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Interpretation of scaling properties of electroencephalographic fluctuations via spectral analysis
and underlying physiology
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Detrended fluctuation analysis has recently demonstrated the existence of two approximate temporal scaling
regimes in locally detrended human electroencephalogrdfii©) fluctuations, and has suggested a connec-
tion between the location of the breakpoint between regimes and the alpha resonance near 10 Hz. It is shown
here that these scalings can be explained in terms of the filtering of the underlying power spectrum implied by
the detrending process. Using a recent physiologically based model of EEG generation, the main features of the
scalings, and deviations from them, are related to the underlying physiology of dendritic propagation and
muscle electrical activity, and it is concluded that the effects of such physiological features are usually clearer
in spectra.
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|. INTRODUCTION Il. THEORY
ElectroencephalographiEEG) measurements are widely A. Scaling properties
used to probe brain dynamid4,2], but have traditionally Denoting the EEG time series l(t), detrended fluctua-
been analyzed only qualitatively, or via phenomenologicalion analysis proceeds by dividing the whole time series into
measure§3]. In recent years, numerous tools have been usewindows of lengthT. In each of these windows, centered at
to quantify EEGs from a signal-analysis perspective, most, for example, the best linear least-squarefit; T, T,) is
recently via detrended fluctuation analy$i3FA) [4—6] of  computed. The mean square deviatlef(T) betweend(t)
scaling properties of root-mean-square fluctuations with reand the best linear least-squares fit is then calculated as a
spect to detrended EEG time serig&8]. This numerical function of T, after averaging oveF, [7]. This gives
analysis revealed two temporal scaling regimes of EEG fluc-
tuations, separated by a breakpoint near 0.1 s. The scaling 1 (To+TI2 ~
exponents in these regimes were found to be quite variable, FZ(T):<TJ T [¢(0- ST Toldt), (D
with potential implications for the classification of EEGs into
subtypeq 7]. where the angular brackets denote the average Dyer

This paper examines EEG scaling properties from two The quantityF(T) has been found to have two scaling
perspectives. The first part of the analysis shows that theegimes: a roughly power-law increase at snialfollowed
scaling properties can be derived from generic properties aby a flattening aff =0.1 s[7].
the EEG power spectrum, and that the asymptotic exponents
of the DFA temporal scalings are universal. The scaling
properties are shown to arise from a weighted integral over ) o
the power spectrum, with the weighting corresponding to the It is straightforward to calculat€(T) via integrals over
filtering implicit in the detrending process. In the second parthe power spectrum. If we use a bar to denote the average of
of the analysis, it is noted that, superposed on the asymptotR quantity over an interval of lengtfh centered afo, then
scalings are variations that correspond to structure in théhe best linear least-squares fit is
power spectrum. These are interpreted in terms of the under- ~

0~

B. Analysis via the power spectrum

lying physiology using a recent theory of EEG generation (LT, To)=a+bt’, @
that has been found to yield excellent agreement with obser- _

vations of EEG spectrf9], evoked response potentidl0], a=¢, (©)
and other phenomenal]. The breakpoint between scalings

is shown to be related to dendritic time constants, rather than b=t'¢/t'?, (4)

the alpha frequency, as was originally asseftéd Indeed,
because of the averaging implicit in DFA, the main effects
arise from gross changes in spectral shape, rather than from
narrow peaks like alpha. Changes in spectral slope and elec-., ., _ . '
tromyographic(EMG, due to muscular electrical activjty With t'=t=To. We then find
contributions are consistent with observed departures from

=12 I T?, )

the asymptotic scaling exponents in the regime investigated FA(T)=(¢?— ¢*— 12t $)’IT?), (6)
in Ref. [7], and with the resulting variation in numerically
determined values. where we have noted that?)=($?).
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1.0[ ' — F(T)=(¢?Y?=const, (13
081 ] for T<8/w, and T=8/w., respectively. The exponents of
[ these asymptotid@ dependences are universal, provided the
_ 06 ] integral in Eq.(11) converges, as it must for any physical
§' I system. However, departures can occur over substantial
0.4+ . ranges if there is a &° dependencéwith a constank at low
I (but nonzerp frequencies, or a slow power-law falloff in the
o2l ] power spectrum at high frequencies.
[ A previous analysis showed that the DFA curve tends to
0.0L . . . flatten at largerl, with a scaling exponent that was typically
0 5 10 15 20 small (usually <0.1 and always<0.5), but somewhat un-
z certain owing to the relatively small range of scales over
FIG. 1. Weight functiotW(z) vs z, with z= /2. which it was determined experimental[y]. The smallT

scaling exponent was found to be more strongly variable,
The terms in Eq(6) can be evaluated by replacirb(t) and more uncertain, with values scattered between roughly
by its Fourier representation in the average oVeand ex- 0.2 and 1.5, and a mean slightly below 1. However, exami-
changing the order of integration before averaging oer ~ hation of Fig. 2 of Ref[4] shows that the slope varies sig-
This gives nificantly with T in each dataset, with signs of steepening at
the smallest. As we will see below, the deviations from the
— do T mean behavior that appear to cause much of the scatter in the
¢= J 7, Plw)e 1 sindwT/2), (") humerically determined exponerftg arise from gross fea-
tures in the power spectrum that are sufficiently broadband to
with sinc(x) =sin(x)/x, and where the bounds of integration strongly affect the behavior of the integral.
are £, Hence,

d C. Analysis via neurophysical modeling

N w )

($)*)= f §| P(w)|*sinc(wT/2), (8) We recently developed a physiologically based model of
EEG generation that predicts the power spectrum from quan-

which is simply a weighted integral over the power spectrunfities such as corticothalamic connectivities, synaptic

of ¢. A similar calculation yields strengths, dendritic time constants, neural conduction speeds,
axonal ranges, and the effects of the EMG artifi@t13).

dw dsind wT/2)]? These predictions have succeeded in reproducing spectra in a

(t'p)?)= f ZW(Q’)'Z do } : (9)  variety of brain states, and the model also reproduces a va-

riety of other EEG phenomerj@-11,13. The details of the
model are given in the references just cited, so we do not

= e 10 repeat them here. The theoretical expression for the scalp
(= [ 22| g2 (10 hem here. The theoretical ion for the scal
2 spectrum is
the last result simply bging a statement of Parseval’s theo- P(®)=Pgeg(®)+ Peng(®), (14)
rem. Overall, we thus find
, do , o (w)=p L2 * e
— - —qj w)= . ’
F4(T) f27T|qb(w)| 1-sin(wT/2) EEG 0 (1—GeiL)(1—GerL2)‘ q2rZsing
15
(dsinqu/Z)]z a1 19
d(wT/Z) A(w/wEMG)Z
Pemg(@)= ——F———, (16)
The form of the weight functioW(wT/2) in the square (1+ 0w wgpye)
brackets in Eq(11) is shown in Fig. 1. It has an approxi-
mately quartic form forw=<8/T, with small and diminishing where
oscillations just below unity thereafter. The scaling proper-
ties of F(T) thus depend on whether the power spectrum - . 5 1
|$(w)|? is concentrated in the quartic regime \M or sig- 9Te=(-loly) ™+ -5
nificantly overlaps the near-constant regime. If the power e
spectrum is concentrated hb|=<w., where w. denotes a (Gosd-2+ Gogd 3)e@to
characteristic upper bound in frequency, then two regimes X | Gedb + 5 , A
exist: 1=Gsrsh
F(T)=T?[((d?¢p/dt?)?)/720])"2, (12) L(w)=(1—iwla) Y(1-iw/B)"Y (18)
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FIG. 2. lllustrative spectra from a physiologically based EEG ~ FIG. 3. Rms detrended fluctuation amplitud€T) vs T for the
model, for the parameters in the text, with EMG activigolid =~ EEG and total spectra in Fig. &olid curve, with EMG activity;
curve and without EMG activity(dashed curje The EMG spec- dashed, without EMG activily compared with data from the three
trum is also showridotted curve curves in Fig. 2 of Ref]7] (dotted curves, renormalized to a com-

mon valug.
6 is the complex argument of, to~80 ms is the time taken
for signals to travel from the cortex to the thalamus andwhat above what is ideally achievabl&3]. EMG activity
back, a~60 s and B~4a are dendritic rate constants, introduces a region of intermediate scaling with smaller ex-
Ye~120 s'! is a characteristic damping parameter of corti-ponents forT in the tens of milliseconds, in accord with the
cal signalsy .~ 80 mm is the characteristic excitatory axonal data from Fig. 2 of Ref[7], the trends in which are over-
range, theG’s are gains for the transmission of signals in- plotted. Although the authors of Réf7] took precautions to
volving various populations of neurons, witB.g~4, Gg; eliminate head movemen(&hich generate EMG activity in
~—6, Ggee~9, Gegre~—5, Gge~—1, AIP;~0.02, and neck muscles jaw and facial muscles can yield significant
wemc=150 s'! is the characteristic EMG frequency; the contributions unless the subjects are very carefully instructed
parameter values are similar to those used in the papers citéd relax them, and succeed in doing[4@]. These contribu-
in this section. The parametBy, is an overall normalization, tions are also likely to vary with respect to the electrode,
which is not relevant here and is set to unity for simplicity. with minimal EMG activity near the crown of the hedétthe
The effects of volume conduction are neglected in @4)—  Cz electrode in the International 10-20 Sysjethus plausi-
(18) as they are not essential for the illustrative purpose®ly accounting for both the scalings observed in this range,
required here; however, volume conduction attenuates higtand their relatively high interelectrode variability]. In the
wave-number(and, hence, high-frequency, via the EEG presence of significant EMG activity, the results here imply
wave dispersion relatigrparts of the EEG spectrum, but not that larger exponents should be found near the crown of the
the EMG spectrum. This strengthens the conclusions belowiead than at electrodes nearer ear level,Tian the tens of

Figure 2 shows illustrative spectra calculated fraid)—  milliseconds.
(18) for the above parameters, with and without the EMG
activity. One key feature illustrated in Fig. 2 is that the model Il. CONCLUSION
relates the alpha peak to the fundamental resonance of corti-
cothalamic feedback loops, with a frequendy,~1f, In summary, detrended fluctuation analysis of EEG sig-

~10 Hz[9,11]. There is also a knee in the spectrum, due tohals has been examined from a spectral viewpoint, and via
low-pass  dendritic  filtering below a frequency Physiologically based modeling. Asymptotic exponents are
~(apB)¥3(2m), corresponding to about 15 Hz for the above Universal for any spectrum that has a sufficiently steep falloff
parameter$9,12]. EMG activity has a small peak relative to
the EEG activity, and contributes only 5% of the total activ-
ity in this example.

Figure 3 shows the detrended fluctuation transforms of the 1.000
two spectra in Fig. 2, computed via Ed.1) with an upper

10.000 T T T

bound atw=2007 s~ ! to accord with the experimental filter £ 0400

settingd 7]. In the pure EEG case, we see a rapid switchover i

between the scalingd2) and(13). Figure 4 shows that this

occurs at a value of that varies approximately inversely 0.010

with « (and, hence, with3=4«). In contrast, further nu-

merical investigations show that there is hardly any variation 0.001 s s s

with ty, and that enhancing or suppressing the alpha peak 0.001 0.010 ofzg)o 1.000  10.000

also scarcely affects(T) because of the smearing effects of

the integration in Eq(11). FIG. 4. F(T) vs T without EMG activity for the parameters of

Figure 3 also shows the effects of EMG activity in a typi- Fig. 2 apart froma = 8/4=20,60,200 s for the dotted, solid, and
cal frequency range and at a level that is realistic, but somedashed curves, respectively.
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at high frequencies to ensure convergence of the integral itess clear than in spectra, owing to the smearing effects of
Eg. (11). Intermediate-range exponents can differ fromthe integrations implicit in DFA. Larg@- fluctuations and
asymptotic values as a reflection of large scale features in theorresponding marginal-stability scalings may also be probed
spectrum, whereas narrow spectral peaks have little effectia spectra of detrended time series, by ensuring that trend
Hence, it is found that the main breakpoint in the scalings isrtifacts such as reference voltage drifts are minimized, or by
related primarily to dendritic filtering, rather than the alphamagnetoencephalographic means that avoid such influences.
frequency, as was previously suggested. Comparison Witfh previous works, ¥ ranges evident in power spectra at
illustrative physiologically based spectra shows that sfiall- |ow frequencies have been observed and related to system
departures from the asymptotic scalings are plausibly assocécaling behaviof13,14).
ated with the EMG muscle artifact, even when present at
quite low amplitudes. This is due to the slower frequency
falloff of EMG activity and its characteristically higher fre-
guencies.

The overall conclusion is thus that DFA gives useful in-  This work was supported by a University of Sydney Ses-
sights into physiological parameters, but that these tend to bgui grant.
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