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Abstract—Physiological evidence has shown that the anterior Strong neural pathway evidence for one model of generalized
thalamus (AN) and its associated efferents/afferents constitute tonic-clonic epilepsies exists in the case of chemically-induced
an important propagation pathway for one animal model of 4 Pentylenetetrazol (PTZ) seizures. Mirsitial. have established

generalized tonic-clonic epileptic seizures. In this study we exten ) . .
and confirm the support for AN's role by examining neuro- that the thalamic anterior nuclear complex (AN), a thalamic

electric signal indicators during seizure episodes. We show that €lement of the limbic system is an important gating center for
the electroencephalogram (EEG) recorded from AN is highly the propagation of PTZ seizure activity [3]—-[7]. Physiological

coherent with the EEG derived from the cortex (CTX). By remov-  evidence verifying the role of AN in epilepsy derived through
ing the effects of another thalamic nucleus, posterior thalamus electrical measurement during seizure episodes is lacking,

(PT)— unaffiliated with the tract linking AN to cortex—partial . - .
coherence analysis leaves the CTX/AN coherence undiminished.thoth' The electroencephalogram (EEG) is the primary in-

The most robust band of strong CTX-AN coherence is centered dicator of intense neural synchronization that occurs during
around the spike-wave pacing frequency of 1-3 Hz. Partial- epileptic activity. Coherence analysis is a technique from

mulitple coherence analysis techniques are used to remove thespectral estimation used for estimating the degree of linear
possible signal contributions from hippocampus in addition to association between two signals as a function of frequency.

PT. The CTX-AN coherence still remains undiminished in the Th h b ied f coh in EEG studi
low-frequency bands. Conclusive evidence from coherence studies ere have been varied uses ol coherence in studies.

and other spectral measures reaffirm the special role of the AN The application of coherence analysis for investigating linear
in the propagation of seizure activity from subcortex to cortex.  relationships among multichannel EEG was described by
Index Terms—Coherence, EEG, epilipsy, siezure, spectrum, "Valter and Adey [8]. Brazier [9], using coherence and phase
thalmus. analysis, was able to trace the spread of seizure activity
in human patients. Gersch and Goddard [10] applied partial
coherence to the localization of an induced epileptic focus in
cat. Tharp and Gersch [11] later showed that partial coherence
HE PRECISE neuronal pathways underlying the initianalysis was able to detect the appearance and migration of
ation, propagation, and termination of epileptic seizurepileptic foci in one patient. Tuckeat al. [12] exploit partial
activity remains largely unknown [1]. The mechanisms undeand partial-multiple coherence techniques in ascertaining the
lying the creation of highly synchronized neuroelectric pattermsvel of within-hemisphere association during the performance
have been studied in susceptible subcortical nuclei, suchaisognitive tasks. As far as subcortical influences on cortical
the hippocampus [1], [2]. However, tracing the progression aftivity are concerned, Lopes da Sileaal. [13] used patrtial
seizure activity from subcortex to cortical neuronal elementsdsherence analysis to check on the relative contribution of
an unfamiliar and open problem. A key goal is to establish thkealamic input to intracortical coherences. Using signal analy-
pathways for transmission of generalized epileptic electricsis techniques alone, Lopes da Silva achieves a “theoretical
discharges activating subcortical and cortical centers [3]. thalamic deafferentation” by removing thalamic influences
Seizures can be induced in experimental animals through &éwm cortical associations [13].
ministration of certain drugs that comprise an epilepsy model.Our study focuses on the coherence analysis to verify the
hypothesis that AN has a predominant level of association
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unaﬁilia}ted with the MT tract or the PT. One consiQeration_
necessitates the use of partial coherence analysis [14] in
/4 \ comparing CTX/AN to CTX/PT coherences. Highly correlated
Posterior intrathalamic signals may result from volume conduction.
. Thalamic Nuclei Partial coherence provides some method of signal separation.
Cingulate Gyrus At the same time we would like to test the strong association
between AN and HPC. After removing the effects of PT,
T we can show that the signals recorded at AN and HPC
_ _—» Hippocampal are related by removing HPC contributions from the CTX-
Anterior |4 —| Formation AN partial coherence. This coherence, called thartial-

multiple coherencewould vanish in cases where there is high
correspondence between CTX or AN and HPC.
1) Multiple Coherence:An extension of the ordinary co-
Mamillary herence function, the multiple coherence between a siginal
Bodies and a set of signal§z(t)} measures the extent to whigft)
Fig. 1. Proposed schematic showing connections of circuit containing AG&N be predicted fronfz(¢)} by optimum linear least squares

HPC, and mammillary bodies to CTX. Separate channel involving PT nuclkglationships. Consider the multiple inputs
is also depicted.

Thalamic Nuclei l

#(t) = [w1(t) -+ (D] 1)
cortical activity. Under normal conditions MB and CTX did _
not exhibit any correlated EEG output. with transfer functions
Another member of the limbic system is the hippocampal
(HPC) formation, which has been linked as a source for epilep- H(f) = [Hi(f) - Hy()]- (2)

tic activity. AN, MB, and HPC form the “circuit of Papez,”
which has direct and diffuse connections to cortex [16]. A
provides afferent input to the highly epileptogenic cingulate Szy(f) = [S1,(f) - __qu(f)]T 3)
cortex which has diffuse cortical connections [17]. AN is the
sole thalamic nucleus withoutnajor connections to reticular and
thalamus [18], [19]. The reticular thalamus has been sited by
a number of investigators as a key center controlling cortical
EEG synchronization and desynchronization. This inhibitory Szx(f) =
relay nucleus is responsible for generation of cortical EEG : : : :
spindling as well. Sa(f) Se(f) -+ Se(f)

From a communications perspective, the neuroanatomic
pathways by which seizure activities spread can be modelhere Siy(f) = Sz.y(f) and Si;(f) = S, ;(f), the system
as a simplified network in which various brain centers interaggn be described by
with one another, the activity of each is reflected in the H
local EEG. We propose such a functional scheme in Fig. 1. Syy(f) = H(f)Szz(f)H" (f) (5)

QWfrere  stands for Hermitian transpose.

The degree of interaction between two centers can, theref
be quantified with the coherence function, which effectively TJ‘e multiple coherence betweg(¥) and{z(t)} is given by
|Syaz(f)I?

measures the degree of linear association between the recorde
; 2 =1- At 0<vig(f/)<1 (6)
expression. Yya(f) Syy(H|Szz(f)] Ty (f)

II\I we denote the cross-spectra matrices by

S11(f) Swa(f) -+ Si(f)
So1(f)  Saalf) .-

EEG signals during different phases of an epileptic seizure

Ill. METHODS where

A. Coherence Estimation Syxx(f) = E;y((?) g;‘;((?)} (7)
Yy

Derivations for ordinary and partial coherence are found
in Bendat and Piersol [14]. We begin with a generalization It can be shown [14] that for ideal multiple input system, the
of ordinary coherence for more than two channels with cofultiple coherence between the outpiit) and inputs{=z(t)}
sideration of multiple coherence. Partial and partial-multiple

9 49
coherence follow from this perspective [20]. Since simple vol- ZZHi(f)Sﬁ(f)
ume conduction of the seizure EEG through the extracellular y =1 =1
medium can account for high CTX/AN coherences, there is Vya(f) = Sy () =1 (8)

a necessity for comparing CTX/AN EEG coherences with

a nearby thalamic nucleus of assumed limited involvementWe can, therefore, interpret multiple coherence as the por-
during PTZ seizures. We wish to compare the magnitudestafn of y(¢) that can be accounted for by an optimum linear
thalamic nucleus to cortex coherences from AN and a nuclecsmbination of{z(¢)}.
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2) Partial-Multiple Coherence:We now generalize the Animals were allowed to recover for a minimum of two
concept of partial coherence to include multiple inputdays. A jugular venous catheter was placed at least 1 h prior
(N > 2). Suppose we want to determine the unique relationship experiment. At least 30-s of baseline EEG were recorded
betweeny(t) and one of the inputs, saw (¢). If we denote  before the infusion of PTZ administered at 5.5 mg/kg/min.

Behavior and EEG’s were continuously monitored and the
2(t) = [y(t), =" (9a) extent of seizure stages were noted according to the modified
clinical Racine scale [21]. All the animals passed through
all stages to clonic and full clonic/tonic stages at the R-
value of six. Histological follow-up confirmed the position of
electrodes. Analog data was amplified with a Grass model (8-
10 D) eight-channel, portable polygraph with internal 0.3-Hz
highpass and 70-Hz lowpass filter cutoffs. A 60-Hz notch was
1 8zz(f) Saw(f) also employed. The signals were recorded on analog tape using
Syaal) = | } (10)

and
w(t) = [2(t) -z (O]F (9b)

then (13) can be rewritten as

Swz(f) Sww(f) a seven-channel FM cassette data recorder (model MR-30,
TEAC Corp., Japan). Analog data were digitized with CODAS

where (DATAQ Instruments Inc., Akron, OH) using a sampling rate
S S of 500 Hz. Subsequent analysis was performed on signals
Szz(f) = [5‘3% Sﬁém (11) digitally filtered with a finite impulse response (FIR) filter

with 100-Hz cutoff and decimated-in-time by a factor of two,
andSwz(f) andSyne(f) are cross-spectra matrices defined ifor a resulting sampling rate of 250 Hz.
similar way as (9) and (10). The conditioned spectral matrix

of z(¢) is then
C. Data Analysis

Szziw(f) = Szz(f) = Szw(f)Sun (f)Swy(f) (12) 1) SegmentationDigitized EEG were divided into 2-s seg-
ments for analysis. For statistical analysis, clonic episodes of
EEG were chosen to have at least 8 s of sustained cortical
spike-and wave activities with two spike complexes per second
Siy(f) = S1,(f) - Slw(f)Sﬂﬁu(f)Swy(f) (13a) Of greater and coincident with appropriate behavioral indica-
1 tors. Two consecutive 4-s artifact-free clonic segments and two
Syytw(F) = Syy(f) = Syl f)Sww () Swy(f)  (13b) consecutive 4-s segments of artifact-free baseline EEG were
S1pw(f) = S11(f) = Stw(F)Sww(f)Swi(f) (13c) extracted for comparison.
] ] ) . _ 2) Spectral EstimatesAfter detrending, each 4-s segment
can be obtained. The partial (multiple) coherence is then giveRs divided into seven 256-point overlapping segments (50%
by overlap) and tapered with a Hanning window. Autospectral
o P anq cross-spec;tral densities were estimated for each channel
Yyuw(f) = 3 (‘I})S 0k 0 <~} < 1. (14) using fast Fourier transform (FFT) methods and averaged over
w yylw segments by using the Welch overlapped segment averaging
An efficient algorithm for computing partial-multiple co-Mmethod (WOSA) [22]. To better quantify differences in power

herence is developed in Bendat and Piersol [14]. We aprgi;tribution among the channels, we def_ine thg b_and relative
partial-multiple coherence to study the relationship betwe@QWer as the fraction of total power contained within that band

cortex and AN when the effects of both PT and hippocampus X2
are removed. Z | X

from which the partial cross spectrum and autospectrg Of
andz,(¢) after removing the linear effects ai(t) [26]

- fi€ band k

Py = ~es

B. Experimental Methods Z | X
fieQ

(15)

Male Sprague-Dawley rats: = 6) purchased from Charles
River, Wilmington, MA, weighing 250-300 g were anes- 3) Coherence EstimatesOrdinary coherence and partial
thetized with halogen/oxygen and placed on a stereotaxicherence of CTX and AN, and CTX and PT were computed
frame. All six animals had EEG recorded from AN and P&s described above. Cortex-anterior thalamus (CTXRAN
nuclei and transcortical sites. Three animals had additionmrtial coherence was computed by conditioning on PT.
depth-electrodes placed in hippocampus. Two epidural el&imilarly, cortex-posterior thalamus (CTX/BPAN) partial
trodes were placed behind bregma. Depth electrodes weodherence was computed by conditioning on anterior thalamus.
implanted as follows: AN—1.5-mm posterior to bregma (AP)The partial-multiple coherence between cortex and anterior
1.5 mm lateral to midline (L) and 6.0 mm ventral to corticathalamus after removing the effects of posterior thalamus and
surface (D); PT—4.3-mm AP, 1.5-mm L and 6.0-mm Dhippocampus were computed for one of the animals.
hippocampus—4.5-mm AP, 4.0-mm L and 2.6-mm D. Durelon 4) Statistical Analysis:Ordinary coherence, partial coher-
liquid glue and powder were used to hold the electrodes aedce, and relative band power were analyzed with two-way
pedestal in place. analysis of variance (ANOVA). The mixed-model repeated-
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Fig. 3. Progressive changes in coherence during a clonic seizure episode. (a)
(b) shows the cortical EEG recording with the same time scale; (b), (c), and (d)

Fig. 2. (a) Representative EEG recorded from (top) CTX, (middle) pfhow concurrent time-frequency plot showing the course of various ordinary

and (bottom) AN nuclei and (b) their representative power spectra. Legefggherences before, during, and after a clonic seizure episode, respectively;
Solid-CTX; Plus-PT: and Circles-AN spectral densities. Frequency range up to 30 Hz; (b) ordinary coherence between CTX and AN

(CTX/AN), (c) the ordinary coherence between CTX/PT during this period;
(d) AN/PT coherences across the entire frequency range during a 60-s epoch.
measures ANOVA method with multiple observations was

used [23]. The two factors were seizure interval (SI_) X IV. RESULTS

electrode (E). In all cases, factor S| can refer to either

baselineand clonic seizureepisodes. Factor E refers to lo-A. Power Distribution

cation (electrode derivation). For band power comparisonsana|ysis of power spectral densities reveals distinct spectral
this refers to smgle-snes, CT?(' AN, or PT. In the CaSHitferences between anterior thalamus and cortex. Fig. 2 shows
of coherence analysis comparisons, the factor E refers Jq ioa| clonic seizure EEG and the power spectra of CTX,
either CTX/AN or CTX/PT. Simultaneous confidence inyN ang PT. Although spectral energy is highly concentrated
tervals were constructed for these contrasts: i) for relatiyg,,, frequencies for all derivations, spectral rolloff is consid-
band power, clonic (summed CTX/AN/PT) versus basel'rlﬁably steeper in AN than in CTX and PT. Statistical analysis
(summed CTX/AN/PT), CTX versus AN, CTX versus PTDf relative band power shows AN has little relative power

CTX versus subcortical {AN&PT}; ii) for coherence anaIyS|s,in higher frequencies. The 99% confidence interval for the
TX versus AN power contrast is consistently positive for

CTX/AN versus CTX/PT coherence or partial coherenc
Féquency bands above 18 Hz during clonic EEG episodes.

Ordinary and partial coherence were normalized using Fisr}
Z transform [14] as significant CTX versus PT contrast exists within any frequency

2(f) = tanh ™! A3(f). (16) band.
whereas, relative band power were normalized using the loBit Coherence Analysis
transformation [24] Fig. 3(b) shows the progression of the CTX-AN coherence
P in several bands from preclonic through the clonic seizure
2, — log <1 iz ) (17) stage and culminating in a postictal period for a single PTZ-
— 4k

treated rat. Coherence remains above 0.5 for several frequency
before analysis. bands below 30 Hz during cortical spiking. During these same
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(b)
L s 5 _ Fig. 6. Comparison of CTX/ANPT and CTX/PTAN partial coherence as
kil ki clonic seizure develops. Data were smoothed with a 5-point triangular window.

:' Note the anticipatory rise in coherence between CTX and AN before the actual
It-‘ clonic seizure begins.
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Fig. 4. Time-frequency coherence plot for baseline data before PTZ infusidnteresting is that AN and PT have large coherences [Fig. 4(b)]
s s e e e et a good portion of the baseline period, even in the absence
agent is given. of clonic seizure activity.

Fig. 5 shows that the partial coherence between CTX and
AN is not substantially diminished by conditioning on the
activity from the PT. Further analysis of ordinary and partial
coherence shows that AN is strongly coherent with CTX
during the initial and developed stages of a seizure, espe-
cially around the spike repetition frequencies (0—6 Hz). Fig. 6
traces the changes in partial coherence between CTX and
AN with PT removed (CTX/ANPT) leading to a clonic

1 -

0.8 +

Q -

20'6 seizure expression. In contrast, the partial coherence CTX/PT
< is greatly reduced when the linear effects of AN are removed
§04 | (CTX/PT_AN). A time and frequency plot of partial coher-

ences is shown in Fig. 7. The partial coherence of CTX/AN
removed shows a broad range of high coherence frequencies.
What is particularly interesting to note is that the coherence
of CTX/AN is seemingly larger when HPC is removed in
Fig. 7(c). Although HPC is often times considered to be very
sensitive for creation and maintenance of seizure activity,
removing the HPC does not diminish the coupling between
1-3 4-6 7-9 10-12 13-15 16-18 AN and CTX.

Band (Hz) Statistical analysis reveals significantly lower values
[ mCTX/AN O CTX/PT m CTX/AN_PT m CTX/PT_AN| (more significant differences) for the null hypothesis of
equality of mean in two-way ANOVA usingordinary
Flig-_5- QompariS_OHdoffaverag_e Toherencles V\(/)f acrhqz_s %II Eagtﬁ( /iuNring Geherence than partial coherence for the strongest spectral
I e o eanurrands (requencies less than 20 Hz). Using partial coherence,
is not greatly diminished when the effects of PT are moved as partial coherefdece the opposing channel is removed (AN from CTX/PT and
shows. In contrast, partial coherence of CTX/PT with AN removed almoRT from CTX/AN), differences among cases is less robust as
vanishes. seen in Fig. 8. The only frequency band virtually unaffected by
partialing out of contaminant channels is the lowest frequency
episodes we see an increase in AN/PT coherence [Fig. 3(d)&nd from 1 to 3 Hz. To underscore this effect the only
This high subcortical coherence motivates the use of partidband showing a positive definite 95% confidence interval
coherence analysis. The largest peaks in this coherence farethe coherence difference contrasts, (CTX/AN-CTX/PT)
between 10 Hz and 20 Hz. Low coherence is maintained fgr< 0.05), was within the frequency range of 1-3 Hz.
frequencies under 6 Hz in both of these cases. The partial coherence between anterior thalamus and cortex
Consideration of large CTX/PT [Fig. 3(c)] and AN/PTafter removing the effects of both hippocampus and posterior
[Fig. 3(d)] coherences leads naturally to the inclusion of partitiialamus is computed for one of the animals. Comparing the
coherence estimation in the analysis procedure. Examinatjgartial coherence of CTX/ANPT [Fig. 7(a)] to the partial-
of the coherences during a 30-s baseline episode prior nmiltiple coherence of CTX/AN withboth posterior thala-
the infusion of PTZ is shown in Fig. 4. What is particularlynic and HPC influences remové@TX/AN_PT&HPC) from

0.2

0
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Notice the retention of sizable coherence in several frequency bands in
CTX/AN_PT&HPC partial-multiple coherence case later in the seizure period.
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Fig. 7. Time-frequency plots showing partial coherence evolution. Using the 1.0 [

same clonic seizure signal (a) as in Fig. 4, we show (b) CTXfANand (c)
CTX/PT_AN partial coherences. The partial coherence of CTX/AN_HPC is 0-9
also shown (d). Note that even after removing HPC, there is strong coherence

i
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Fig. 8. Plot ofp-values for accepting equality of means null hypothesis frorjid- 10. Comparison  of single epoch partial-multiple ~ coherence
two-way ANOVA in comparison of CTX/AN versus CTX/PT coherences(CTX/AN_PT&HPC) versus partial coherence (CTX/ART) from of

Comparison of p-values for ordinary versus partial coherences. Notice tRa€lonic seizure. Specific CTX/ART&HPC and CTX/ANPT coherence
change in p-value is large for all bands in moving from ordinary to partifdlues chosen are from sixth time epoch from time-frequency plots 9(b)

coherences. Only the smallest frequency band near the pacing frequenc§¥t 7(b). respectively. Note that partial-multiple coherence actually stays
1-3 Hz shows the least amount of change. This band is most resistanCi@se to values from partial coherence in most frequency bands after
the effect of partialing out the opposing channel from CTX/AN and CTx/PfiiPpocampus is removed.

coherencesl: ordinary coherencem: partial coherence.

however, the time-frequency plot of the partial-multiple coher-
Fig. 9, we see loss of the HPC signal contribution reducesce shows that a large frequency region between 1 Hz and
coherence substantially. Later in the clonic seizure episo®®, Hz exhibits high residual coherence. During late periods of
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the clonic several frequency components retain their originalFor our study, it is neither necessary nor desirable to
high coherence even after conditioning on both PT and HROGmMpute the partial coherence for all possible combinations of
as shown in a single 4-s epoch of partial-multiple coherencbannels. Since PTZ-generalized seizures spread from subcor-
in Fig. 10. tical to cortical brain, CTX is considered the end-point and,
therefore, does not drive the subcortical areas. Naturally, in
any study of coherence, multiple coherence, nonlinear effects
and noise all have a substantial effect in reducing coherence.
V. DiSCUSSION AND CONCLUSIONS In several high-frequency ranges, nonlinear associations may

The results described in the Section IV show that ARccount for coupling that is left undetected when only linear
and CTX interact strongly during epileptic seizures. Despifects are considered [14].
spectral differences, the coherence between CTX and ANWe found that including hippocampus does not reduce the
is significantly higher than CTX and the PT at the lowpartial coherence between CTX and AN. Hippocampus is
frequencies. This finding is significant because high cohererftavell-known epileptogenic area. The strong coherence of
in the 1-3-Hz band Corresponds to propagation of Stro%\terior thalamus with CTX, therefore, cannot be explained
3-Hz spike-and-wave pacing rhythm characteristic of PTIMply by its association with hippocampus. One resultant
seizures. Likewise the CTX/AN partial coherence does nBypothesis is that AN, by its anatomical connections with
vanish when the influence of a third channel, PT is included. fiPpocampus, might mediate the transfer of seizure activities
contrast, the partial coherence between CTX and PT is gredflycortex.
diminished after conditioning on AN. In other words, AN In summary, we show that spectral analysis and its by-
explains the observed correlation between CTX and PT in tREoducts, ordinary and partial coherence can identify brain
low frequencies. Gerscét al. [10], [11], [15] have proposed elements important for the propagation of generalized seizures.
an interpretation of causality based on partial coherence:TBere is substantial evidence to show that the AN has active
channel is causal to a pair of channels, if removing its effedfévolvement during the production of highly synchronous EEG
causes the partial coherence of the pair to fall to zero. In tifi§izure activity. Coherence analysis of epileptic EEG can,
sense, AN can be considered to drive CTX and the controlthgrefore, aid in our understanding of seizure propagation and
the low frequencies. These results are consistent with previdigs generalization.
physiological studies demonstrating the importance of AN in
the expression of generalized seizures [6], [7], [25]. ACKNOWLEDGMENT
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