Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

CLINICAL
NEUROPHYSIOLOGY

OFFICIAL JOURNAL OF THE INTERNATIONAL FEDERATION OF CLINICAL NEUROPHYSIOLOGY

SEN 1388.2457 Ciin. Newraphysiol. Volurme 121 Murber 1
121 (1) 1120 (2010) JRNUARY 2010

ELSEVIER

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Clinical Neurophysiology 121 (2010) 21-38

Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier.com/locate/clinph

Neurophysiological changes with age probed by inverse modeling of EEG spectra

S.J. van Albada ®P<* C.C. Kerr®P, A.K.I. Chiang*P", CJ. Rennie ®P, P.A. Robinson ¢

2School of Physics, The University of Sydney, NSW 2006, Australia

b The Brain Dynamics Centre, Westmead Millennium Institute, Westmead Hospital and Western Clinical School of the University of Sydney, Westmead, NSW 2145, Australia
€ Institute of Neuroscience and Medicine — Neuromodulation INM-7, Research Center Jiilich, Leo-Brandt-Street, 52425 Jiilich, Germany

d Faculty of Medicine, The University of Sydney, NSW 2006, Australia

ARTICLE INFO ABSTRACT

Article history:
Accepted 22 September 2009
Available online 23 October 2009

Objective: To investigate age-associated changes in physiologically-based EEG spectral parameters in the
healthy population.

Methods: Eyes-closed EEG spectra of 1498 healthy subjects aged 6-86 years were fitted to a mean-field
model of thalamocortical dynamics in a cross-sectional study. Parameters were synaptodendritic rates,

Ke},'words" cortical wave decay rates, connection strengths (gains), axonal delays for thalamocortical loops, and
/gg(lzng power normalizations. Age trends were approximated using smooth asymptotically linear functions with
Spectra a single turning point. We also considered sex differences and relationships between model parameters
Mean-field model and traditional quantitative EEG measures.

Thalamus Results: The cross-sectional data suggest that changes tend to be most rapid in childhood, generally lev-
Cortex eling off at age 15-20 years. Most gains decrease in magnitude with age, as does power normalization.

Axonal and dendritic delays decrease in childhood and then increase. Axonal delays and gains show small
but significant sex differences.

Conclusions: Mean-field brain modeling allows interpretation of age-associated EEG trends in terms of
physiological processes, including the growth and regression of white matter, influencing axonal delays,
and the establishment and pruning of synaptic connections, influencing gains.

Significance: This study demonstrates the feasibility of inverse modeling of EEG spectra as a noninvasive
method for investigating large-scale corticothalamic dynamics, and provides a basis for future
comparisons.

© 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Understanding the structural, chemical, and functional changes
that accompany brain aging is one of the major goals of research in
neuroscience. Structural changes are particularly rapid during
childhood, slow down after adolescence, and appear to accelerate
again in late adulthood. Although the morphological, chemical,
and functional development of the human brain, as well as changes
in the electroencephalogram (EEG), have been tracked extensively
(Duffy et al., 1993; Gasser et al., 1988; Hartikainen et al., 1992;
Kemper, 1994; Polich, 1997; Rossini et al., 2007; Thompson et al.,
2000), knowledge of the specific processes underlying changes in
the EEG across age is limited.

Growth and pruning processes affect the volumes of the cortical
and subcortical gray matter, cerebral white matter, and the corpus
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callosum. Cranial size increases up to age ~20, with growth contin-
uing a few years longer in males than in females (Dekaban, 1977;
Eichorn and Bayley, 1962). Cortical gray matter volume increases
up to adolescence (Giedd et al., 1999), although localized pruning
already occurs during childhood (Caviness et al., 1996). The corpus
callosum grows considerably between the ages of 3 and 11 years
and more slowly up to 15 years (Thompson et al., 2000). Ongoing
myelination increases the white matter content of various cortical
and other brain areas throughout childhood (Barnea-Goraly et al.,
2005; Perrin et al., 2008; Sowell et al., 2004).

After adolescence, a steady decrease in brain volume occurs,
which appears to become more severe after about 60-70 years
(Haug, 1987; Scahill et al., 2003). This is accompanied by an in-
crease in absolute and relative cerebrospinal fluid volume that
commences already in childhood (Gur et al., 1991; Sowell et al.,
2002). Although reductions in brain volume were traditionally
attributed to neuronal loss, later studies with improved methodol-
ogy have largely failed to reveal loss of hippocampal or neocortical
neurons with age, and have instead attributed decreased brain vol-
ume to shrinkage of neurons (Peters, 2002a; Rapp and Gallagher,
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1996; Rasmussen et al., 1996). An exception is Pakkenberg and
Gundersen (1997), who reported a loss of about 10% of neurons
in the neocortex of both males and females between age 20 and
90. Thalamic volume also decreases with age, whether due to loss
or shrinkage of neurons (Sullivan et al., 2004; van der Werf et al.,
2001). Although some authors have reported white matter volume
to be relatively stable compared to gray matter volume (Passe
et al,, 1997; Sullivan et al., 2004), others have found white matter
volume reductions from about age 50 (Ge et al., 2002; Miller et al.,
1980). According to a recent study, white matter shows much
greater reductions than gray matter between the ages of 46 and
92 (Piguet et al., 2009).

Small numbers of neuritic plaques and neurofibrillary tangles,
characteristic of Alzheimer’s disease, accumulate even in normal
aging (Morrison and Hof, 1997; Tomlinson et al., 1968). Often, advanc-
ing age is further accompanied by reductions in cerebral perfusion,
oxygen consumption, and glucose utilization (Kuhl et al., 1982; Pant-
ano et al., 1984; Zemcov et al., 1984). There are also age-related
changes in chemical signaling (Gallagher and Colombo, 1995; McEn-
tee and Crook, 1991; Suhara et al., 1991; Volkow et al., 2000).

There are sex differences in brain anatomy and chemistry, and in
certain aspects of brain development (Coffey et al., 1998; Cosgrove
et al., 2007; De Bellis et al., 2001). Female brains have smaller vol-
umes and approximately 16% fewer neocortical neurons at any age
than male brains (Caviness et al., 1996; Dekaban and Sadowsky,
1978; Haug, 1987; Pakkenberg and Gundersen, 1997). However,
many studies have reported more substantial age-related atrophy
or reductions in brain volume in men than in women (Coffey et al.,
1998; Cowell et al., 1994; Gur et al.,, 1991; Tomlinson et al., 1968;
Xu et al., 2000), although some have suggested earlier onset or more
severe atrophy in women (Hatazawa et al., 1982; Hubbard and
Anderson, 1983). It is generally found that a larger percentage of
the total volume is occupied by gray matter in women than in men
(Cosgrove et al., 2007).

This study aims to provide a new window on brain aging using a
model of neuronal activity that incorporates the main structures
and connections contributing to the EEG. This approach is based
on a mean-field model of corticothalamic dynamics developed over
a number of years, primarily by Robinson et al. (1997, 1998, 2001a,
2003), and Rennie et al. (1999, 2000, 2002). This model was partly
based in turn on work by Nunez (1974, 1995), Wilson and Cowan
(1972, 1973), Wright and Liley (1995), and others. Comparisons of
model predictions with data have revealed good agreement with a
range of features of EEGs, including evoked potentials (EPs) (Kerr
et al., 2008), seizure dynamics (Breakspear et al., 2006; Roberts
and Robinson, 2008), spectra (Robinson et al., 2001a; Rowe et al.,
2004), coherence and correlations (Robinson, 2003), and changes
with arousal (Robinson et al., 2002). Inverse modeling by fitting
to spectra yields parameters including corticothalamic axonal de-
lays, synaptodendritic rates, a damping rate for signals in the
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cortex, a scaling parameter for spectral power, and connection
strengths of the cortex, thalamic relay nuclei, and thalamic reticu-
lar nucleus. An advantage of our model is that it provides informa-
tion on structures as deep as the thalamus without the need for
invasive measurements. Moreover, this information is of a different
type than would be obtained by most invasive techniques, yielding
average properties of large neuronal assemblies and their intercon-
nections, rather than properties of small numbers of individual
neurons.

Determining model parameters across age for healthy individu-
als is useful not only because it demonstrates the feasibility of
extracting physiological information from the EEG, but also be-
cause it establishes a standard against which to compare clinical
groups. Moreover, comparisons with known physiological changes
provide a test of the model that can stimulate its further
development.

In Section 2 we describe the subjects and data acquisition, the
model, and the methods used for fitting and statistical analysis.
Section 3 gives parameter values and age trends, and also ad-
dresses sex differences. Section 4 provides a summary and relates
our results to the existing literature.

2. Methods

This section outlines the model and methods used in our anal-
ysis. Section 2.1 details the composition of the data set and criteria
for inclusion. Section 2.2 provides an overview of the theoretical
model of EEG generation. Section 2.3 summarizes the procedures
for fitting model predictions to empirical spectra. Section 2.4 de-
scribes the statistical techniques used in the analysis of model
parameters.

2.1. Subjects and EEG recording

The cross-sectional data set was composed of 763 males and
735 females, selected to have EEG and EP data across a range of
electrodes, allowing future comparison with model fits to EPs
(Kerr et al., in preparation), parameters obtained from deconvolu-
tion of EPs (Kerr et al., 2009), and detailed fits to alpha peaks
(Chiang et al., in preparation). The 1498 subjects overlap with
the 1008 previously studied by Williams et al. (2008). Subjects’
ages were 6.4-86.6 years for males, and 6.1-82.6 years for females,
with age distributions as shown in Fig. 1. The large number of
young subjects allows reliable estimation of age trends over a per-
iod of relatively rapid change. Furthermore, the study also included
126 subjects aged 60 years or more, a larger number than consid-
ered in most studies of the EEG in aged individuals. All subjects
were healthy, without any known history of brain injury; mental
illness; substance abuse; psychological, psychiatric, neurological,
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Fig. 1. Numbers of males and females in each age bin.
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or genetic disorders; or other medical conditions that could influ-
ence the normality of the EEG. More detailed criteria were as in van
Albada et al. (2007).

Eyes-closed resting EEGs were recorded by Brain Resource Ltd.
(www.brainresource.com)and made available through the Brain Re-
source International Database (BRID) (Gordon et al., 2005). Record-
ings were obtained with a NuAmps amplifier (Neuroscan) at 26
electrode sites according to an extended International 10-20 sys-
tem. The sampling rate was 500 Hz and average of mastoids was
used as areference. To keep the scope of the study manageable, a sin-
gle electrode was selected for further analysis. The Cz electrode was
chosen, as this electrode is relatively unaffected by muscle artifact
(Saunders, 1979). Data were corrected offline for eye movements
using a method based on that of Gratton et al. (1983). A 100 Hz
low-pass filter was applied to two minutes of relatively artifact-free
EEG. The spectrum was calculated at intervals of 0.25 Hz by averag-
ing the spectra of successive 4 s epochs multiplied by a Welch win-
dow.Two minutes of EEG were considered sufficient for two reasons.
First, the large number of subjects allows reliable estimation of aver-
age age trends even with relatively short recordings. Second, the
reproducibility of spectral parameters is not greatly improved by
using longer recordings (Gasser et al., 1985; Salinsky et al., 1991;
van Albada et al., 2007).

2.2. Theoretical model

A schematic diagram of the neuronal populations included in
the model, and their interconnections, is given in Fig. 2. Within
the cortex, the model includes excitatory pyramidal cells, which
project both intracortically and to the thalamus, and short-range
inhibitory interneurons. The subscripts e and i are used to repre-
sent the excitatory and inhibitory cortical populations. The tha-
lamic relay and reticular nuclei are respectively denoted by the
subscripts s and r. Input from the brainstem to the thalamus is
indicated by the subscript n. With each connection is associated
a gain Gy quantifying the number of additional pulses out per
additional pulse in with respect to the steady state, where b is
the sending and a is the receiving population. Loop gains are com-
bined into the products Gss = GG, for the loop between thalamic
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Fig. 2. Schematic representation of the model components and their interconnec-
tions: e = cortical excitatory (pyramidal) neurons, i= cortical inhibitory neurons,
s =thalamic (specific and secondary) relay nuclei, r = thalamic reticular nucleus.
External input to the thalamus is given by ¢,. The connections or loops associated
with each gain are also indicated: intracortical excitatory and inhibitory connec-
tions (Gee and G,;), the direct and indirect corticothalamic loops (Gese and Gegre ), and
the intrathalamic loop (Gss). Black arrows indicate excitatory connections; white
arrows inhibitory ones.

reticular and relay nuclei; Gese = G,sGse for the corticothalamic loop
passing only through the relay nuclei; and Gesre = GesGsGre for the
corticothalamic loop also passing through the reticular nucleus.
These gains and the corresponding loops are illustrated in Fig. 2.

Full details of the model have been published elsewhere (Robin-
son et al.,, 1997, 1998, 20014, 2002), but the equations are given in
the Appendix for completeness. These enable frequency spectra to
be computed from basic physiological quantities, of which we con-
sider those that were allowed to vary when fitting the model to
empirical EEG spectra. Besides the gains listed above, these quan-
tities are: to, the axonal delay associated with the direct corticotha-
lamic loop; o, a characteristic decay rate of the cell-body potential
after synaptic input (an average or effective value across neural
populations); 7, a damping rate associated with propagation of
waves of activity along the cortex; and p,, a normalization for
the frequency spectrum. All parameters are listed in Table 1.

The parameters considered here differ from traditional qEEG
measures in their direct connection with physiological quantities.
As such, they can provide a useful complement to traditional qEEG,
especially if physiological models of EEG generation are further
developed. Apart from physiological interpretations, an advantage
of the model parameters is that they capture spectral shape within
frequency bands, which is not captured by band powers.

2.3. Model fitting

As described in Rowe et al. (2004) and van Albada et al. (2007),
the natural logarithm of the dimensionless version of the spectral
power (otherwise measured in uV?/Hz) was fitted to the empirical
log-transformed spectrum using the Levenberg-Marquardt meth-
od (Press et al., 1992), which minimizes the y? error defined by

N . — . 2
XZ _ Z [ln(Pemp.x)o_zln(Pthe.l)] 7 (1)
1 i

where Pep; is the empirical spectrum, and g; is the standard devi-
ation of In P, for frequency index i. Frequencies up to 50 Hz were
taken into account, but the power around 50 Hz was weighted with
large ¢ to downplay the contribution of points contaminated by
mains power. Fitting followed a Monte Carlo method in which the
ten fitted parameters were repeatedly initialized randomly and
the model fitted, until 30 convergent fits were obtained. The stop-
ping criterion for the fitting routine was Ay2 < 10~ for six succes-
sive iterations. Of 1661 subjects’ spectra, 1568 were successfully
fitted (94%). To obtain a single subject set for which model param-
eters, EPs (Kerr et al., in preparation), and alpha peak data across
sites (Chiang et al., in preparation) could be investigated, we se-
lected from the set of 1568 subjects the 1498 subjects with EP data
for a large number of electrodes. All these subjects also had EEG
spectral data across sites, from which alpha peak parameters could
be extracted. Fig. 3 gives illustrative examples of fits with different
values of y2. The values of y? were larger than those reported in
Rowe et al. (2004) due to a different normalization of weights,
but this did not substantially affect the fits obtained.

2.4. Statistical analysis

The statistical analysis was carried out using R Version 2.7.0 (R
Development Core Team, 2005). Visual inspection of histograms
and a Shapiro-Wilk test for normality (Shapiro and Wilk, 1965) re-
vealed that none of the parameters were normally distributed
(p<1.0e — 7). Furthermore, the residuals of parametric linear
regression of model parameters versus age were non-normal
(p < 1.0e — 14). Therefore, nonparametric methods were used ex-
cept where indicated otherwise.
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Table 1
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Parameters of the corticothalamic model used to fit theoretical predictions to empirical EEG spectra. Parameters considered in this study are marked by an asterisk. The minimum
and maximum values are soft boundaries created by imposing a smoothly increasing penalty for smaller or larger values.

Parameter Unit Description Value Min. Max.
*0L s! Decay rate of cell-body potential 10 200
B s! Rise rate of cell-body potential 4o

e mm Range of pyramidal axons 80

Ve ms~! Propagation speed along pyramidal axons Vre

*Y s! Cortical damping rate 40 280
*to ms Corticothalamic axonal latency 60 130
*Gee = Gie — Excitatory cortical gain 0 20
*Gei = Gji — Inhibitory cortical gain -35 1
*Gese — Gain for direct corticothalamic loop 0 20
#Gesre = Gain for indirect corticothalamic loop passing through the thalamic reticular nucleus -30 2
*Gers — Gain for intrathalamic loop —15 0.5
*Do — Normalization for spectrum No limits

ko m-! Cut-off wavenumber for spatial filtering 37.5

Ly, Ly m Linear dimensions of cortex 0.5

Aevc uVv2Hz™! Amplitude of EMG component 0 10
WEMG Hz Peak frequency of EMG component 21 x 40

First, the robustness of fits was investigated by refitting empir-
ical spectra with noise added. White Gaussian noise with standard
deviation 0.2 was added to log-transformed spectra (using the
dimensionless version of power in V2 Hz™!). This process was
repeated to obtain spectra with ten different noise levels. Robust-
ness analysis was restricted to the 1126 cases for which refitting
was successful at all noise levels. The standard deviation of the first
set of noisy spectra approximates the standard error of In power of
2-minute spectra computed from 4-second segments (not shown),
which corresponds to the method used here (cf. Section 2.1). Thus,
the robustness of model parameters was assessed by calculating
Spearman correlations between parameters for the original fits
and those for the first set of noisy spectra. Spearman correlations
for between-fit differences were also determined for each pair of
parameters. This gave an indication of correlations induced by fit-
ting (in the presence of uncertainty or noise) rather than physiol-
ogy. To check for any consistent bias introduced by uncertainty

or noise, parametric linear regression was performed of mean
parameter values versus noise level.

For the original fits, sex differences in model parameters were
assessed using the Mann-Whitney test for independent samples
(Hollander and Wolfe, 1973). We compared means and distribu-
tions of model parameters with those obtained using a previous
version of the fitting routine (Rowe et al., 2004), and those reported
in a longitudinal study of healthy males in the age range 18-28
years (van Albada et al., 2007).

Age trends were approximated using a functional form that was
chosen based on the following observations: (i) trends were often
approximately linear in young and old age; (ii) there was substan-
tial variation in the age ranges over which trends were nonlinear;
(iii) the transition from “development” to “aging” occurs gradually,
with intermediate slopes in early adulthood; and (iv) the median
did not clearly show more than one turning point for any of the
parameters. This motivated a fitting function that is smooth,
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Fig. 3. Examples of experimental (solid) and corresponding model spectra (dashed) from single subjects with varying goodness of fit.
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asymptotically linear, and has a second derivative of constant sign.
A functional form that meets these criteria and has only a small
number of parameters is given by

y=Cx+ (C—-A)tin(1+exp[-(x—1)/7]) + D, (2)
B-D
=t=a 3

where x is the age, 7 is a width parameter quantifying the age range
over which the slope changes considerably, and A, B, C, and D are
parameters representing asymptotic slopes and intercepts. Since
fits were relatively insensitive to 7, this parameter was fixed at 3
years, which yielded good fits. Eq. (2) represents a smooth interpo-
lation between two straight lines, y = Ax+ B for x — —oc and
y =Cx+D for x — . These lines intersect at I, which is also the
point of maximum rate of change in slope for the interpolated fit.
The fits display a minimum or maximum at

x:I—rln(—%), 4)

if A and C have opposite sign. More than one turning point is ex-
cluded, because the second derivative of (2) is always negative
when A > C, strictly positive when A < C, and zero when A = C.
The function (2) is illustrated in Fig. 4.

In order to track the median, fits were performed by minimizing
the mean absolute difference between fitted and measured values.
Optimization was achieved using a downhill simplex method (Nel-
der and Mead, 1965), with starting conditions fine-tuned to obtain
close fits to moving medians computed for groups of 100 subjects
with steps of 10 subjects. Confidence intervals for the parameters
and fits were obtained by bootstrapping with 1000 resamplings.

For comparison with the literature, we also considered age
trends of the form (2) in ‘raw’ empirical spectra. Band powers were
determined in the ranges 0.5-4 Hz (delta), 4.25-8 Hz (theta), 8.25-
12 Hz (alpha), 12.25-30 Hz (beta), and 30.25-49.5 Hz (gamma).
Total power was the sum of these band powers, and relative pow-
ers were absolute power divided by total power. Dominant alpha
frequencies were determined from spectra at a range of electrodes
using the method of Chiang et al. (2008). We consider mainly the
Cz electrode, for which 1212 subjects exhibited a clear peak, but
we compare with other sites where relevant.

We also investigated the sensitivity of qEEG parameters to
model parameters. Normally distributed values with mean zero
and standard deviation 0.25 times the sample standard deviation
were added to fitted model parameters, and spectra were recom-
puted. Differences between qEEG parameters for the original and
modified spectra were computed, where 0.01 Hz resolution was
used to determine alpha peak frequencies. We then calculated
Spearman correlations between differences in model parameters

200
1601
=
S 100t
5]
> y=C .
50 I
y=Ax+B
0 : . . .
0 20 40 60 80 100
Age (x)

Fig. 4. Example of a function of the form (2) with negative A and positive C (solid
line). The asymptotic linear trends y = Ax + B (dotted) and y = Cx + D (dashed)
intersect at x = I.

and differences in qEEG parameters. The sensitivity of alpha peak
frequencies was only investigated for the 1212 subjects whose
empirical Cz spectra showed clear peaks. The use of fitted, rather
than randomly chosen, parameters ensured that physiologically
representative spectra were considered. Artificially varied spectra
have the advantage over spectra taken directly from the sample
under study that qEEG-model parameter correlations are not con-
founded by age trends and noise.

3. Results

The robustness of fitted model parameters is discussed in Sec-
tion 3.1. Parameter distributions are given in Section 3.2 and com-
pared to previously published results. Age trends in fitted and
model-free spectral parameters are presented in Section 3.3.

3.1. Robustness of fits

Fig. 5 shows the noise dependence of mean parameter values
for the 1126 subjects whose spectra were successfully fitted at
all noise levels. To a good approximation, all means depend line-
arly on the noise variance. The absolute values of all parameters
except o tend to be overestimated in the presence of noise. How-
ever, the degree of overestimation is about two orders of magni-
tude smaller than the standard deviation of each parameter, so
spectral uncertainty does not substantially bias fitted parameter
values.

Table 2 shows the results of comparing original parameter val-
ues with those obtained after adding noise to empirical spectra.
The last column of Table 2 lists correlations between parameter
values for the original fits and those obtained from the first set
of noisy spectra. These correlations indicate that, overall, parame-
ters are robustly fitted. The most robust parameter is Ggs
(p = 0.96), while G,; is the least robust (p = 0.79). The corticotha-
lamic loop delay t, shows the least interaction with other
parameters.

It is seen from Table 2 that almost all parameter pairs show
interactions due to noise. Consequently, age trends of physiological
origin in some parameters may cause artificial age trends in other
(especially less robust) parameters. Particularly strong correlations
are found for between-fit differences in p, and G,; (p = —0.86), Gese
and Gy (p = —0.74), and G, and G,; (p = —0.62). This should be
kept in mind when interpreting the results in the following
sections.

3.2. Parameter values

Parameter distributions are shown in Fig. 6. Table 3 lists param-
eter means and standard deviations, and y?-values The corticotha-
lamic loop gains G and G, were both stronger (i.e., larger in
magnitude) in males. The intrathalamic loop, represented by the
gain Ggs, was stronger in females. The corticothalamic loop delay
to was on average slightly longer in females. No significant differ-
ences were found in the intracortical gains G and G,;, or in the
parameters «,y, and p,. Fits were on average slightly better for fe-
males than for males, as indicated by lower values of 2.

Dominant alpha frequencies are expected to be approximately
inversely proportional to t, (Robinson et al., 2002). However, the
sex difference in to did not translate into a significant sex differ-
ence in alpha peak frequencies averaged across age (males,
9.5 Hz; females, 9.4 Hz; p = 0.30). Boys up to age 16 did show sig-
nificantly higher peak frequencies than girls in this age range
(boys, 9.6 Hz; girls, 9.3 Hz; p = 0.0045), and had significantly lower
values of to (boys, 77 ms; girls, 81 ms; p = 1.0e — 5). In contrast, fe-
males aged 16-24 years had higher peak frequencies (females,
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Fig. 5. Dependence of mean parameter values on noise in spectra. Data for the original fits are plotted at zero noise variance. Error bars indicate SEMs. Linear regression fits
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9.7 Hz; males, 9.4 Hz; p = 0.0028), despite a lack of difference in ty
(females, 78 ms; males, 77 ms; p = 0.76). The same pattern of sex
differences in alpha peak frequencies was found at occipital sites.
We did not find significant sex differences in t, or Cz alpha peak
frequencies in aged individuals, but frontal rhythms occurred at
significantly lower frequencies in women than in men above about
age 70. These issues are explored further by Chiang et al. (in
preparation).

Rowe et al. (2004) reported distributions of model parameters
for eyes-open and eyes-closed spectra of 100 healthy subjects
(49 females, mean age 44 years, SD 15 years; and 51 males, mean
age 45 years, SD 16 years) using an earlier version of the fitting

Table 2

routine. Compared to the eyes-closed distributions in that paper,
our sample yielded larger standard deviations for all parameters
except tp and ). The mean values of ), to, G, and |G| were smaller
than those in Rowe et al. (2004), whereas a, |Gei|, Gese, |Gesre|, and py
were found to be larger on average. We attribute this to the differ-
ent fitting algorithms used, since the new algorithm runs through a
range of initial values, whereas the version used by Rowe et al.
(2004) initialized parameters at a single set of values. The new fit-
ting algorithm is an improvement over the old one because it re-
duces bias introduced by the choice of initialization.

We previously reported classic and model-based spectral
parameters for 32 healthy males aged 18-28, whose eyes-closed

Robustness of model parameters, assessed by adding noise to empirical spectra and refitting. The second through tenth columns contain rank correlations for differences in
parameters between the original fits and those obtained from spectra with added Gaussian noise with standard deviation 0.2 on a log scale (in upper triangular form).
Corresponding significance values are listed below the diagonal. These correlations obey p(x; — X2,y; —¥,) = p(¥; — ¥, X% — X2) for parameters x and y, and fits 1 and 2. The last

column indicates rank correlations between fits before and after adding noise.

Parameter o Y to Gee Gei Gese Gesre Gsrs Do P

o 1 —0.40 0.059 -0.23 0.22 0.011 -0.19 0.59 —0.41 0.91
b’ o 1 —-0.078 0.22 -0.14 -0.29 0.36 -0.29 0.010 0.85
to ) o 1 —-0.015 0.020 —0.00087 —-0.017 0.038 —0.0037 0.92
Gee - - n.s 1 —0.62 0.29 -0.37 -0.34 0.49 0.90
Gei o o n.s - 1 -0.59 0.33 0.076 —0.86 0.79
Gese n.s : n.s ) o 1 -0.74 0.082 0.60 0.82
B . xx ne wew ok xx 1 ~0.13 027 0.87
Gore I N e e B e . 1 ~0.20 0.96
Do o S, e e o wxx . P 1 0.88

Significance levels: n.s., not significant.
© 0.05.

" 0.01.

" 0.001.
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Fig. 6. Histograms of model parameters.

EEGs were obtained in six consecutive weeks, followed for some
subjects by intervals of several months (van Albada et al., 2007).
Mean values for males in the range 18-28 years from the present
study are compared with those from van Albada et al. (2007) in Ta-
ble 3. Overall, differences between the two studies are small, and
only G, and p, differ substantially.

3.3. Age trends

Section 3.3.1 considers changes in model parameters across age.
For comparison, trends in qEEG parameters are described in Sec-
tion 3.3.2.

3.3.1. Model parameters

Fig. 7 shows scatter plots and fitted nonlinear age trends of the
form (2) for model parameters. The fits closely follow moving
medians. Age trends for males and females are compared in
Fig. 8. The parameters for each of these fits are listed along with

Table 3

their standard errors in Table 4. The parameter I is also indicated,
corresponding to the age of the bend in the regression. Note that
the slopes listed are asymptotic values, and differ somewhat from
slopes during development and aging.

Trends in o and t, are characterized by steep decreases followed
by more gradual increases after age ~15 years. The cortical wave
decay rate y increases up to about age 20 years, after which the
trend levels off. All gains except Ggs decrease in absolute value
with age, changes occurring most rapidly during childhood. The
power normalization parameter p, shows a rapid decline up to
age ~20 years, with much slower reductions thereafter.

These trends are similar for males and females, although there
are some differences (cf. Fig. 8). Girls have slightly larger values
of to than boys, but the values reconverge after adolescence. Fe-
males show an increase in G at least up to age 20, whereas males
show a decrease in this parameter over the same age range. Almost
the reverse is true for Ges., which becomes weaker in boys but re-
mains approximately constant in girls. Recalling that spectral

Means and SEMs for model parameters and y2. Units are as in Table 1. Standard deviations are about 39 times as large as the standard errors listed. Meang denotes means for the
eyes-closed state from Rowe et al. (2004). The column labeled ‘p-value’ lists results of the Mann-Whitney test comparing males and females. Values for males in the range 18-28
years are compared between the present study and van Albada et al. (2007) (Mean,) in the last two columns, and the Mann-Whitney test was used to check for significant

differences.

Parameter All subjects Males Females p-value Mean 18-28 Mean,
Mean Meang Mean Mean

o 88x+1 75 881 87.3+1.0 0.98 84 75

y 71.8+0.8 140 71.6+0.8 72.1+0.8 0.22 81 77

to 79.2+0.3 84 78.1+0.3 80.3+0.3 12e -5 77 79
Gee 3.8+0.1 58 3.9+0.1 3.8+0.1 0.67 32 41"
Gei -8.0+£0.1 -75 -8.04+0.10 -79+0.1 0.14 =77 -84
Gese 10.8+0.1 5.4 11.2+0.1 10.3+0.1 2.5e — 4" 113 11.7
Gesre -5.7+0.1 -33 —-6.3+0.1 -5.2+0.1 3.0e -6 -5.7 -6.2
Grs —0.34+0.02 —-0.50 —-0.29£0.01 —0.40 £ 0.02 15e -4 -0.32 -0.39
Do 2.94 +0.02 2.49 2.92 £0.02 2.96 £0.02 0.079 2.80 2.98"
Ve 360+ 10 370+ 10 340+ 10 1.7e — 4™

Significance levels:
* 0.05.
“ 0.01.

" 0.001.
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Fig. 7. Scatter plots and age trends of model parameters. Solid lines indicate moving medians, while dashed lines indicate fits of the form (2). The gray patches represent 95%

confidence intervals for the fits, obtained by bootstrapping.

uncertainty links changes in G, to opposite changes in Gegs. (cf.
Table 2), some of these differences may not properly reflect the
underlying physiology. Similarly, G declines more with age in fe-
males than in males, while p, shows a greater decline in males,
although the sex difference in correlation coefficients after age
20 was not found to be statistically significant [z-test (Olkin and
Finn, 1995); p = 0.32]. Spectral uncertainty also induces a negative
correlation between these quantities, albeit to a lesser extent than
between G, and G, (cf. Table 2). Fig. 8 shows that p, levels off to
higher values in females than in males, and average values of this
parameter in subjects > 18 years differ significantly across sex
(males, 2.7; females, 2.9; p = 4.3e — 5).

3.3.2. Comparison with model-free spectral measures

Empirical and fitted model spectra across age are shown in
Fig. 9. For the contour plots in Fig. 9a and ¢ one-year intervals were
used between ages 6 and 20, five-year intervals from 20 to 80, and
a single band for age > 80. Fig. 9b and d show empirical and fitted
model spectra for a coarser set of age bands. Fig. 10 contains age
trends of the form (2) in empirical qEEG parameters.

Total power, and especially that at low frequencies, decreases
with age at a gradually diminishing rate. Thus, relative low-fre-
quency power is reduced, and relative high-frequency power is en-
hanced. Relative alpha power increases approximately until age 30
and then decreases. The frequency of the alpha peak rises until
adolescence and then decreases into old age. Since some alpha
peaks, particularly in children and the elderly, appear in what
has been defined here to be the theta range (i.e., corresponding
to adult theta frequencies), this will contribute to the observed
trends in relative theta and alpha power. Fig. 9 shows that a small

beta peak develops from about age 40, when alpha peaks are shar-
per than in early life. The parallel development of beta peaks and
sharper alpha peaks supports the hypothesis, implied by our mod-
el, that beta is an approximate harmonic of alpha (Robinson et al.,
2001a). Note from Fig. 9b that there is even a hint of a third har-
monic between 20 and 30 Hz in older subjects.

Table 5 illustrates the sensitivity of model spectra to model
parameters, based on variations around fitted values. Higher syna-
ptodendritic and cortical decay rates o and y are associated with
more power in the alpha through gamma bands. Thus, larger o and
7 increase relative high-frequency power and reduce relative low-
frequency power. Greater intracortical excitation, quantified by
Gee, has the opposite effect. As expected, p, does not affect any of
the relative band powers, but is positively correlated with absolute
power in all bands. The correlations are not perfect because all
parameters were varied simultaneously. Of model parameters be-
sides p,, G.; is most strongly correlated with absolute power in the
delta through beta bands. Stronger intracortical inhibition is associ-
ated with less power in all bands. Stronger G.s. enhances relative al-
pha power, since the model describes alpha resonances that arise in
corticothalamic loops. Relative delta power depends most consis-
tently on the intrathalamic gain Ggs: less negative G is associated
with more relative delta power. Higherrates o and 7, and shorter cor-
ticothalamic axonal loop delays to, are predictive of higher alpha
peak frequencies (cf. Section 2.2). The gains G, Gesre, and Ggs have
a significant negative correlation with alpha peak frequency. Thus,
stronger intrathalamic interactions and weaker intracortical excita-
tion are associated with higher peak frequencies. Relative theta
power has a significant positive correlation with t,, since sufficiently
large t, can move alpha peaks to the theta range.
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Fig. 8. Age trends in model parameters for males (solid lines) and females (dashed lines), with corresponding 95% confidence intervals.

Table 4

Parameters (A-D) and their standard errors for age trends of the form (2). The parameter I = (B — D)/(C — A), representing the age (in years) of the turning point in each age trend,
is also given along with its standard error. The numbers of figures reported are adapted to the corresponding standard errors. Slopes that differ significantly from zero based on
95% bootstrapping intervals are indicated in bold.

Parameter A B C D 1

All subjects

o -12+4 18020 0.18 £ 0.06 7113 9+3
b 14+04 4314 —0.06 £ 0.05 71+2 19+5
to —-4x1 1044 0.16 £ 0.02 72.8£0.8 8+2
Gee -0.14+0.03 54+05 0.01 £0.01 1.3+0.7 28+9
Gei 0.17 £ 0.07 —-10.1+£0.7 0.008 +0.005 -7.6+02 15+8
Gese 0.01 £0.02 109+ 0.6 —0.07 £ 0.02 14+2 40 +30
Gesre 0.2+0.1 -9+2 0.04 +0.01 -5.6+0.5 20+20
Gars —0.22 + 0.06 1.5+0.2 —0.005 + 0.001 —0.21 £0.05 8+2
Do —0.059 + 0.009 3.91 £0.09 5e-5+3e-5 2.85+0.02 18+3
Males

o -16+5 210+ 20 0.35+0.08 65+3 9+3
b 1.2+038 48 +7 0.03 £ 0.04 672 2010
to -13+3 111+8 0.15 £ 0.03 72.7+0.9 3.0+£1.0
Gee —0.11 £ 0.03 5.1+0.5 0.08 £ 0.03 —3+2 40+ 10
Gei 0.17 £ 0.06 —-10.2+0.6 0.001 £ 0.001 —-74+0.1 167
Gese —0.05 +0.01 13.1£05 0.31 £ 0.07 -16+4 80+20
Gesre 0.23 +0.09 -10+1 0.03 £0.02 —-4.7+09 30+10
Gars —-0.3+0.1 1.8+03 —0.004 + 0.002 —0.20 + 0.06 6+2
Do —0.05 £ 0.01 39+0.1 —0.001 £ 0.001 2.83+£0.05 19+5
Females

o -5+3 140 + 20 0.10 £ 0.07 73+3 12+7
b 1.7+04 39+4 —0.10 £ 0.05 74+2 195
to -1.2+0.5 93+3 0.18 + 0.03 721 156
Gee —0.20 + 0.06 6.2+0.8 0.0005 + 0.0007 19+03 21+8
Gei 09+04 —14+2 0.012 + 0.005 -76+03 7+4
Gese 0.09 + 0.06 8.6+0.9 —0.09 £ 0.03 152 40+ 20
Gesre 0.008 +0.010 -46+0.3 0.2+0.1 -20%10 60 + 60
Gars —0.10 £ 0.03 1.0£0.2 —0.006 + 0.002 —0.28 +0.09 135

Do —0.06 + 0.01 3.9+0.1 0.0003 + 0.0002 2.92 £0.02 17 £5
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Fig. 9. Changes across age in empirical and fitted spectra. (a) Empirical spectral power averaged across individuals for frequencies up to 30 Hz; (b) double logarithmic plots of
averaged empirical spectra; (c) and (d) corresponding plots for fitted spectra. The color bars indicate the logarithm of the dimensionless version of spectral power in pV? Hz !,
and the legends of (b) and (d) indicate age in years. The model spectra show a rapid fall-off at high frequencies because the fitted EMG component is not plotted.

4. Discussion

This study considered age trends in parameters obtained by
model fits to empirical EEG spectra of a large sample (1498 sub-
jects) of healthy males and females aged 6-86 years. Theoretical
spectra were generated from a mean-field model of the thalamo-
cortical system, describing interactions between excitatory and
inhibitory cortical populations, and thalamic relay and reticular
nuclei. Fitting to these spectra provided physiologically meaningful
information on the neuronal substrates underlying the EEG. Fitted
parameters were an average synaptodendritic decay rate (o), a
damping rate for cortical propagating waves (7), an average axonal
delay for a full thalamocortical loop (t,), an overall power normal-
ization parameter (p,), and gains for excitatory and inhibitory cor-
tical interactions (G and G,;, respectively), a direct loop between
cortex and relay nuclei (Gg.), an indirect thalamocortical loop
passing through the reticular nucleus (Ges), and an intrathalamic
loop (Ggs). Net inhibitory connections or loops were represented
by negative gains (G,;, Gesre, and G5 ), Whereas net excitatory inter-

actions had positive gains (Ge. and G ). The robustness of fits was
assessed by refitting empirical spectra with noise added, and
comparing old and new parameter values.

Age trends were approximated by smooth asymptotically linear
functions with a single turning point. In the literature, age trends
for EEG parameters have been described using linear functions
(e.g., (John et al., 1980; Matousek et al., 1967; Polich, 1997), piece-
wise linear functions (e.g., (Duffy et al., 1993; Hughes and Cayaffa,
1977; Somsen et al., 1997), or polynomials (e.g., (Aurlien et al.,
2004; Duffy et al., 1993). The functions proposed here have the
advantage that (i) they are smooth and hence more physiologically
realistic than piecewise linear functions; (ii) they are able to follow
both fast trends during “development” and slower trends during
“aging”, unlike single linear functions; (iii) they have only four
parameters (or five, including the characteristic age range over
which slopes change considerably, which was fixed here), which
have a simple interpretation in terms of asymptotic slopes and
intercepts, in contrast to polynomial functions with variable num-
bers of parameters and no clear interpretation.
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Fig. 10. Age trends in qEEG parameters determined using the functional form (2), with 95% confidence intervals. Solid lines, males; dashed lines, females.

Since EEG trends in the literature are often reported in terms of
absolute and relative band powers and alpha peak frequencies, re-
sults on these quantitative EEG (qEEG) measures and their age
trends were also presented. Furthermore, the relationships

Table 5

between model parameters and qEEG parameters were investi-
gated. Aided by the large sample size, many significant results
were found, which we summarize here and interpret in the light
of the relevant literature. For each parameter, we first discuss

Relationships between model parameters and qEEG parameters determined from model spectra. Model parameters were varied around their fitted values, and Spearman
correlations were calculated between differences in model parameters and differences in qEEG parameters. Absolute values >0.050 for correlations were significant at the 0.05
level, those >0.065 at the 0.01 level, and those >0.085 at the 0.001 level. Significant correlations (p < 0.05) are shown in bold. Band limits were: delta, 0.5-4 Hz; theta, 4.25-8 Hz;
alpha, 8.25-12 Hz; beta, 12.25-30 Hz; gamma: 30.25-49.5 Hz. Total power was calculated over the range 0.5-49.5 Hz. Alpha peak frequencies correspond to the frequencies

where power was maximal in the range 5-13 Hz.

Ao A]} A['0 AGee Acei AGese Ac;esre AGsrs APO

A Power (uV?)
A Delta 0.0071 0.098 —0.025 0.20 0.38 -0.15 -0.11 0.30 0.50
A Theta —0.011 0.088 0.085 0.15 0.42 —0.038 0.068 0.21 0.63
A Alpha 0.19 0.24 —0.0080 0.036 0.50 0.13 0.050 —0.027 0.53
A Beta 0.37 0.26 0.013 —0.024 0.40 —0.019 0.039 —0.091 0.60
A Gamma 0.44 043 0.015 —0.043 0.29 -0.017 0.033 —0.055 0.50
A Total 0.11 0.18 0.013 0.14 0.47 —0.037 —0.016 0.16 0.58
A Relative power (%)
A Delta -0.23 -0.19 —0.090 0.24 —0.046 -0.28 -0.25 0.43 —-0.028
A Theta -0.29 —-0.26 0.19 0.0058 -0.13 0.0094 0.23 0.060 0.0078
A Alpha 0.19 0.22 —0.024 -0.18 0.19 0.36 0.13 -0.33 0.026
A Beta 0.44 0.16 0.026 -0.25 -0.17 —0.027 0.044 -043 0.020
A Gamma 0.48 0.40 —0.0083 -0.20 -0.15 —0.021 0.031 -0.27 0.012
A Alpha peak frequency (Hz)

0.44 0.18 -0.27 -0.15 —0.0069 —0.013 -0.17 -0.30 —-0.022
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significant sex differences when present, then summarize age
trends, relate these trends to qEEG changes, and finally discuss
possible relationships with physiological changes in childhood
and adulthood.

4.1. General findings

The most robustly fitted parameter was Gz, followed, respec-
tively, by to, &, Gee, Dg» Gesre, ¥» and Gese. We found the least robust
parameter to be G;, consistent with the earlier result that this gain
varied widely within individuals in a study of males aged 18-28
years (van Albada et al., 2007).

Between-fit differences in parameters were significantly corre-
lated for alarge number of parameter pairs. This occurs both because
different sets of parameters can yield identical spectra, and because
of the differential dependence of the goodness of fit on the parame-
ters. The former introduces uncertainty in fitted parameters even if
the spectrum is perfectly known, whereas the latter introduces addi-
tional uncertainty due to the presence of noise. Associations be-
tween parameters due to these effects may cause age trends that
are not physiological in origin, so trends in parameters that are not
highly robust should be interpreted with particular caution.

Averaged across age, there were significant sex differences in to,
Geses Gesre, and Ggys : to and |G| were larger in females, whereas G
and |Gesy.| were smaller. These sex differences were small com-
pared to changes across the life span in either sex. Similarly, EEGs
depended less on sex than on age in a study of a large group of
healthy children and young adults (Matsuura et al., 1985). Average
values of «, 7, G, G, and p, did not differ significantly between
males and females. Although no significant sex difference in p,
was found across age, trends in females clearly leveled off to higher
values than in males during adulthood.

Parameter changes occurred most rapidly during childhood, and
trends generally leveled off and sometimes reversed around ado-
lescence. There were some sex differences in age trends besides
those in p,, which are more fully described below.

4.2. Synaptodendritic rate o

The average decay rate o for cell-body potentials in response to
synaptic inputs, and by implication also the rise rate g (since
B = 4o was imposed), decreased until about age 18, followed in
males by a slight increase.

Smaller values of & enhance the low-pass filter properties of the
synapses and dendrites, and correspond to less high-frequency
( = 30 Hz) activity in the EEG (Rowe et al., 2004). The relative con-
stancy of « for adults in our study suggests that increases in relative
high-frequency power with age in adulthood (Dustman et al., 1999)
are largely independent of changes in synaptodendritic rates.

Several factors may contribute to the observed trends in o. First,
a number of studies have found the total length of dendrites in the
human cortex to increase in childhood, over longer periods in fron-
tal than in visual areas (Becker et al., 1984; Huttenlocher, 1990), a
process that may continue even into old age in some areas (Buell
and Coleman, 1979, 1981). Unless the dendritic thickness increases
proportionally to the square of the length, this is expected to in-
crease the electrotonic length of neurons (Hill et al., 1994), leading
to larger effective time constants (Ascoli, 2003). Unfortunately,
investigations of dendritic thickness are sparse and rarely quanti-
tative, at best allowing the conclusion that dendritic thickness of
pyramidal neurons in certain cortical layers and areas increases
slightly at least until age 5 years (Koenderink and Uylings, 1995;
Petanjek et al., 2008).

Alterations in intrinsic membrane properties and numbers of
neurotransmitter receptors are also expected to affect o. Expanded
membrane surface and reduced capacitance have been suggested

to contribute to decreases in membrane time constants during
maturation (Tennigkeit et al., 1998; Warren and Jones, 1997), in
contrast with the trend in o until age 18 found here (note that o
is an inverse time constant). The expression of subunits of the
NMDA receptor, which mediates slow glutamatergic transmission,
reaches a peak in early development, after which it declines at a
decreasing rate (Magnusson et al., 2002; Ontl et al., 2004). This de-
cline is also expected to increase o.

A number of studies have reported shrinkage of the dendritic
trees of some neuronal types in adulthood (de Brabander et al.,
1998; Esiri, 2007; Jacobs et al., 1997; Uylings and de Brabander,
2002), which may contribute to slight increases in « in this age
range. On the other hand, Luebke and Rosene (2003) reported sig-
nificantly longer decay times of inhibitory postsynaptic currents in
hippocampal cells of aged compared to young monkeys. This was
tentatively attributed to changes in the subunit composition of GA-
BA4 receptors, as found by Gutiérrez et al. (1997) in rat cerebellum
and cerebral cortex. These effects would tend to decrease o, and
thus cannot account for the trends in adults seen in our study.
Therefore, these results merit further investigation.

4.3. Cortical damping rate y

A damped-wave equation for cortical activity was included in
the model based on experimental observations of spreading waves
of neuronal activity in response to localized stimulation (Chervin
et al,, 1988; Nunez, 1974; Schiff et al., 2007; Xu et al., 2007). The
parameter 7, representing the characteristic damping rate of such
waves, increased in both sexes until about age 20, after which
the trends leveled off, and even reversed in females.

Larger values of y are associated with sharper, larger-amplitude,
and slightly higher-frequency peaks in the EEG spectrum (Rowe
et al., 2004). Thus, changes in the damping rate of cortical waves
may contribute to the shift of alpha peaks to higher frequencies dur-
ing childhood (Hughes, 1987; Kooi, 1971; Niedermeyer, 1982; Som-
sen et al., 1997), and the narrowing of alpha peaks that was found by
Alvarez Amador et al. (1989) at the C3 electrode. Power augmenta-
tion due to larger y was offset by other parameter changes, including
reduced p, (see below), to yield a net decline in peak amplitudes, in
agreement with the literature (Niedermeyer, 1982).

Since 7 is the ratio of the average axonal propagation speed and
the typical range of cortical pyramidal axons, increased y is associ-
ated with faster transmission and/or shorter effective ranges
(although the characteristic range of pyramidal axons was fixed in
this study). Ongoing cortical myelination (Perrin et al., 2008; Sowell
et al., 2003) may contribute to increases in y throughout childhood
and adolescence by increasing axonal transmission speeds. How-
ever, the more rapid growth of white matter in boys than in girls
(Caviness et al., 1996; De Bellis et al., 2001; Perrin et al., 2008) did
not translate into greater slopes for y in our study.

A number of studies have found reductions in white matter vol-
ume during aging, especially from the fifth decade onward (Ge
et al., 2002; Miller et al., 1980; Piguet et al., 2009). Even in myelin
sheaths that continue to grow during aging, defects accumulate, and
thick sheaths are prone to splitting (Peters, 2002a; Peters, 2002b).
Myelin defects reduce conduction velocities along nerve fibers (Felts
et al.,, 1997; Gutiérrez et al., 1995; Xi et al., 1999). These effects may
have contributed to decreases in damping rates in women.

4.4. Corticothalamic loop delay t,

Averaged across the entire age span, the axonal delay t, was
slightly longer in females than in males. This delay depends on
the distance between cortex and thalamus, and velocities along
corticothalamic and thalamocortical fibers. Since females have
smaller brains on average (Caviness et al., 1996; Dekaban and



S.J. van Albada et al./Clinical Neurophysiology 121 (2010) 21-38 33

Sadowsky, 1978), our finding suggests that the propagation speed
along axons is more than proportionately smaller in females. This
may be related to the smaller percentage of white matter in female
compared to male brains (Cosgrove et al., 2007). Since the location
of the alpha peak in model spectra depends on the inverse of to,
this is expected to correspond to higher alpha peak frequencies
in males than in females. Males did consistently show slightly
higher peak frequencies across age and sites, except around age
20, when females had higher peak frequencies (not shown). Aver-
aged across age, we did not find significant sex differences in alpha
peak frequencies at the Cz electrode.

Our results contrast with the finding that alpha peak frequen-
cies are on average slightly higher in females than in males up to
age 12-13 (Petersén and Eeg-Olofsson, 1971), as well as averaged
over the entire life span (Aurlien et al., 2004). This discrepancy
may be partly explained by the fact that neither Petersén and
Eeg-Olofsson (1971) nor Aurlien et al. (2004) used spectral analy-
sis, and instead relied on time series (which leads to less precise
estimates, particularly since traces are modulated by lower-fre-
quency activity). Furthermore, Aurlien et al. studied patients with
various pathologies (mostly epilepsy), and selected the highest al-
pha frequency for each subject. All these factors make it difficult to
compare their findings with ours.

The decline in t, observed in males up to age ~15, and in females
up to age ~20, parallelled accelerated alpha rhythms. This corre-
sponds well with findings reported in the literature, as summarized
for instance by Petersén et al. (1975) and Klimesch (1999). An in-
crease in the frequency of the alpha peak from about 5-6 Hz to
10 Hz is observed in children between ages 1 and 15 years (Hughes,
1987; Kooi, 1971; Niedermeyer, 1982; Somsen et al., 1997). Our data
appear to confirm the finding by Petersén and Eeg-Olofsson (1971)
that the alpha rhythm increased in frequency faster in girls than in
boys. However, white matter volume has been reported to increase
faster in boys than in girls after age 6 (Caviness et al., 1996; De Bellis
et al., 2001; Perrin et al., 2008), in agreement with more marked
reductions in to in boys found here. This suggests that developmental
changes in alpha peak frequencies depend not only on white matter
growth, but also on other factors. Our results show less marked
reductions in synaptodendritic rates in girls than in boys, as well
as greater increases in the interaction strength between the thalamic
relay and reticular nuclei (|Gys|); both tend to enhance increases in
alpha peak frequency.

In both sexes ty increased into old age, associated with a gradual
reduction in the frequency of the alpha peak. These trends may be
linked to loss of white matter and accumulating damage to myelin
sheaths in adulthood (Peters, 2002a,b; Piguet et al.,, 2009). De-
creased alpha peak frequencies are consistent with some early
studies of aged individuals without organic brain disease (Hughes
and Cayaffa, 1977; Obrist, 1954), but were either not found in more
tightly controlled samples, or attributed to age-related pathologies
(Duffy et al., 1984; Duffy et al., 1993; Katz and Horowitz, 1982).
However, Klimesch (1999) noted that the absence of a significant
trend in alpha peak frequency reported by Duffy et al. (1984)
was due to a relative lack of change between 30 and 50 years,
whereas this frequency diminished by about 1 Hz between the
ages of 60 and 80. We also observe that slight decreases in the fre-
quency of the alpha peak may not have reached statistical signifi-
cance due to the relatively small sample (63 subjects) used by
Duffy et al. (1984). In agreement with our results, Aurlien et al.
(2004) found dominant alpha frequencies to decrease after age 45.

4.5. Gains
All gains except that for the loop between thalamic relay and

reticular nuclei, Ggs, had larger average absolute values in males.
More negative Gy corresponds to differences in qEEG measures

including greater absolute and relative beta power. Thus, the great-
er absolute and relative beta power in women than in men found
here and reported in the literature (Veldhuizen et al., 1993) may
be related to stronger interactions between the thalamic relay
and reticular nuclei in women.

On average, the absolute values of all gains except Gss dimin-
ished with age. The cortical excitatory gain G, decreased in child-
hood in both males and females, after which it increased in males
but stayed about constant in females. The greatest reduction in the
cortical inhibitory gain |G| occurred up to age ~20, and trends in
both sexes leveled off thereafter. Boys and girls showed opposite
trends in the corticothalamic loop gain G, which decreased in
the former but increased in the latter. The trend for females re-
versed around age 40. The gain for the corticothalamic loop passing
through the thalamic reticular nucleus, |G|, decreased mostly at
young ages in males, but mostly during old age in females.

Relative delta and theta power gradually diminished during
childhood, as also reported in the literature (Alvarez Amador
et al., 1989). Sensitivity analysis suggested that stronger interac-
tions between the thalamic relay and reticular nuclei (quantified
by Gss) contribute to reductions in relative low-frequency power
and increases in relative beta and gamma power. Reductions in
Ge tend to decrease relative delta power and increase relative beta
and gamma power, while reductions in |G,;| decrease relative theta
power. Increases in Ges. in girls, and decreases in |Gesre| in boys, may
contribute to reductions in relative delta power.

Reductions in G, may have a variety of causes. Extensive prun-
ing of excitatory synapses occurs in primate cortex during adoles-
cence (Gonzalez-Burgos et al., 2008). The density of NMDA
glutamate receptors decreases with age, and reduced cortical glu-
tamate content has been observed in aged animals (Segovia
et al,, 2001). Although decreased glutamate uptake may compen-
sate partly for the decline in glutamate release, these findings ap-
pear to support a reduction in Ge. It is particularly striking that G,
decreases until about age 40, found by Jacobs et al. (1997) to be the
age at which dendritic spine numbers in two cortical areas approx-
imately stabilize after marked reductions. These findings do not
explain the observed sex differences in trends in G, so this issue
deserves further exploration.

The observed decline in |G| during childhood is surprising,
since the number of GABAergic synapses increases in this period
of life (Heinen et al., 2003), and the brain becomes less vulnerable
to epileptic seizures (Camfield et al., 1996). Furthermore, Luebke
et al. (2004) found synaptic inhibition in the monkey prefrontal
cortex to increase with age. On the other hand, the open times of
GABA, receptors shorten during development, impairing inhibitory
synaptic transmission (Bosman et al., 2005). There is some exper-
imental evidence supporting the reduction in inhibitory cortical
interactions in adulthood found here. Poe et al. (2001) described
an age-related reduction in the numbers of putative inhibitory syn-
apses in layer 2 of rat somatosensory cortex. Furthermore, some
studies with transcranial magnetic stimulation have revealed re-
duced excitability of cortical inhibitory circuits with aging (Hort-
obagyi et al., 2006; Peinemann et al., 2001).

Early increases in |G| may be related to the growing ability of
reticular neurons to sustain bursts of activity (Tennigkeit et al.,
1998; Warren and Jones, 1997). In addition, substantial growth of
dendritic arbors occurs during maturation (Warren and Jones,
1997), possibly enabling more synaptic contacts to be established.
However, dendritic growth cannot account for continued increases
in |G| during adulthood, which is characterized by regressive pro-
cesses (Abe et al., 2008). Enhanced expression of metabotropic gluta-
mate receptors in the thalamus during aging (Simonyi et al., 2005)
may play a role in the observed trends in Gss. Loss of synapses may
explain the significant reductions in G, and |Ges| in adults found
here.
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4.6. Spectral power normalization p,

We found that the power normalization parameter p, was
slightly larger on average in females than in males, although this
difference was not significant at the 0.05 level. This accords with
the finding that the skulls of white males are slightly thicker at
the vertex throughout life than those of white females (Adeloye
et al., 1975), since thicker skulls cause greater attenuation of the
signal. However, no such differences were found in black subjects,
and females had thicker skulls than males at parietal and parieto-
occipital sites in the third decade and after age 60. Thus, different
findings for p, may be expected at electrode sites other than Cz.

The parameter p, diminished until age ~20, after which it
showed a slower decrease that was slightly more pronounced in
males. The negative trend in p, agrees with the decrease in EEG
amplitude with age found here and reported in the literature
(Aurlien et al., 2004; Hartikainen et al., 1992; Matousek et al.,
1967; Polich, 1997). EEG amplitude has been reported to increase
until 6-11 years and then diminish (Hughes, 1987; Petersén and
Eeg-Olofsson, 1971; Petersén et al., 1975). Similarly, closer inspec-
tion of our data revealed that p, only decreased systematically from
about age 10 onward. Due to the relatively small number of subjects
aged >80 years, it was not possible to verify from our data if power
increased again in the very old, as reported by Aurlien et al. (2004).

Increases in skull thickness in the first two decades of life
(Adeloye et al., 1975) may account for substantial decreases in
EEG power recorded on the scalp (Eshel et al., 1995). The reduction
in brain volume across the life span is also likely to be linked to
negative trends in p,. Most studies find that age-related atrophy
is more extensive in men than in women (Coffey et al., 1998; Cow-
ell et al., 1994; Gur et al., 1991; Tomlinson et al., 1968; Xu et al.,
2000), although the onset may be earlier in women (Hatazawa
et al., 1982; Hubbard and Anderson, 1983). Greater changes in
peripheral and lateral fissure cerebrospinal fluid volume were also
observed in men than in women between 65 and 95 years of age
(Coffey et al., 1998). These results accord with the steeper slope
in p, for males compared to females aged = 20 in our study,
although the difference in age correlations was not statistically sig-
nificant. Reductions in total power across the life span were also
slightly greater in men than in women.

4.7. Outlook

This study has shown that mean-field modeling of brain electri-
cal activity presents a viable alternative to classical qEEG, enabling
physiological information to be extracted from EEG spectra. The
large number of subjects (1498) allowed reliable estimation of
average age trends, even with large inter-individual scatter. The
average parameter values for healthy individuals across age pro-
vide a standard against which clinical groups may be compared.

The model parameters describe large-scale properties of the
brain, and as such provide different information than that afforded
by most invasive techniques. Moreover, the connection with
physiology is an advantage over many other noninvasive tech-
niques. Furthermore, model spectra match most features of empir-
ical spectra, and thus capture most of the information present in
absolute and relative band powers and alpha peak frequencies,
but contain additional information about spectral shape within
bands. Thus, the method presented allows questions about age-
related changes in the properties of the brain to be answered that
are not readily addressed using other methods.

The cross-sectional design has the potential disadvantage that
the results are affected by differences across generations, for in-
stance due to changes in nutrition or education. However, a longi-
tudinal study of the age range considered here would take at least
80 years to complete, rendering this approach highly impractical.

Parallels between age trends in fitted model parameters and
known physiological trends provide evidence that the physiologi-
cal interpretations made of model parameters are plausible. For in-
stance, decreases followed by increases in axonal delays accord
with white matter growth during childhood and subsequent accu-
mulation of myelin defects. Similarly, acceleration of axonal con-
duction due to myelination may account for increases in the
damping rate of cortical waves during development. Furthermore,
reductions in absolute gain values plausibly reflect synaptic prun-
ing processes. However, there are also discrepancies between
parameter trends and known physiological changes. For instance,
a number of empirical studies suggest increases followed by de-
creases in synaptodendritic rates, opposite to our findings. It is
hoped that the comparisons presented here will help to spur on
further development of realistic models of EEG generation.

An identical subject set will be used to compare our results with
data on alpha peak morphology (Chiang et al., 2008), model fits to
EPs (Kerr et al., 2008), and EP deconvolution parameters (Kerr
et al.,, 2009), eliminating important sources of experimental bias
and uncertainty. It would also be desirable to compare the Cz data
presented here with data from other electrodes, to assess differ-
ences in aging processes across brain regions. In addition, it will
be possible to determine links with genetics and measures of gen-
eral and social cognition using data from the Brain Resource Inter-
national Database (www.brainresource.com) (Gordon et al., 2005).
Great advantages of this standardized database are its size, diver-
sity of recording modalities, and the uniformity of exclusion criteria
and experimental conditions. Convergent evidence from different
modalities will help to elucidate some of the links between the
physiological substrates and functional aspects of brain aging.
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Appendix A
A.1. Mathematical description of model

With each neuronal population we associate a pulse rate field,
which is a continuum estimate of the average rate of incoming ac-
tion potentials for that population. The pulse rate field is denoted
¢4 (r,t), where r is a spatial coordinate within each neuronal popu-
lation, and the subscript a represents the relevant population. For a
given receiving population, the contributions of all afferent popu-
lations are weighted by the relevant connection strengths and
summed. Dendritic and synaptic delays are modeled using a sec-
ond-order differential equation that incorporates characteristic
rise and decay rates of the membrane potential, respectively de-
noted B and o. The equations for dendritic and synaptic summation
and integration are then (Robinson et al., 1997, 2002)

Dup(t)Va(X,t) =Y Vapehy (T, — Tap), (5)
b
1 ¢ /1 1\d
Dt = 5 g2 (a ) ©
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where V, is the average cell-body potential of population a,
Vap = NgbSp are connection strengths consisting of the unitary syn-
aptic strength s, and the number of synapses N, from neurons of
type b per type a neuron, and 7, is the relevant axonal delay. The
axonal delay for a full loop between cortex and thalamus is denoted
to. The total delay necessary to complete a corticothalamic loop de-
pends also on dendritic and synaptic integration times, and is
slightly longer than ty. In our model, the inverse of this total delay
determines the location of the alpha peak in the frequency spec-
trum (Robinson et al., 2002).

When fitting to empirical spectra, a reduction in the number of
independent parameters is achieved by setting o = /4, which
agrees roughly with experimental results (Rowe et al., 2004). The
number of fitted parameters is further reduced using the propor-
tionality of the total number of synapses between two populations
to the numbers of sending and receiving neurons, which holds
approximately in the cortex (Braitenberg and Schiiz, 1998; Robin-
son et al., 2001a; Wright and Liley, 1995). Hence, the number of
synapses per cortical neuron depends only on the afferent popula-
tion, implying N, = Nj, and G, = Gy, for b = e,i,s (note that we
have approximated unitary synaptic strengths s, as depending only
on the sending population).

The outgoing firing rate field depends on the cell-body potential
via a sigmoidal function, which results from the contribution of
neurons with different firing thresholds. We use (Robinson et al.,
1997, 1998, 20014, 2003),

Qmax

Qq(r, ) 1+exp[-(Va—0)/07]’

= S[V(r, t)] =

(7)

where Q. is the maximum firing rate, 0 is the average threshold
potential, and 6/7t/+/3 is the standard deviation of firing thresholds
(Wright and Liley, 1995). The version of the model used in the pres-
ent study imposes equal values of Q ., 0, and a7 for all components,
which may be interpreted as average or effective values.

The cortex is modeled as a two-dimensional sheet (parameter-
ized by r) owing to its relative thinness. Many experimental stud-
ies have shown that localized cortical stimulation leads to waves of
neuronal activity spreading across the cortex (Chervin et al., 1988;
Nunez, 1974; Schiff et al., 2007; Xu et al., 2007), a feature included
in a number of earlier models (Beurle, 1956; Bressloff, 2001;
Bressloff et al., 2003; Jirsa and Haken, 1996; Jirsa and Haken,
1997; Nunez, 1995). We use a damped-wave equation for the
excitatory pulse rate field (Robinson et al., 1997; Robinson et al.,
1998; Robinson et al., 2001a; Robinson et al., 2003),

2
St 171V 40 = Qe (®)
where isotropy and homogeneity have been assumed, r, is the char-
acteristic range of pyramidal axons, y = v, /r, is the damping rate of
cortical waves, and v, represents the axonal propagation speed. The
typical range of axons within the remaining populations is taken to
be short enough to ignore wave propagation effects, allowing us to
set ¢, (r,t) = Qqu(r,t) for a =1i,s,r, which has been termed the local
activity approximation (Robinson et al., 2004). The signals from
these populations therefore influence their targets via delayed
one-to-one mappings.

Setting the spatial and temporal derivatives in Egs. (5) and (8)
to zero yields an odd number of uniform fixed points ¢{” = Q?,
usually one or three (Robinson et al., 2002). Stable fixed points rep-
resent steady states to which the system settles down unless per-
turbed. For physiological parameters we expect a low-firing-rate
steady state, around which small perturbations can be described
using a linear approximation,

Qulr.t) = Q) + py [Valr.0) = V{7, ©)
po = an(ll:y? o (10)
{1 Qma} (11)

where V' is the steady-state value of the mean membrane poten-
tial (Robinson et al., 2004), and p is the derivative of the sigmoid at
steady state. Henceforth denoting V, — V¥ simply by V,, and simi-
larly for Q, and ¢,, Fourier transformation of Egs. (5), (8), and (9)
yields (Robinson et al., 2001a)

Qu(k, @) = pVa(k 0), (12)
)Y Gy (K, 0)e ", (13)
b
{(1 —f;—:>)2 e "”}qﬁe(k )
= (cortical excitatory neurons), (14)
q’)ﬂ (1(7 w)
(all other populations),
where
io\ ™! iw) ™!
L(w) = (1 7?> (1 7?) . (15)

Here, k and w denote wavenumbers and angular frequencies, and
Ga» = p,Vap are linear gains representing the number of additional
pulses out per additional pulse in. Egs. (13) and (14) allow us to de-
rive a linear transfer function ¢,(k, w)/¢,(k, ®) describing the cor-
tical response to input from underlying structures. For the neuronal
connections in Fig. 2, the transfer function is (Robinson et al., 2002,
2004)

¢e(l 70)) = (k CL)) 1 Gescsaneiwto/z (16)
(bn(l 760) (]<2 + qz)rg (] _ Gsrst)(l — GeiL) )
i\ 2 2\ e
20 (4l L (GeseL + Gesrel?)ei®to
= (1-5) e {G“' e |

where we have defined Ges. = GG, for the direct corticothalamic
100p, Gesre = GesGs:Gre for the indirect corticothalamic loop passing
through the reticular nucleus, and Gy = G G5 for the intrathalamic
loop between relay nuclei and the reticular nucleus. We see that the
cortical signal depends only on these gain products, which can be
interpreted as being distributed around loops rather than localized
to single populations.

A.2. Frequency spectra

The EEG is the result of dendritic and synaptic currents of many
cortical neurons firing in partial synchrony (Nunez, 1995; Ray,
1990). Excitatory pyramidal neurons are the largest and most
aligned among cortical neuronal types, and are thus expected to
dominate the signal (Nunez, 1995; Robinson et al., 2001a). Further-
more, the EEG is thought to depend much more strongly on excit-
atory synaptic input to apical dendrites of pyramidal cells than on
inhibitory input to basal dendrites. One reason for this is that the
basal dendrites are closer to the relatively conductive cell body,
causing dipoles to arise only over small distances. In addition, basal
dendrites are less aligned than apical dendrites, and their synaptic
actions are less layer-specific (Mitzdorf, 1985; Towe, 1966). We
can therefore approximate the dendritic and synaptic currents
responsible for EEG fluctuations as being roughly proportional to
the pulse rate field ¢,.
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The frequency spectrum measured on the scalp is a low-pass fil-
tered version of that on the cortical surface, due to volume conduc-
tion attenuating the large-wavenumber content of the signal, and
the association of large wavenumbers with high frequencies. Fur-
thermore, the signal measured on the scalp contains a contribution
from the muscles. For the purpose of model fitting, input from
underlying structures is approximated as spatiotemporal white
noise, represented by a constant modulus and random phase in
the Fourier domain, |¢, (K, w)|* = |¢,|*. This is consistent with evi-
dence that EEG activity often has the properties of filtered noise
(Lopes da Silva et al., 1974; Stam et al., 1999), and has proven to
yield realistic spectra in previous works (Robinson et al., 2001a,
2003). Although boundary conditions have only small effects on
the cortical spectrum (Robinson et al., 2001b), they were found
to improve fits in some cases (Rowe et al., 2004). For a two-dimen-
sional rectangular cortex of size L, x L,, the spectrum can be writ-
ten as a sum over a discrete set of wavenumbers taking the form
(Rennie et al., 2002; Rowe et al., 2004; van Albada et al., 2007)

Pipe(®) = Pepc(@) + Pewc(w), (18)
2 2 2

|, L elwto/z

Puctoy = gz | L'e (19)
r2 (1 - GasL?)(1 — Geil)
2 Himtg /2 2

=107 L 2, (20)

(1= GysL?)(1 — Gail)

2 MN K /K
=TT e e1)
X=y mn=—M,-N |kmnr523 + qzrg‘
(/)

Peyic(w) = Agmc (22)

1+ (w/opme) ]

where the theoretical spectrum Py, (), which is a sum of EEG and
electromyographic (EMG) components, is matched to the empirical
spectrum via 1 uV? Hz~! m~2 = 1. Furthermore, kj is a cut-off wave-
number for filtering by cerebrospinal fluid, skull, and scalp, which is
taken into account via exp[—k>,,/k%], and the discrete wavenumbers
are given by

2mm 27n
l(mn: < LX 7?) (23)

The EMG component has a maximum of Agyc/4 at wewc, taken to be
27x (40 Hz). The amplitude Agyc is determined along with the
other model parameters, but is not further considered here since
we are interested in the activity of the brain itself. The parameter
Po appearing in Eq. (20) provides a normalization for the spectrum
without affecting its shape.
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