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The benzodiazepin@BZ) class of minor tranquilizers are important modulators of yremino butyric acid
(GABA,)/BZ receptor complex that are well known to affect the spectral properties of spontaneous electro-
encephalographic activity. While it is experimentally well established that the BZs reduce total alpha band
(8—13 H2 power and increase total beta bai@—30 Hz power, it is unclear what the physiological basis for
this effect is. Based on a detailed theory of cortical electrorhythmogenesis it is conjectured that such an effect
is explicable in terms of the modulation of GABAergic neurotransmission within locally connected populations
of excitatory and inhibitory cortical neurons. Motivated by this theory, fixed order autoregressive moving
averagg ARMA) models were fitted to spontaneous eyes-closed electroencephalograms recorded from subjects
before and approximatel2 h after the oral administration of a single 1 mg dose of the BZ alprazolam.
Subsequent pole-zero analysis revealed that BZs significantly transform the dominant system pole such that its
frequency and damping increase. Comparisons of ARMA derived power spectra with fast Fourier transform
derived spectra indicate an enhanced ability to identify benzodiazepine induced electroencephalographic
changes. This experimental result is in accord with the theoretical predictions implying that alprazolam en-
hances inhibition acting on inhibitory neurons more than inhibition acting on excitatory neurons. Further such
a result is consistent with reported cortical neuronal distributions of the various GA8#eptor pharmaco-
logical subtypes. Therefore physiologically specified fixed order ARMA modeling is expected to become an
important tool for the systematic investigation and modeling of a wide range of cortically acting compounds.
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[. INTRODUCTION well known to decrease alph@®-13 H2 and increase low
beta(13—-16 Hz activity in a dose dependent mannfér6|.

vy-amino butyric acidGABA) is the major neurotransmit- Despite careful and thorough characterizations of the mo-
ter in the human brain that mediates the transmission of inlecular pharmacology of the BZs and their various electro-
hibitory events between neurons. GABA influences neuronphysiological effects, the mechanism whereby BZs induce
by way of three major classes of receptors: GABA changgs in the spectral content of the electroencephalogram
GABAg, and GABA. receptor classes. GABAreceptors (EEQ) is unknown. .
are of particular interest as their function can be modulated "€ recent theoretical work on the genesis of the alpha
by a wide variety of clinically relevant substances, most no-rhythm by Liley et al. [7-9] suggests that BZs affect the

tably the sedative agents best exemplified by the barbituratléEG by altering reverber_ant activity Wi.thin synaptically
and benzodiazepine classes of drugs. coupled populations of inhibitory and excitatory neurons in

BenzodiazepinedBZs) are positive allosteric modulators neocortex. This theory has previously been used to investi-

of the GABA, /BZ receptor complex. By inducing a confor- gate the mechanism of general anesthesia using substances

. S . that have been shown to alter the time course of GABA
mational change in this receptor complex, they increase thg, j ,ceq IPSP§10].

frequency of GABA initiated channel openings. Electro- s theory considers cortex as an excitable spatial con-
physiologically, this increased probability of channel open-tinyum of reciprocally connected excitatory and inhibitory
ing is reflected in an augmentation of the amplitude and the\eyrons interacting by way of short-rangetracortica) and
time constant of decay of the associated Unitary inhibitorMOng_range(Cortico_cortica] Connections(see F|g J_ Be-
postsynaptic potentialPSP [1,2]. Benzodiazepines have cause this is a theory of the genesis of the alpha rhythm, and
also been reported to increase single GAB#hannel con- not specifically a theory of its physiological modulation, only
ductances in the presence of low synaptic concentrations ahe time course and the corresponding reversal potentials of
GABA [3]. Electroencephalographically benzodiazepines aréfast” excitatory (AMPA/kainate and “fast” inhibitory
(GABA,) neurotransmitter kinetics are explicitly incorpo-
rated. Detailed semianalytical and numerical solutions of the

*Electronic address: dliley@swin.edu.au; theory’s equations have revealed a rich repertoire of physi-
http:// marr.bsee.swin.edu.au ologically plausible dynamical behavior. Of particular sig-
"Electronic address: pcadusch@swin.edu.au nificance is the generation of limit cycle, chaotic, and noise
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Il. THEORY

The alpha rhythm is arguably the most obvious recordable
feature of the intact human brain. While the exact basis for
its genesis is still controversial it is widely believed that it
arises as a consequence of one or more of the following
mechanisms: endogenous or exogeniialamig pacing of
cortical neurons[12-14; oscillatory activity generated
through the reciprocal feedforward interactions of excitatory
(pyramida) and inhibitory (interneuron cortical neuronal
populationg15-18; or boundary dependent standing wave
generation (Schumann resonance-likedue to long-range
cortico-cortical connectivity{ 19—-21]. The theory of Liley
et al. [7-9], however, suggests that none of these mecha-
nisms are sufficient, either separately or taken together, in
explaining the physiological genesis of the alpha rhythm.

In this theory it is found that the strength and form of
population inhibitory~inhibitory synaptic interactions are
the most important determinants of the frequency and damp-
ing of the emergent theoretical alpha band oscillatory activ-
ity. Such behavior arises principally because local

inhibitory—inhibitory and local inhibitory-excitatory loop
1)

connect excitatory(E) and inhibitory (1) neuronal populations in delays that are associated with physiologically and electro-
cortex. Populations that are enclosed within a dotted box correENcephalographically plausible alpha activity are longer than
spond roughly to a cortical macrocolunm.; denote extracortical the corresponding local(intracortica) and long-range
input of typej’ to neural population of typg (cortico-cortica) excitatory-excitatory loop delays. It is im-
portant to emphasize that the predicted importance of local
driven oscillations at the frequency of the mammalian alphaircuit inhibitory—inhibitory population activity in the gen-
rhythm, with model parameters that are all within rangesesis of alpha band activitgmergesrom a theory in which
reported experimentalli8,11]. both local (intracortica) and global(cortico-cortical neu-
Loosely speaking, such oscillatory activity in the EEG ronal circuit activity have been incorporated.
is theorized to arise from oscillatory activity occurring si-  The theory considers the EEG and ECtectrocortico-
mult_ango_usly in Iopal inhib_ito_ryfinhibitpry _circuits _and lo- gram as being linearly related to the meéover a spatial
cal |nhlbltorngc_ltgtorﬁln_hl_bltory circuits. OSC|IIat_|ons scale of the order of approximately 1 msoma membrane
generated by _|nh|b|tory»|nh|b|tory circuits are predicted potential of underlying cortical excitatorpyramida) neu-
FO _h.ave a h!gher ffeq.“‘?”cy t.har! those generated i ons[ he(x,t)]. It differs from other macroscopic continuum
|nh|b|tory—>eXC|tatory—>|nh|b|tpry circuits because the total theories[19,21—23 in that the time course of the unitary
loop delay of the formertf)) is less than the loop delay of IPSP is described by a third-order differential equation.

the latter (ipeﬂ.gi) astfi<tl;. These loop delays will corre- Lower orders are theoretically found unable to support any
%ppreciable or widespread alpha band activity. Appendix A
contains further details. Like other rate based theories of
‘electrocortical activity[15,17,24, oscillatory activity in the

population connectivity will weight the EEG toward lower EEG is posited to cprrespond to periodic modulat|on_s_|n the
average neuronal firing rate ambt to the average firing

frequencies, whereas strengthening inhibiteighibitory _ . . -
connections will weight the EEG toward higher frequencies.frequency of excitatory neurons. This continuumean firing

On this basis it is hypothesized that benzodiazepine&Ate basedtheory is “mechanistically” quite distinct from
shift the alpha to higher frequencies because they amp”f)t,he discretespike basedhhibitory |nt¢rneurpn network modj
inhibitory—inhibitory population synaptic interactions to a €ls that have been developed to investigate the genesis of
greater degree than inhibitoryexcitatory interactions. To Synchronized gamma activif5]. Of particular note is that
test this hypothesis eyes-closed EEGs were recorded frotiiese spike based interneuron network models predict that
subjects who had taken a low dose of a short acting benzdenzodiazepines will be associated wittductionsin the
diazepine, alprazolam. The EEGs was then analyzed usirigiequency of the dominang band(40 Hz) population oscil-
theoretically motivated fixed order autoregressive movingdations[25].
average(/ARMA) time series modeling. Our results provide  The intuitive basis for interneuron oscillations in this
strong experimental evidence for interpreting benzodiazepingheory is as followgsee Fig. 2 Initially activated inhibitory
induced electroencephalographic changes as due to the meeurongdue to constant extra-/intracortical excitatory input
dulation of a cortical white noise filter. give rise to inhibitory neural firings which, after a single loop

FIG. 1. Diagram illustrating the short-rangg@ntracortica),
N? | and long-rangécortico-cortical, Ng;, systems that serve to

postsynaptic potential(EPSP$ and IPSPs induced in the
dendrites of excitatory and inhibitory neurons when mea
sured at the soma. Thus strengthening inhibiteexcitatory
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a single loop delay, are neurons has now decreased return to basal levels
inhibited due to negative feedback inhibition is feedback inhibition is
feedback. reduced (i.e. the inhibitory  again strengthened
neurons become dis- and the mean inhibitory
inhibited) and inhibitory firing rates, following
population firing rates another loop delay,
return to basal levels. decrease. The cycle
then repeats.

FIG. 2. Oscillatory activity generated by negative feedback within cortical interndimboibitory) circuits is hypothesized to be the basis
for rhythmic activity within the alpha ban@—13 H32. Inhibitory population activity is predicted to phase lead excitatory population activity
by an amount proportion&b) to the mean inhibitory-excitatory loop delay?, (i.e., mean time to peak for an IPSP induced in an excitatory
neuron when measured at the sonfa and | refer to local cortical populations of excitatory and inhibitory neurons, respectively. The
excitatory—excitatory and excitatoryinhibitory connections of Fig. 1 have been omitted for clarity.

delay ¢F), feed back to inhibit and thereby reduce the ac-many important qualitative properties of these equations can
tivity of these initially active inhibitory neurons. Because the be understood through linearization. Linearization of these
activity of this inhibitory neural population is now reduced, equations about a singular point yields the following linear

the inhibitory population feedback is subsequently weakenetime invariant system:

and thus, after another loop delay, inhibitory population ac-

tivity again increases, and thus the previous sequence of He(k,0)=Ge(k,0,q)P(k, @) @)
events can start anew. In this manner oscillations are gener-
ated with a period oD(tP). ~ N(k,0,q)

Such inhibitory local circuit activity is made experi- " D(kw,q) Pk o) @

mentally observable by coupling to the adjacent population
of excitatory neurons. Thus it is predicted that inhibitory
population activity willphase leadexcitatory population ac- bi(K, ) ™
tivity by an amount proportional to the mean inhibitory m=0

—excitatory loop delay tf,). This, as yet experimentally - P(k,), )
untested, prediction serves to distinguish our hypothesized an(k,q)o"

mechanism of EEG rhythmogenesis from those posited by
other workerge.g., Freemaf26]).

M o 1M o

n=0

wherek and w are the wave number and angular frequency,
respectively. Loosely speaking,specifies the reciprocal of
the characteristic physical scale over which oscillations of
From a mathematical point of view the theory’s equationsfrequencyw occur. Based on theoretical and numerical argu-
are cast as a coupled set of nonlinear partial differentiaments(Appendix B, we are able to seét to a fixed value of
equations(see Appendix A Explicit quantitative solutions 0.4 radcm* for all w. He(k,w) is the Fourier transform of
to these equations can be obtained only through numerics#he mean soma membrane potential of excitatory neurons
integration as analytical solutions do not exist. Fortunatelyho(x,t), G, is the electrocortical transfer functionqg is a

Theoretical predictions
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In the absence of any information to the contrary, it is
L b=t assumed that the cortical inp®(k,) is spatiotemporally
so complicated as to be indistinguishable from band limited
white noise[8,17,20,24,27,2B On this basis, solutions to
D(k,w)=0 for fixed realk give the theoretically predicted
EEG resonant frequencies. The interesting interpretation of
this result is that the eyes-closed mammalian alpha rhythm
arises because cortex acts as a white noise filter to its input.
In discrete time signal processing E8) can be modeled by
an ARMA model of MA order maxf)=5 and AR order of
maxn)=8 if P(k,w) is Gaussian noisg29]. These orders
; correspond to the respective polynomial orders of the de-
sl A — [BZ] > 0 nominator and numerator of the theoretically derived e_Iectro-
cortical transfer functiofEq. (3) and Eqs.(A10)—(A13) in

B B T Appendix Al. . _

time (ms) In general, no analytical resultls can be obtained for the

roots of D (k,w) and thus the functional dependence of these

FIG. 3. A schematic diagram summarizing the essential experif00ts (also known as polgn physiological and anatomical
mental effect of nonzero extracellular benzodiazepine le¢8E])  Parameters cannot be explicitly obtained. However, by per-
in augmenting the amplitude of the unitary inhibitory postsynapticforming a Monte Carlo parameter space sedessuming all
potential induced in an excitatory neuron. The respective IPSPs afearameters are uniformly distributed over physiologically
induced by a presynaptic spike arrivingtat0 in a neuron at rest. plausible ranggs(see Table IV below and8] for further
h. andh®*' are themeanand mean resting soma membrane poten- detail9, sets of parameters can be found that give rise to

tials, respectively, of excitatory cortical neurons. These particularelectroencephalographically plausible eyes-closed alpha ac-
IPSPs were numerically calculated from the theory of Ligyal. tivity (f./Afryum=5 for a spectraf . peak lying between 8
[8]. See Appendix A and Eq$A7)—(A8) for further details. and 13 Hz. The sensitivity of these alpha resonances to sys-

vector of parameters, ar(k, ) represents the spatiotem- tematic parametric perturbations can be determined analyti-
o . . cally [8]. Given that benzodiazepines are known to augment
poral form of cortical input. The theory includes such param- : . . o
eters as EPSP and IPSP potential peak amplitudes and tintl%e amplitude of GABA mediated I_PSI?E|g. 3). Itis to be.
courses, neuronal membrane time constants, excitatory argPected that all inhibitory population synaptic connections
inhibitory population connectivities, as well as physiologi- Will be strengthened. Therefore the sensitivity of these theo-
cally derived functions specifying mean neuronal populatiorfetical resonances to variationsitf’ (inhibitory—inhibitory
firing rates as a function of the respective mean soma menpopulation connection strengtand N2, (inhibitory— exci-
brane potentials. tatory population connection strengtfs of particular rel-
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FIG. 4. Schematic representation of the predicted effects of increasing the strength of neuronal population inhibitory-inhibitory and
inhibitory-excitatory synaptic interactions assuming that scalp EEG activity has a characteristic physicallsedletafad cm L. The filled
circle approximately represents the theoretical loci of the dominant poles associated with electroencephalographically plausible eyes-closed
alpha activity. The arrows indicate the mean predicted direction of motion of these poles in response to increases in-isihifilhdory

(aw*/aNﬁ) and inhibitory—excitatory @w*/aN@) synaptic strength. Equivalestplane(Laplace or Fourier planeandz plane represen-
tations are shown. Decay rates are shown increasing to the left as they correspons) to(R@f., the negative real half of theplane.
For illustrative purposes indicated changes are not to scale. See Sec. Il A and Table | for full details.
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TABLE I. Mean sensitivities of model alpha activity to increases in inhibitory-inhibitdﬁﬁ)( and
inhibitory-excitatory (\lﬁ;) synaptic strength for a variety of wave numbécharacteristic physical scajes
Results are not shown fde=0 as this implies an infinite characteristic physical scale for the theoretical
alpha. We have theoretically assumed that the characteristic scale of scalp recorded EEGs corregponds to
~0.4 radcm® (see Appendix B Results shown for eadnwere calculated from 2000 parameter sets found
to support electroencephalographically plausible alpha. For further details see the Appendik&\ and

k (radcm' 1) —aReEw*) (rads'!) ——&lmfw*) st JRaw) Refw)* (rads b ——almfw)* (sh
aNE aNE INE, INE
0.2 0.03 431 1.1 —80.5
0.4 19.1 30.2 —28.5 —58.2
0.6 32.0 —-3.7 —47.4 —-2.9
0.8 36.2 —24.3 —-54.0 34.3
1 39.2 —33.6 —58.6 42.2
2 43.0 —156.3 —64.4 226.0
15 47.8 —-167.0 —69.7 240.0

evance. Figure 4 and Table | details these theoretical predi?‘espectively. -9 Im(w*)/aNﬁ and — 9 |m(w*)/(9Niﬁ

ro-
tions for a range of wave numbers. It is found that increase§ide local measures of how sensitive the dampeing of the

in Nﬁ are predicted to increase the frequency of the alpha, 4q alpha is to unit normalized changesNfi and Ni'Bea

whereas increases M, are predicted to decrease frequencyrespective|y_ The corresponding motion in thandz planes

for all values ofk. - is As* =iAw* andAz* =e'2*"/fs respectively(wheref is
It is useful to compare predictions made by other competf#je sampling frequency in hejtz is the relative pharmaco-

ing theories of alpha electrorhythmogenesis of the effects : .
benzodiazepines on EEG dynamics. Table Il outlines the prﬁpglcal potency of alprazolam acting at GAgAeceptors on

dicted effects of benzodiazepines on the change in reIativ'é]h'b'tory heurons compared to alprazolam acting at GABA
alpha(8—13 H2 and beta13—30 Ha spectral powers. The receptors on excitatory neurons. ThyugBZ] and u[BZ] are

theory of Lileyet al.[7—9] is currently the only one to make the fractional changes in the mean peak amplitudes of IPSPs

predictions that are consistent with the known effects of ben?ﬁemed by benzodiazepines in inhibitory and excitatory neu-

zodiazepines on the EEG. ral populations, respectively. See Appendix A and &f2)

b o . for further details.
Specifically, itis hypothesized that We note that Eq(4) enables estimates efand u [BZ] to

be obtained from experimental data. By solving this simul-

ﬁw* (9(1)* . .
Ao*=p| €22+ 22 Vg7, @ taneous equation we obtain
oNE — oNE
Im(dw* IINEA o*)

. = , 5
where u and € are real constant$BZ] is the extracellular € Im(dw*/INPAw*) ®
benzodiazepine concentration, ak@* (which will be com- "

lex) is the corresponding change in pole location in the
Piex i " ’ * g”,B ' %1/ 918 |m((9a)*/(9NﬁAw*)
complex Fourier planed Re(w*)/dNf; and d Re(w™)/dNI/; u[BZ]= (6)
provide local measures of how sensitive the frequency of the Im(Je* IINEdw* | INE,

model alpha is to unit normalized changesNfj and N,
where the overbar in this equation represents the complex
TABLE II. Predicted changes irelative alpha(Aa) and beta  conjugate.
(Ap) spectral powers following benzodiazepine administration for

all the major theories of alpha electrorhythmogenesis. IIl. METHODS AND MATERIALS

Theory Refs. Aa AB A. Subjects
Liley et al. [8,9] - + In a randomized, placebo-controlled, double-blind two-
Classical pacemaker/spindle rhythm [30,31] — - way crossover study, 18 healthy male nonsmokers were in-
(reticular thalamig vestigated. Females were not recruited as contraceptive and
Thalamocortical circuit rhythm [32,33 — — menstrual effects are known to affect the expression of eyes-
Spike based interneuron network [25,34 +/0 + closed alpha activity and to alter benzodiazepine sensitivity
Reciprocally connected excitatory [16,17 + — [35,36] Further, it is known that a Variety of steroid hor-
and inhibitory population mones (including endogenous progesterpnare able to

modulate GABA physiologic responses and hence benzodi-
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azepine sensitivity. Subjects were recruited via university noto compromise subsequent ARMA coefficient estimation.
tice board advertisements. Subjects were randomized usingSuch filtering was preferred to an priori fixed coefficient
simple randomization procedure after screening tests werdigital low-pass or bandpass filter as it is better suited to the
performed. All subjects were drug-free and in good health agemoval of a periodic artifact in a nonstationary signal. Each
determined by a complete physical examination. Each suliltered 66 s recording was decomposed into 50% overlap-
ject gave written informed consent before taking part in thePing 1024 poin{~2 s) segments for ARMA modeling. After
study, which was approved by the Human Research Ethic§!€ mean was removed ée@ s epoch was fitted with an

Committee of the Swinburne University of Technology. (8,5 order ARMA model (ARMASA Matlab Toolboy
[37,38. Formally, each EEG segmeyfn) based on Eq(3)

B. Study design was modeled as

On the day of testing, subjects randomly received either a 8 >

placebo or alprazolam 1 m@anax, Pharmacia Austrajias y(n)= _gfl ay(n—k)+ gfo beu(n—k), @)
a single oral dose. Alprazolam was chosen for three principal
reasons:(i) plasma levels of any psychoactive metaboliteswhereu(n) is assumed to be a white noi§8aussiah pro-
are extremely low(ii) it has a relatively short elimination cess. By taking the transform this can be written equiva-
half-life (t,,=6-19 h), and(iii) it has a relatively rapid lently in thez domain as
time to peak following oral administrationt f,=1-2 h)
[4]. All testing sessions were separated by at least 1 week to
allow for drug washout. On the morning of each recording
session subjects received a light breakfast. Baseline EEG re-
cordings were then taken prior to drug/placebo administra- 1+ 2 azk
tion. 75 min after taking the drug/placebo subjects received a e} kZ
light lunch. Approximately 30 min following this subjects
then commenced postdrug/placebo EEG recordings. Solutions toA(z)=0 will give the system poles and so-
lutions to B(z)=0 give the system zeros. In general these
C. EEG recording solutions are complex witfe| <1. Assuming a single domi-
Before taking the randomly assigned medication all supNant weakly damped poleg (|zo|~1), fs Arg(z)/2 is the
jects underwent a baseline EEG recording consisting of apreduency and
proximately 66 s each of spontaneous EEG recorded under
the following conditions: eyes closed relaxing, eyes closed ~f 1-|z| 9)
mental subtraction, eyes open relaxing, and eyes open mental = s \/w
subtraction. Subjects then underwent an identical set of re-
cordings two hours after receiving the medication. Followingthe damping of the dominant temporal mode constitutive of
this, subjects underwent further tests that were of no importhe alpha resonancé, is the sampling frequency. Note that
tance to this study. as|zy|—1, y—0, and agzy|—0, y—, as consistency de-
All EEG recordings were performed using custom built mands.
amplifiers, A/D conversion, and serial data collection devel- For each session involving placelfbL) or benzodiaz-
oped by the Brain Sciences Institute of Swinburne Universityepine the difference in the average location of pdléeter-
of Technology. The EEG was recorded referenced to linkegnined for eab 2 s segmentlying between 6 and 30 Hz
ears using 64 scalp electrodes attached to an electrode cBgfore(—) and after(+) the administration of either the PL

using the nasion as a ground. Electrodes were positionegr BZ was calculated for each subject and channel, i.e.,
according to the international 10:20 standard system with the

V()= k=0 B B(z)
()=—5— U(Z)_W U(2). ®

addition of midpoint electrodes. Because of the occipital A bp =Arg((zo)p+) —Arg({Zo)pL-), (10)
dominance of the alpha rhythm, only an occipital electrode

subset was analyzed. In particular, EEGs recorded from elec- Arp =(zo)prs | — {Zo)pi—|, (1)
trode 48(midway between Pz and R&lectrode 5@midway

between Pz and PBdelectrode 56 midway between Pz and — _

01), and electrode 5Tmidway between Pz and Q2vere A baz=Ar0((Z0)az+) ~ ATO((Z0)ez-). (12
analyzed. The EEG was bandpass filte@d—-80 Hz and Arer=(zo)ezs | — 2oz (13)

sampled at 500 Hzf().

For each channel the following null hypotheses were
D. Data analysis evaluated using a distribution-free paired one-sided permuta-

All data were archived on CD for subsequent analysistion (resampling test[39]:
After the removal of nonfunctioning electrodes, each 66 s

spontaneous EEG channel recording was optinalfiene Ho: Abpz<Abp, (14
filtered using a 201 point LM$least mean squar@daptive
filter to remove periodic 50 Hz interference, which is known Ho: Argz=Arp. (15
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FIG. 5. (Color) Pole-zero plot of the upper right quadrant of thplane for a typical subject for the BZ/BZ+ condition (top two
figureg and the PL-/PL+ condition(bottom two figures Note the distinct populations of polés) and zerogO) (left hand figures Right
hand figures show in more detail the region of #@ane corresponding to 8—13 Hz activity. Differences between batid 6 of the BZ—
and BZ+ alpha pole centroids are highly significaqt<€0.001). The upper left quadrant of thglane has not been plotted as it contains
no poles of electroencephalographic relevance and the lower half of the complexe has been omitted as it is the mirror image of the
upper half.

For each subject and electrode ARMA power spectra A. Intrasubject differences

[IB(e'“)/A(e')|?] were calculated for &R s segments and  Figyre 5 illustrates the results of a typical ARMA based
then averaged. Similarly, for each subject and electrode fagjgje-zero analysis before and after an oral dose of alpra-
Fourier transform FFT power spectra were calculated for albglam. The important features to note 4 the distinct
50% overlappig 2 s segments and then averaged. In bothyroupings of poles and zeros populating thalane, (i) dis-
cases the location of the spectral pe&j (in between 8 and tinct populations of poles having frequencies lying in the
13 Hz was determined as were the relafiteethe total power range 8—13 Hz(iii) clear differences between the location of
over the interval 0—30 Hzlpha(8—13 H2 and betg13-30 the centroids of the alpha poles befdBZ —) and following
Hz) powers. (BZ+) benzodiazepine(iv) insubstantial differences be-
tween the location of the alpha poles bef¢it—) and fol-
IV. RESULTS lowing (PL+) placebo, andv) zeros at approximately 50 Hz
due to the adaptive removal of mains interference and poles
Of the 18 subjects recruited, one did not complete thext about 80 Hz corresponding to the band edges of the low-
study, two did not display a clear eyes-closed resting alphpass analog filtering. In this example it is evident that the
rhythm, and another became quite drowsy following oralvariability (|zo— (z,)]) in alpha pole location after the inges-
benzodiazepine administration. For these subjects the assog@ien of the benzodiazepine is more pronounced than in the
ated data were eliminated from the subsequent data analysisther three conditions. Further, the mean of this variability
For one of the remaining subjects, electrode 56 in the-BZ over all subjects and electrodes is significantly greafer (
condition did not yield a viable EEG signal and thus was not=0.0443) in the BZ- condition compared to the BZ con-
included in any further analysis. dition.
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FIG. 6. Mean pole frequency one standard error in the mean for all poles lying between 6 and 30 Hz for each subject,(Bg&foje
and after(BZ+) alprazolam administration. The significance leigd., the probabilityp of a type | erroy associated with an increase in the
mean pole frequency following BZ administration is indicated just above the abscissa: no stars, not signifi€ad1:<p=<0.05;
** 0.00p=<0.01;*** , p<0.001. Thep values for each subject and condition were determined by treating each @fgtepochs for
that subject and condition as a sequence of independent samplep. ViEthees were calculated using ®1permutations in an unpaired
one-sided permutation test which preserved the number of entries in Bidre) and after(BZ+) conditions as well as automatically
allowing for the problem of multiple comparisons over the four electrodes used. The values are thus experinpenéliss and are
assigned to electrodes in a way that avoids the need for a Bonferroni corr@rtmsme suchwhen interpreting the significance levels. The
error bars aret one standard error in the mean, estimated from the epochs for each subject and electrode and corrected for correlations
between near neighbor epochs.

Figures 6 and 7 present a summary of the differences iand 30 Hz beford—) and after(+) the administration of
pole location before and after benzodiazepine administratiorither the PL or BZ, for each subject and channel. For the
for each subject and electrode. Figure 6 indicates that aplacebo condition intersubject variations &9 and Ar are
increase in the mean pole frequen@yer the range 6—30 centered about0,0), whereas the corresponding variations
Hz) following benzodiazepine administration occurred in upfor alprazolam are centered about a point in the lower right
to 13 of 14 subjects. Such a shift was significant at phe quadrant of theAg-Ar plane. There was no inferrable rela-
=<0.001 level in at least one of the four electrodes for 10tionship betweem andA# orr andAr. For all electroded 8
subjects. Figure 7 indicates that an increase in the mean pofgr the BZ condition was significantly greater thar for
damping(for poles in the range 6-30 hiollowing benzo-  the PL condition, i.e., the null hypothesis of EG4) was
diazepine administration occurred in up to 12 of 14 subjectsygjected. For all but one electroday for the BZ condi-
Such a shift was significant at thee<0.001 level in at least o was significantly more negative thakr for the PL

one of the four electrodes for eight subjects. condition, i.e., the null hypothesis of E(.5) was rejected. It
q By.comparlson,dth.e ”.‘f'?a” ?oleérgglljer?cy alnd rr]nean fpoI% interesting to note that these differences between PL and
amping increased significantiyp#0.001) in only three o BZ conditions are more significant for the anterior electrodes

14 subjectgresults not shownfollowing placebo adminis- : )
tration, with the magnitude of these shifts being less than i|448 and 50 than the posterior electrodés6 and 57. How

. . . o ever, while the mean frequency shift of the alpha pole was
the corresponding benzodiazepine condition. greater in the anterior electrodé%.14 H2 than in the pos-
terior pair (2.76 H3z, this difference was not significanp (
=0.2535).

Figure 8 illustrates the difference in the average location Figure 9 illustrates the pooled data for all subjects and
of poles(determined for edt2 s segmentlying between 6 electrodes for both the placebo and benzodiazepine condi-

B. Population differences

051906-8



DRUG-INDUCED MODIFICATION OF THE SYSTEM.. .. PHYSICAL REVIEW B8, 051906 (2003

Channel 48 Channel 50
200 200
A AR R A N H
1] 7]
= 150 & = 150}
= o BZ+ o o BZ+
£ £
E 100} LBZ £ 100} 8%
1] o [
© ©
3 i EP 2 o I
g RIS NITER AN
s 50 S 50
0] N
e by i Poeto 1l e ol @’ o 1
- . x = @ P === Ig
0 0
0 5 10 15 0 5 10 15
Subject Subject
Channel 56 Channel 57
200 200
7" AR AR T i3 R PEE P B EG i
" 7]
2 150 2 150¢
o o BZ+ o o BZ+
£ £
o a
BZ- « BzZ-
_§ 100 5 100}
o By o
: TR IR ELE I L DO : 5
S 50 S 50 o
© 5] i}
2 EIJ@@TEI’N i I,L 2 Ii' m mg Is
- L = I. i T ., o=
0 0 =
0 5 10 15 0 5 10 15
Subject Subject

FIG. 7. Mean pole damping: one standard error in the mean for all poles lying between 6 and 30 Hz for each subject,(B&fele
and after(BZ+) alprazolam administration. The significance letiet., the probabilityp of a type | erroy associated with an increase
in mean pole damping following BZ administration is indicated at the top of each figure: no stars, not significartti< p<0.05;
** 0.00k<p=<0.01; *** , p<0.001.p values and error bars were calculated in the same manner as the mean pole frequencies of Fig. 6.

tions. Of note is the clear difference in the distributions V. DISCUSSION

of pole frequencies and pole dampings between the two con- . . . :
ditions. Following benzodiazepine administration both me- The resting alpha rhythm is theoretically hypothesized to

- : - . arise as a result of the filtering of input signals to cortex. The
glrzgsggle frequency and median pole damping have Infilter properties are determined by the bulkacroscopic/

large-scalg anatomical and physiological properties of exci-
tatory and inhibitory cortical neurons. In this theory inhibi-
tion is conceived as having an important role in determining
the properties of this “cortical filter” and thereby the spectra
Table Il shows the results of comparisons between thef the alpha rhythm. In particular the selective modification
parametric ARMA methods used here and the better knowf the strength of cortical inhibitory action by benzodiaz-
nonparametric Fourier methods. Each method was used tpines such as alprazolam is predicted to be associated with
calculate (i) the mean difference in the alpha center fre-quite specific changes in the properties of this filter.
guency,(ii) the mean difference in relative alpha power, and Compared to the placebo condition, it was found that al-
(iii) the mean difference in relative beta power between Plprazolam causes a significant shift in the most weakly
and BZ conditions. In all cases the results obtained based atamped pole constituting the alpha rhythm, such that its cor-
the ARMA spectra were comparable to those obtained fromesponding frequency and damping both increased. In the
periodogram analysis. In particular, both methods consisabsence of any other poles this implies that alprazolam
tently indicated opposite motions in the alpha center frecauses the alpha spectrum to shift to the right and broaden.
quencyf, for the BZ condition when compared to the PL However, in general, a pole also exists having zero frequency
condition. Except for electrode 50 the changes in the alphand finite dampingdi.e., the pole is on the negative resl
center frequencA f, were not significant. In spite of this, axis; see Fig. 4 and the top left panel of Fig.véhich com-
both methods indicated significant and substantial differplicates such a simple interpretation, thus making it difficult
ences in relative alpha and beta power following alprazolamto use nonparametric spectral methddee Table 1l to
In all cases, relative alpha power decreased while relativguantify alpha center frequency.j and spectral widtlte.g.,
beta power increased. It is noteworthy that these differencefsill width half maximum). However, the motion of this
were almost invariably more significant when the ARMA single pole(actually a pair of conjugate polesvould be
method was used. associated with a reduction in alpha band power and an in-

C. Comparisons between parametric
and nonparametric methods
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FIG. 8. A9 and Ar [see Egs(10)—(13)] for channels 48, 50, 56, and 57. Open circles indicate the PL condition and closed circles
represent the BZ condition for each of the 14 subjgut®) andp(r) give the significance levels, as determined by a one-sided permutation
test, for the rejection of the null hypothest®g,<A 6p, [Eq. 14] andArgz=Arp [Eq. (15)].

crease in beta band power. The results of calculating thaedministration(see Fig. 9 into Egs. (5) and (6), we can
corresponding ARMA spectrésee Table Il are consistent obtain population estimates ferand . [BZ]. In this manner
with this and are entirely comparable to those obtained usingve find thate~1.8 andu [BZ]~1.6, implying that the phar-
the more commonly used and better known nonparametrifhacological properties of GABA receptors on inhibitory
Fourier methods. Theoretically based ARMA modeling of neurons are distinct from those on excitatory neurons. Thus
the electroencephalographic effects of benzodiazepines preor the average 1.36 Hz change in the median alpha pole
vides additional information that cannot be obtained from therequency (Aw*) following benzodiazepine administration,
model-free empirical approaches exemplified by FourienpSps in excitatory and inhibitory cells would have had their
spectral analysis. amplitude augmented by 1.6 and 2.9 times, respectively. It is
On the basis of the theory small changes in inhibitery worth noting that this predicted heterogeneity in the cellular
inhibitory and inhibitory—excitatory population coupling distribution of GABA receptor subtypes is essentially inde-
strength typically have opposite effects on the most weaklyyendent of the characteristic spatial scale assumed for the
damped pole constitutive of alpha. Increaseblfhwere pre- alpha band activity, as can be determined by making addi-
dicted to increase the frequency and damping of such a poléipnal calculations ofe for the different wave numbers of
whereas increases N2 were predicted to decrease the fre- Table I.
quency and damping. These predictions coupled with our It is well known that the heteropentameric GABAecep-
experimental results lead us to conclude that alprazolam irtor can be classified into a number of subtypes depending
creases the amplitude of GABAmMediated IPSPs in inhibi- upon either its pharmacological properties or subunit compo-
tory neurons to a greater extent than the corresponding IPSBgion [40,41]. The majority of GABA, receptors contaim,
in excitatory neurons. These results together with the theog, and y subunits each of which has a number of specific
retical predictions of Table | allow us to quantify such aisoforms, with the effects of benzodiazepines dependent on
difference. subunit composition in a complex manner. For example, a
By substituting median figures fas* before and after BZ subunit is required for GABA benzodiazepine sensitivity,
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the magnitude of which depends upon whether fhglow  mined usingin situ immunohistochemical methods and
sensitivity), y, (high sensitivity, or y; (low sensitivity) iso-  indicates that there is great diversity in their cellular distri-
form is presenf42]. In addition, the nature of the subunit  bution. Of particular relevance are the reports indicating the
(which has six known isoformsomprising the GABA re-  different subtype distribution expressed on pyramidal neu-
ceptor also determines BZ sensitivi#g0]. The cellular dis- rons (a,B3v,-A2a3) and interneuronsaf 8,y,-Ala2) in
tribution of the various receptor subtypes has been deterat hippocampu$43]. The latter subtypéan example of the

TABLE Ill. Comparisons between nonparamettiast Fourier transform, FHTand parametric methods
[eighth-order autoregressive fifth-order moving aver&g&) ARMA | for power spectral analysi:s_fc is the
mean change in the alpha center frequencyATmhndm are the mean changes in fractional algBa 13
Hz) and beta(13—30 Hz power, respectively, between benzodiazepine and placebo conditions.(#il-
nificance values were determined using a one-sided permutation test.

Channel Af, (H2) p Aa p AB p
48 (n=14)

FFT 0.698 0.178 —0.142 0.0022 0.110 0.00012
ARMA —0.523 0.325 -0.126 0.0024 0.115 0.00006
50 (n=14)

FFT 1.570 0.036 -0.125 0.0087 0.110 0.00018
ARMA -2.214 0.0086 -0.113 0.0016 0.098 0.00006
56 (n=13)

FFT 0.419 0.309 -0.154 0.0061 0.085 0.0012
ARMA —0.401 0.379 -0.149 0.0027 0.081 0.0021
57 (n=14)

FFT 0.209 0.369 —0.149 0.0080 0.094 0.0003
ARMA -0.575 0.292 -0.136 0.0027 0.113 0.00018
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type | BZ receptor has high affinities and efficacies for a consequence of the local linear properties of cortex. For this
wide range of BZ agonists whereas the forn@mn example reason in the current formulation spatial effects have been
of the type Il BZ receptgr while not fully characterized, is restricted to one dimension:

believed to have lower affinities and potendi46]. Thus our hoct)

prediction that alprazolam acts with greater effect at XU rest

inhibitory—inhibitory synapses than inhibitoryexcitatory Tt =h OB+ o)1)+ Wi (1),

is consistent with what is currently known about the distri- (A1)
bution and molecular pharmacology of GARAreceptor 5
subtypes. However, specifim situ immunohistochemical i+ L (x D) =T 1

work is required regarding subtype distribution and alpra- gt © 7¢ e(X)=Teyeexpl)

zolam binding in order to confirm this. Because human data

regarding subtype distribution are unlikely to be easily ob- X {NESe(he) + (X,t) +pe(x,1)}, (A2)
tained, a preferable approach may be to look at genetic link-

ages betweerdw and GABA, receptor genes. In a recent ﬂ+ _
study, Porjeszt al. [44] demonstrated a significant linkage | dt Y
for EEG frequencies in thg band(13—-30 Hz and a cluster

2
Lix,H) =T yiexp D{N’S (h) +pi(x,)}, (A3)

of GABA, receptor genes located on chromosome 4. —\? _2(92¢(x,t)
If more detailed studies of the type outlined here are per- oA ] X D) —v———
. . . - - . IX
formed involving sedation measurésritical flicker fusion
[45], choice reaction task46], and the line analog rating _ _ 9
scale[47]), then quantitative relationships can be established =v AN vA+I1-c]Se(he), (A4)

between pole motion and the level of sedation. Ultimately
this would pave the way for the development of more reli-yhere h=(h,,h)T, h'est= (hfeS heSHT - | o= (lgelen)

able and rational methods for the assessment of sedation in:(l_ )T NB=(NA_NB)T NE=(NE NAYT
the clinical setting, as is needed during short term anesthesi Ia:(lﬁl,a“ N;_)T ;:(;e’¢_3IT ' A=(I1iag(Ale’ A _)’
Further, because the theory does not need to specify how .\ ©¢& "€/’ e . eer’ el

4 pecify T=diag(re, 1), W;(h) = diag(¢;(he), ;(h)),

bulk cortical inhibitory neurotransmission is modified, the

theoretically constrained ARMA modeling described here is
. ) Co X . W

applicable to investigating the physiological effects and

Pe=(PeePei) ", Pi=(Pie.Pii) ", andl is the identity matrix,

mechanisms of a wide range of centrally acting pharmaceu- S(h)=S""1+exq — \/E(h__ﬁ_)/a__]}fl (A5)
ticals. Such compounds include general anesthetics and bar- e U
biturates, which are known to alter the shape and amplitude tﬂjr(hj)=(hf9— hj)/lhje,q— hJ(esL (A6)

of the unitary IPSP. In addition to quantifying cortical

GABAergic modulations, our method can be used to inVeSwherej ,i’=e,i. Si(h;) represents the mean firing rates of
tigate the normative spati@¥ia the topographic mapping of neyrons of typs. Thus oscillatory activity in the EEG, as

r and 6) and tempora(longltudlnal_ pole _stapnlt)/ structure represented bii,(t), implies oscillatory activity in the mean

of the _human alpha rhythm. On this basis, fixed OrderA,RMAexcitatory neuron firing rat&.(hy(t))=S.(t). Table IV de-
modeling can be used to further elaborate and quantify degnes gl the theoretical parameters and indicates the ranges

velopmental changes in the alpha rhythm that are known g5+ are used to generate parameter sets that give rise to
occur[48], thus enabling greater insight into the genesis ofgipje physiological alpha activity.

this ubiquitous and important cortical rhythm. The unitary IPSP and EPSP correspond to the perturbation
in the mean soma membrane potential, of a postsynaptic neu-
APPENDIX A: CANONICAL ron, induced by asingle presynaptic action potential that
ELECTROCORTICAL EQUATIONS arises from an inhibitory and excitatory neuron, respectively.

In the current theory an average IPSP=i) or EPSP
The theory of alpha electrorhythmogenesis is based upo(j’ =e) corresponds to the solution of the reduced equations
a detailed spatially continuous two-dimensional mean field

theory of electrocortical activity7—9]. The principal state dhj o

variables modeled are the mean soma membrane potentials Tiﬁzhi —hj+ ¢ (hplyg, (A7)
of local cortical populations of excitatory and inhibitory neu-

rons. The local field potential, and hence the EEG/ECOG, is 2

regarded as being linearly related to the mean soma mem- (aJﬂ’j' =Ty exp(1) o(t), (A8)

brane potential of the excitatory neurdms. This theory can

be cast as a set of coupled nonlinear one-dimensional partiglhere

differential equations that incorporate the major bulk ana-

tomical and physiological features of cortical neurons and hj(o):hjfeS‘, |j,j(o):ij,j(0):o_

include cable delays, neurotransmitter kinetics, and intracor-

tical and excitatory cortico-cortical connectivities. The spon- Note that Eqs(A7) and(A8) imply that the shape of both
taneous alpha rhythm is theorized to arise predominantly asi@SPs and EPSPs are described by a third-order differential
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TABLE IV. Numerical values of all anatomical and physiological parameters used in the generation of electroencephalographically
plausible alpha activity. The ranges refer to the intervals from which uniform parameter deviates were generated.

Symbol Definition Typical value Range Units

e, i Excitatory, inhibitory

he, h; Mean soma membrane potential@&ndi neurons

hiest, hrest Mean resting membrane potential —60, —60 mv

hed, h{d Mean reversal potential associated with excitation or 0, —70 mv
inhibition

Nee: Ngi Mean total number of connections that a cell of type 4000, 2000 2000-5000, 1000—-3000
receives from excitatory cells via cortico-cortical fibers

N, N2 Mean total number of connections that a cell of typé 3034, 3034 2000-5000, 20005000
receives from excitatory cells via intracortical fibers

NE, N Mean total number of connections that a cell of type 536, 536
receives from inhibitory cells

Te, Ti Effective passive membrane time constant 0.01, 0.01 0.005-0.15, 0.005-0.15

K=Age=Agi Characteristic scale &f—e, e—i cortico-cortical fibers 0.4 0.1-1.0 cmh

v Mean cortico-cortical conduction velocity 700 1-1000 cms

e, Iy Effective excitatory, inhibitory postsynaptic potential peak 0.4, 0.8 -, 0.1-2 mV
amplitude

Yer Vi Effective excitatory, inhibitory postsynaptic potential rate 300, 65 100-500, 10-200 -5
constant

Moy Mi Excitatory, inhibitory population thresholds —50, —50 —60-0,—-60-0 mV

SiEx, g Excitatory, inhibitory population mean maximal firing rates 100, 100 Hz

Pees Pei Excitatory input to excitatory, inhibitory cells 0,0 Hz

Pie» Pii Inhibitory input to excitatory, inhibitory cells 0,0 Hz

(}e, (}i Standard deviation for firing threshold in excitatory, 55 mV

inhibitory populations

equation. The theoretically assumed shape of these postsyn- Linearizing Egs.(A1)—(A4) about the spatially homoge-

aptic potentials accords well with experimg#®]. It is im-

neous singular poirtty and transforming to the Fourier do-

portant to emphasize that details of the neuronal dendritignain[8] yields

cable properties and neurotransmitter kinetics are subsumed
into the parameters;, y;, andl’;. For this reason we refer

to 7;, ¥;, andT’; as theeffectivepassive membrz?me time Ho(k, )= exp Ll evere N(k""’_Q) P(k, ) (A10)
constant, PSP rate constant, and PSP peak amplitude respec- e D(k,w;q)

tively. It is experimentally well established that the ampli-

tude of the unitary IPSPL] (which is determined by’;) is B )

augmented in the presence of extracellular benzodiazepines. =Ge(k 0:0)P(k,), (AL1)
In the current theory it has not been necessary to assume an

functional form forl";([ BZ]) other than it is a monotonically ere

increasing function of the extracellular benzodiazepine levels

([_BZ]), because of the subsequent linear sensitivity analysis. N(k,w)={(io+ 7)o+ 7/7)

Figure 3 shows an IPSP obtained from the solution of EQs.

(A7) and(A8) and the theoretically assumed effect of extra- —wi NFQH(k+iw/v)?+K?},  (A12)

cellular benzodiazepines on its amplitude.

In order to determine theoretically whether the alpha
rhythm can be understood in terms of a white noise fluctua- D(k,
tion spectrum, the above equations are linearized about spa-
tially homogeneous singular points. For a given set of pa-
rameters these singular points can be obtained by setting all
spatial and temporal derivatives to zero and solvinghfor
In general, these singular poirtt§ are solutions to

F(he(q),q)=0,

whereq represents a vector of model parametersiag is
obtained from Eqs(Al)—(A4).

(A9)

051906-13
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m=1+exp )T o(NZ+ NSJ)Se(hz)/(yelh‘;q— hjresh sensitivity is _calculislted, and 'irfﬁ rfpresent normalized pa-
e Lres rameters defined &= (q;—q;)/d; .
+exp(1)TNES (hF)/(|hfo=hi*)), (A15) Jw* 149 is the normalized local sensitivity of the roat
with respect tag; . In general, this quantity will be complex
Q;=&Sj/z9h;|hj:h;~, (A16)  with 9Re(w*)/d98;A8; and — 9 Im(w*)/3§;Aq; giving the

change in angular frequency and damping, respectively, of
where for simplicityx = A .= A¢j, Ge is theelectrocortical  the rootw™ for a change irfj; of Ag; . The evaluation of the
transfer functionandh?* can always be written as a function expressions in EqA21) is most easily performed using a
of h} , i.e.,h* =h;(h}) [see Eq. All. He(k, ) is defined as  computerized symbolic algebraic system.
Thus the predicted change in the EEG resonant frequency,

([ . . Aw*, for small normalized(i.e., fractional changes in the
Ho(k, )= o ﬂcdx dt hy(x,t)exp —iwt)exp —ikx). parametersAd; , is given simply by
(A17)
. Jw*
The rootsw* found by solvingD(k,w;q)=0 for fixed Aw _; a4 Ag;. (A22)
i

realk give the theoretically predicted EEG resonant frequen-
cies w*, under the assumption that cortical input is so com-
plicated as to be indistinguishable from white noise. For APPENDIX B: SINGLE ELECTRODE
stable oscillatory behavidt.e., all —Im(w*)<0], it is found ELECTROCORTICAL ARMA MODEL

that of the eight roots only a conjugate pair near the origin  gased on the white noise driving assumption of Appendix

remain weakly damped under widespread parametric varigx the EEG recorded from a single electrode is modeled as
tion. This pair of roots(or poles will dominate the linear

behavior of the model. No analytical expressions can be ob- o
tained for the functional dependence of these weakly damped He(w)= f He(kw)¥(k)dk, (B1)
roots on model parameters. However, by performing a Monte

Carlo parameter space search, assuming all parameters gjferew (k) is apoint spread functiothat takes into account
uniformly distributed on the intervals given in Table IV, the finite conductivities of the skull and cerebrospinal fluid
it is established that electroencephalographically and pargyg well as the geometry of the recording electrode. In gen-
metrically plausible alpha activityas determined from  gra) ¥ (k) will act as a low-pass wave number filter. We will
the most weakly damped root over &l —Im(w*)<O,  assume, with no subsequent loss of generality, that
167<|Re(w*)|<26mrads ! and |Rgw*)|/[2 Im(w*)]=5) is

widespread. The sensitivity of these model resonances to

small perturbations in one or more of the model parameters ‘I’(k)=[
can be determined as follows. Rewriting the dispersion rela-

tionship D(k,w;q) =0 to depend explicitly upog andd  whereR is the radius of a recording electrode. We choose

1, |klsk~7/R,

0 otherwise, (B2)

we get R~0.25 cm and thusk,~6 radcm®. By rewriting
. Ho(k,w) as
D(k,w(q),hg (a),q)=0. (A18)
: - + k?
For any arbitrary parametey; of g the total derivative of He(k,0)= Lﬂ(w)z (B3)
D with respect tag; is, by the chain rule, Yw)+ 6(w)k
oD _ D gw D shi D _ A9 where
80; Jdw dq;  ph* dq;  dq; a=N(0,w),
However, from Eq(A9) 1 N(K, o)
2T e
OF _ F ohg oF 20 2 ok
oq;  ph* 99 dq; y=D(0,w),
and, by combining EqgA19) and(A20), it is found that 1 #D(K, )
5= — —’,
Jo* [ oD 9F D oF / gF D NS
=N\ ox g aq o)/ hedel . )
99 ohg 99 99 ohg Me 00 | g ak(w) can be found such that
(A21)
TPRY)
whereh? is a solution ofF (hs,q*)=0, »* is a solution of “(“’)JFB(“’)IA((“’) _ jk°H (kw)(kdk. (B4
D(k,w;q*)=0, g* is the parameter set about which the Y(w)+ 8(w)k(w)?> Jo e
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For the randomly generated parameter sets of Appendix Aange of electroencephalographic interé@+30 H2. Be-

it is found that in the majority of case6>80%) k(w)

cause k(w)=0(w) and B(w) and dw) are O(w?) and

«Re(w) and spans a relatively narrow range of wave num-O(w®), respectively, we are able to set0.4 radcm?® in

bers (0.2—0.6 radcit, mediar=0.4 radcm?) over the

Egs.(3) and(4).
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