniformity of diag-
nosis, methodology, and accuracy in EEG ac-
quisition, both in terms of theoretical under-
standing and technical application. In an

attempt to clarify some of the EEG differences
between hyperactive and normal subjects,
Satterfield, Schell, Backs, and Hidaka (1984)
examined the impact of age upon EEGs and de-
termined that EEG power spectral intensities of
normal male children decrease with increasing
age. However, EEG power declines slower
with increasing age in hyperactive subjects.
Overall, they concluded “. . . electrophysio-
logical differences between hyperactive and
normal male children are complex and vary
markedly with age” (Satterfield et al., 1984).
More recent studies employing spectral analy-
sis of EEG have also shown varying patterns of
EEG activity in ADHD subjects. Mann et al.
(1992) found increased theta (4-7.75 Hz) at
both absolute and relative percent power calcu-
lations, and decreased beta (12.75-21 Hz) in
temporal and frontal sites. Janzen, Graap,
Stephanson, Marshall and Fitzsimmons (1995)
demonstrated that their ADD group had higher
theta amplitudes for all sites. However, unlike
Mann et al. (1992), Janzen et al. (1995) found
no differences between groups for beta at all
amplitudes.

A few studies employed a coherence analy-
sis, which involves a cross-correlation that
measures the relationship of activity in one site
of the brain to another. Chabot and Serfontein
(1996) tested 407 children with attention defi-
cits with and without hyperactivity, with and
without learning problems, children with atten-
tion problems who failed to reach DSM-III cri-
teria for the disorder, and 310 controls (ages
6-17). They employed coherence analysis and
observed patterns of excess theta in frontal re-
gions and increased alpha (relative power) in
the posterior regions for the clinical groups ver-
sus controls. They also reported that one-third
of their subjects showed signs of interhemis-
pheric dysregulation characterized by this pat-
tern of excessive theta/alpha power in the right
temporal and premotor (frontal) areas. Bresnahan,
Anderson, and Barry (1999) investigated pat-
terns of activity with QEEG and observed in-
creased theta activity and decreased beta activ-
ity across all age groups of children. The
decline in beta activity reduced with age.
Bresnahan et al. (1999) concluded that because
the hyperactivity componentin ADHD tends to
decrease with age while the impulsivity tends to
persist, their data suggests reduced beta activity
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may be related to hyperactivity and that in-
creased theta activity may be related to
impulsivity. These patterns replicate findings
of the study done by Mann et al. (1992).

Monastra et al. (1999) report similar results
from their study on 482 subjects (ages 6-30).
EEG data were used to test the hypothesis that
prefrontal cortical slowing (excess theta) can
differentiate ADHD subtypes from controls.
Analysis of variance demonstrated cortical
slowing that differentiated ADHD subjects, re-
gardless of sex or age. Specifically, statistical
analysis revealed that the ADHD groups (in-
attentive and combined type) displayed sig-
nificantly higher levels of slow-wave (theta)
relative to fast-wave (beta) EEG activity. Con-
sequently, Monastraetal. (1999) derived an in-
dividual Attentional Index (AI) equal to the
theta-beta power ratio of a subject. This index,
which is the numerical inverse of a previously
published ratio used by NASA (Engagement
Index) to track attentional changes in pilots
(Pope & Bogart, 1991; Pope, Comstock,
Bartolome, Bogart, & Burdette, 1994) was sig-
nificantly larger for the ADHD groups than for
the control group. However, in research per-
formed by Kuperman et al. (1990) ADHD sub-
jects had the contrary findings of increased beta
band relative to percent power (RPP) while
ADD subjects had less delta band RPP and
more beta band RPP. Only the ADD group
demonstrated significant asymmetry between
hemispheres. Clarke et al. (1998) also found
contradictory results in the form of adecreasein
alpha activity. In contrast to Mann et al. (1992),
Clarke et al. (1998) report less posterior abso-
lute beta power in posterior regions.

A few studies have found excessive slow and
low alpha activity associated with ADHD in
children and young adults, and some research-
ers have proposed that these findings may sup-
port a maturational lag theory of ADHD EEG
abnormalities of the brain (Matsuura, et al.,
1993; Crawford, Corby, & Kopell, 1996; Clarke
etal., 1998; Chabot & Serfontein, 1996). Activ-
ities of the waking EEG in alpha frequencies
have special significance in that they form the
“alpharhythm,” aposteriorly dominantactivity
that attenuates (or “blocks”) with eye opening.
This rhythm first emerges at age three to four
months and gradually increases in frequency
until adult levels are attained in late childhood.

Since the alpha rhythm is slowed or absent dur-
ing heightened anxiety or extremely low
arousal such as drowsiness, attaining alpha en-
hancement (increasing power of alpha) is more
difficultforboth over-aroused subjects (such as
ADHD subjects) and for under-aroused sub-
jects (again, such as ADHD subjects or other
persons suffering from inattention). Therefore,
alpha blockade would be predicted between
cognitive tasks for persons with ADHD.

Overall, numerous studies have contrasted
ADHD versus non-ADHD children using vari-
ous EEG acquisition and analysis techniques
and have found differences (e.g., increased al-
pha and beta band frequency), but the specific
differences have been inconsistent. However,
one important trend in the literature is the find-
ing of patterns of higher levels of theta relative
to beta (Mann et al., 1992; Bresnahan et al.,
1999; Lazzaro et al., 1998). The presence of
theta and the absence of beta may be the neural
substrate of the inability to shift between tasks
in order to focus on the task at hand. This is af-
firmed in a recent research that hypothesizes
that an ADHD individual has difficulty in re-
sponding to the target task, not difficulty with
ignoring peripheral stimuli (McDonald, Bennett,
Chambers, & Castiello, 1999).

Although several studies have examined the
EEGs of children while performing various
tasks (e.g.,reading and arithmetic), only onere-
search group has examined the children specifi-
cally while they transition from one cognitive
task to another cognitive task (Cox, Kovatchev
etal., 1998; Cox, Merkel et al., 2000; Merkel et
al. 2000; Kovatchev et al., 2001; Robeva,
Penberthy, Loboschefski, Cox, & Kovatchev,
2004; Penberthy et al., 2005). Because both
clinical experience and research (Schachar,
Tannock, Marriott, & Logan, 1993) support the
notion thatchildren with ADHD have difficulty
cognitively transitioning from one task to an-
other, Cox and his colleagues (Cox et al., 1998)
measured differences between a small sample
of boys with ADHD (n = 4) and non-ADHD
boys (n = 4) as they cognitively shifted from
watching a video toreading abook. They found
a marker based on EEG data, labeled the Con-
sistency Index (CI) that clearly differentiated
the two groups (p<.001). It was discovered that
the EEG power patterns of boys with and with-
out ADHD differed substantially when the



Scientific Articles 37

boys transitioned between two contiguous cog-
nitive tasks. It became apparent that the EEG
power shift from one task to another, calculated
spatially and temporally, was more “consis-
tent” in non-ADHD boys than in boys diag-
nosed with ADHD. Specifically, the EEG
power shifts found in non-ADHD boys was
mathematically more uniform and predictable
than the power shifts found in the EEGs of the
children diagnosed with ADHD. Thus, a mea-
sure thatquantified the EEG power consistency
during participants’ transition from one cogni-
tive task to another was developed via a
mathematical model of EEG transition consis-
tency and called the Consistency Index (CI).

The development of the CI was based upon a
quantitative representation of the idea that
ADHD is reflected by chaotic changes in the
EEG power spectrum when participants shift
from one cognitive task to another. The CI con-
tains a rigid mathematical frame that incorpo-
rates this idea. This frame is based on the EEG
data stream as represented by a three-dimen-
sional numeric array: at any given moment one
dimension s frequency of brain waves, another
is spatial (the location of the electrode on a sub-
ject’s head) and the third is time. ADHD can
cause irregularity or inconsistency either in the
frequency or the spatial dimension, or in both,
when shifting across cognitive tasks (Kovatchev
et al., 2001). The algorithm for computing the
Clisdescribedindetail in the methods section.

Inpreviousresearch, the Cl clearly separated
ADHD from control participants (Cox et al.,
1998; Kovatchev et al., 2001; Merkel et al.,
2000) and these findings were highly reliable
when test-retest reliability was evaluated (Cox
etal., 1998). The CI was highly stable over three
months and correlated .85 (p < .001) with a
checklist of ADHD symptoms based on the
DSM-IV criteria for diagnosing the disorder
(Cox etal., 1998; Kovatchev et al., 2001). Cox
et al. (1998) concluded “more research is
needed to determine whether measures of cog-
nitive transition such as the CI are reliable and
generalize, as they might allow for more effec-
tive assessment and diagnosis of ADHD as well
as a greater understanding of its etiology and
course.”

Merkel et al. (2000) acquired EEGs from
male subjects (ages 19 to 25) while they per-
formed two easy and two hard tasks, both audi-

tory and visual, of the Gordon Diagnostic Sys-
tem. The study was adouble blind, placebo ver-
sus methylphenidate controlled crossover de-
sign. Six ADHD participants were found to
have a significantly lower CI than six non-
ADHD males while transitioning from two
simple tasks during placebo condition, while
only the ADHD participants demonstrated a
significant improvement in their CI while on
methylphenidate. Similar but non-significant
trends were observed while transitioning across
hard tasks.

Inaddition, Loo, Teale, and Reite (1999) and
Loo, Hopfer, Teale, and Reite (2004) found that
ADHD children exhibiting a positive medica-
tion response to methylphenidate, had reduc-
tions of theta and alpha activity as well as in-
creased beta activity in the frontal regions,
while non-responders showed the opposite pat-
tern (p < .05). They also found that increased
frontal beta activity was significantly corre-
lated with medication-related improvement in
performance on the Conners’ Continuous Per-
formance Test (CPT) and parent behavior rat-
ings in attention and hyperactivity. Loo et al.
(1999, 2004) conclude that stimulant medica-
tion increases frontal region beta activity in
children with ADHD.

Thus, preliminary research appears to sup-
port that electrophysiologic differences are
found between children with ADHD and those
without ADHD. Specifically, beta activity and
the EEG CI have been used as physiological
correlates of ADHD, and have been found in
preliminary research to normalize in ADHD
children who are responsive to a therapeutic
dose of methylphenidate.

The purpose of the current study is to repli-
cate portions of the Cox et al. (1998 and 2000),
Kovatchevetal.(2001) and Merkel et al. (2000)
preliminary studies with a sample of older
males who have been diagnosed with ADHD,
and to examine the changes in the EEG CI when
suchindividuals are adequately medicated with
methylphenidate. Since it is estimated that
there are fewer adolescent males diagnosed
with ADHD, primarily hyperactive-impulsive
type, than are diagnosed with either combined
type or primarily inattentive type (DSM-IV),
and the fact that we did not recruit any adoles-
centmales who met criteria for ADHD, primar-
ily hyperactive-impulsive type, we did not in-
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clude this subtype in our study. Our hypotheses
were as follows: (a) lower EEG consistency
during transitions from one cognitive task to
another (Consistency Index of = 40%) will
be a significant physiological marker associ-
ated with individuals with ADHD-Combined
(ADHD-Com) type or ADHD-Inattentive type
(ADHD-In), and (b) the EEG CI will increase
or normalize (CI = 50%) in individuals with
ADHD-com or ADHD-In who are treated with
adequate doses of methylphenidate.

METHODS
Participants

This study was approved by the local Institu-
tional Review Board, and potential participants
were recruited through local high school nurses
and newspaper advertisement. Eleven adoles-
cent males responded to advertising or recruit-
mentefforts, and were screened over the phone.
Four of these were excluded based on their re-
ported inability to dedicate the time required to
complete the study. Seven adolescent males,
with a mean age of 17.2 + 1.2 years met the ini-
tial criteria on the phone screen and were in-
vited to participate in this repeated measures
study. One of the participants (subject No. 2)
dropped out of the study after being accepted,
due to the unexpected death of a close friend.
Therefore, six participants completed the entire
study protocol. Please see Table 1 for details
regarding subject data, including age and diag-
nosis. Four of the participants met criteria for
Attention Deficit Hyperactivity Disorder—Pri-
marily Inattentive Type (ADHD-In) and two of
the participants met criteria for Attention Defi-
cit Hyperactivity Disorder—Combined Type
(ADHD-Com).

The inclusion criteria for the study included
diagnosis of current ADHD as determined by
self-report questionnaire and structured diag-
nostic clinical interview and positive history of
methylphenidateresponsiveness as reported by
subject and parents. Persons were excluded
from the study if they reported a history of tics
or other adverse reactions to methylphenidate;
had a history of substance abuse as reported by
subject or parents; or currently met diagnostic

TABLE 1. Subject Characteristics and Medication
Dosage

Subject Age Diagnosis Weight MPH/t.i.d. Co-Morbid
(Ibs) dosage Disorders
1 17 | ADHD-In 128 10 mg None
3 16 |ADHD-Com 135 10 mg None
4 18 | ADHD-In 197 20 mg None
5 17 |ADHD-Com 208 20 mg None
6 16 |ADHD-In 171 20 mg Social
Phobia
7 19 |[ADHD-In 309 40mg |ODD

criteria for a psychiatric disorders of severe de-
pression, anxiety, or psychosis. Three partici-
pants (numbers 1, 6, 7) reported that they had
been diagnosed with learning disorders such as
dyslexia. Two participants met diagnostic cri-
teria for co-morbid psychiatric disorders based
upon the Diagnostic Interview Schedule for
Children-Parent version (DISC-P IV; Shaffer,
Fisher, Lucas, Dulcan, & Schwab-Stone, 2000)
which was administered to the participants’
parent(s) or guardian(s). Specifically, subject
number 6 met criteria for social phobia and sub-
jectnumber 7 met currentdiagnostic criteria for
oppositional defiant disorder. These were not
exclusionary diagnoses, and therefore these
three participants were enrolled in the study.

Procedure

Once screened over the phone, the partici-
pants and their parents were invited for an ini-
tial meeting andinterview. Atthis first meeting,
all participants met with alicensed clinical psy-
chologist who described the study and obtained
written informed consent and assent from par-
ents and participants. Parents/guardians then
completed the DuPaul ADHD Rating Scale-IV
(DuPaul, Power, Anastopoulos, & Reid, 1998)
and were administered the DISC-P IV (Shaffer
et al., 2000). They were reminded to answer
questions about their son’s typical behavior
when not taking medications for ADHD. Par-
ticipants and their parents/guardians then met
with a psychiatrist who administered a physical
exam and confirmed the ADHD diagnosis by
the Standardized Interview for Adult ADHD
(Barkley, 1998) administered to the subject.
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The psychiatrist also gathered information
about the participants’ pre-study methylpheni-
date dose and used this to determine the starting
drug dose for the treatment condition portion of
the study.

The current study was part of a larger, re-
peated-measure, three-condition study with a
two-medication crossover study arm, which
examined participants’ performance on multi-
ple measures at each condition. The portion of
the overall study which we present involved
only the firsttwo conditions, specifically exam-
ining EEG dataacquired when participants per-
formed a procedure involving transitioning be-
tween cognitive tasks. The EEG assessments
were acquired during the following times:
(a) while participants were off medication, and
(b) while participants were taking an optimal
dose of methylphenidate and had remained on
that stable optimal dose for a period of at least
seven days. Optimal dosage included achiev-
ing a balance of maximizing effectiveness for
symptomrelief while minimizing negative side
effects. For the first EEG acquisition, all short-
acting stimulant medications were discontin-
ued for at least 24 hours prior to the assessment,
which is considered to be an adequate amount
of time for the stimulant to be out of the partici-
pants’ systems, and therefore not impact the
EEG data (Wang et al., 2003). No participants
were currently taking long-acting stimulant
medications.

EEG Data Acquisition

Participants were seated comfortably in front
of atelevision, and an appropriately sized EEG
cap was placed over their heads. Electrode
placement was in accordance with the Interna-
tional 10-20 System. Six electrode sites were
prepared: agroundin frontof Cz, arightearlobe
reference electrode, and Cz, Pz, P3, P4. These
sites were chosen in accordance with current
EEG data research indicating positive findings
with these sites (Robevaetal., 2004; Penberthy
et al., 2005). EEG signals were amplified and
processed by the Lexicor Neurosearch-24 sys-
tem. Automated artifact rejection software as-
sociated with the Lexicor Neurosearch-24 sys-
tem was implemented during the conversion of
raw EEG data into frequency bands. The EEG
data collection used standard settings of a clini-

cal EEG acquisition thatinclude 5 K Ohms im-
pedance criterion measured by a Prep-Check
electrode impedance meter. The total fre-
quency range was 0.5 to 32 Hz. Fast Fourier
Transform (FFT) was used to compute within
each 2.56-second data series the relative power
of the following frequency bands: theta (4-7.5
Hz), low alpha (7.5-10 Hz), high alpha (10-13
Hz), and beta (13-22 Hz). Residual power was
carried by frequencies below 4 Hz or above 22
Hz. The band powers were converted into per-
cent power for each band and percent residual
power. This procedure results in 16 EEG pa-
rameters (4 bands X 4 channels) recorded into a
data file every 2.56 seconds. The data was re-
corded and converted into EEG parameters
while the participants completed the following
sequence: watched an age-appropriate movie
for twenty minutes, rested quietly with eyes
open for five minutes, and then read age-appro-
priate materials silently for ten minutes. Partici-
pants were observed and prompted to not fall
asleep, as this causes low or absent alpha
rhythm and the presence of delta waves in brain
activity, clinical signs of sleep, which could
confound a CI calculation as it would be mea-
suring a subject’s transition from sleeping to
waking and not cognitive transition between
tasks. One subject (number 4) reported that he
was sleepy and repeatedly fell asleep during the
EEG acquisition. His initial data were therefore
considered invalid, and his EEG while off med-
ications was repeated at another time when he
was well rested and able to stay awake through-
out the acquisition.

Computing the CI

The algorithm for computing the CI works as
follows:

a. Discrete spectra, including residual power,
are calculated for all EEG channels through
a standard FFT algorithm. The relative
power of the theta, low alpha, high alpha,
and beta frequency bands was computed.

b. Power change distances (PCD) between
two contiguous tasks separated by a break
are computed for each EEG band and
channel, utilizing data from the entire
EEG series during two tasks compared to
each other. Each PCD is normalized us-
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ing the formula below, where M7 and M2
are the mean powers at two contiguous
tasks, SD1 and SD2 are their standard de-
viation, and N/ and N2 are the epoch
counts at these tasks. Thus, PCD are spe-
cific differences in EEG patterns ob-
served during contiguous tasks.

PCD = MI—M2
SDI? N SD2?
N1 N2

c. PCD undergo filtering to eliminate changes
below a “noise threshold” of 1.0: The
PCD values that are larger by an absolute
value than the threshold will be marked
with 1 or —1 depending on their direc-
tion, while all PCD below threshold will
be marked by zero. This procedure trans-
forms the PCD sequence into a sequence
of 1, 0, —1 that indicates, for each EEG
band and channel, whether a significant
power change was observed while the
person shifted from the first task to the
next. The CI is defined as the count of
non-zero components of this sequence.
The maximum CI equals the number of
EEG channels multiplied by the number
of EEG bands used during spectrum
discretization. For our study, with 8-chan-
nel EEG equipment and 4 bands, the CI
ranges from O to 32. In order to make the
results comparable across different ex-
periments, the Cl is expressed in terms of
percentage from its maximum value. As
already stated, a CI lower than 40% is in-
dicative of the presence of ADHD and a
CI of 50% or more is associated with nor-
mal or consistent cognitive transition,
and is considered to be indicative of the
absence of ADHD.

RESULTS

A significant increase (t = —2.82, 2-tail p =
0.037) from 26.04% (no medication)to 57.29%
(onmedication) was observed in the average CI
when the participants were on therapeutic
doses of methylphenidate. In the ADHD-In
group, as summarized in Table 2, four of six
participants had a Consistency Index (CI) of

40% orlower when taking nomedication, while
all butone subjectachieved a Cl of 50% or more
when on methylphenidate.

The results from a classification based on a
cutoff of <40% for ADHD-Com and ADHD-In
and = 50% and higher for absence of ADHD-
Com and ADHD-In were compared off and on
medication. Three out of six participants showed
improvement comparable to normal zone
(= 50%) on methylphenidate. The pre/post
classifications of the participants were com-
pared using Wilcoxon matched-pairs signed-
rank test resulting in a significant pre/post
change from ADHD-Com or ADHD-In to
non-ADHD status, z = —2.02, 2-tailed p =
0.043. In other words, overall, the CIs of partic-
ipants significantly changed between the con-
ditions of being off medication and being on a
therapeutic dose of methylphenidate.

DISCUSSION

In this study we evaluated six males with
ADHD-Com or ADHD-In, both on and off
methylphenidate. Participants were males be-
tween the ages of 16 to 19, and reported a previ-
ous positive response to methylphenidate. Four
of six ADHD participants had Consistency In-
dices of 40% or lower when taking no medica-
tion, but all participants displayed an increase
in their CI when tested on methylphenidate. All
but one subject achieved a CI of 50% or more
when on methylphenidate and a CI of 50% or
more is associated with normal or consistent
cognitive transition, and is considered to be in-

TABLE 2. Consistency Index (%) off and on Methyl-
phenidate Medication

Subject Age Diagnosis *Cl No *ClOn  Significance
Medication Medication
1 17 |ADHD-In 18.75 50.00
2 16 |ADHD-Com 68.75 93.75
4 18 |ADHD-In 50.00 50.00
5 17 |ADHD-Com 00.00 68.75
6 16 |ADHD-In 00.00 56.25
7 19 |ADHD-In 18.75 25.00
Average |17.2 26.04 57.29 P <0.05

*Cl = 40 = ADHD-Com or ADHD-In;
Cl = 50 = “normal control” or no ADHD-Com or ADHD-In
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dicative of the absence of ADHD-Com or
ADHD-In.

This study confirmed the hypotheses that
lower EEG consistency during transitions from
one cognitive task to another (Consistency In-
dex of =40%) couldbe asignificant physiolog-
ical marker associated with individuals with
ADHD-Com or ADHD-In if further researched.
The study also confirmed the hypothesis that
the EEG CI will increase or normalize (CI
= 50%) in individuals with ADHD-Com or
ADHD-In who are treated with appropriate
doses of methylphenidate.

The results of this study specifically support
our earlier work, which demonstrated that the
CI during transition between cognitive tasks is
associated with diagnosis of ADHD (Coxetal.,
1998; Cox et al., 2000; Kovatchev et al., 2001)
and that the CI is responsive to methylphen-
idate (Merkel, 2000). Results of this study also
generally support findings by others regarding
changes in the EEGs of ADHD children who
are responders to methylphenidate (Loo et al.,
1999; 2004).

The current results, when combined with
previous research data from this lab, lend con-
siderable support to the utility of the EEG Con-
sistency Index as not only a physiological
marker of ADHD, but also as a tool capable of
detecting treatment effectiveness. Our results
indicate that the measures assessed are reactive
to methylphenidate, and confirm the ability of
the CItoaccurately detect treatmentefficacy.

Limitations of the present study include
small sample size, no female participants, small
age range, and lack of non-ADHD control
group. Further research is needed, including
not only ADHD and non-ADHD controls, but
also another diagnostic control group, such as
bipolar disorder. Such research would help dis-
cern the sensitivity and specificity of the CI to
diagnose ADHD versus non-ADHD, both on
and off medication, and also begin to determine
if the CI findings are specific to ADHD. Devel-
opmentof areliable method to evaluate a physi-
ological marker of ADHD would increase ac-
curate diagnosis of this potentially destructive
disorder and thereby facilitate and ensure that
appropriate treatment is administered.
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