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We present a non-invasive technique which allows the ariabiocalization of phase synchro-
nized neuronal populations in the human brain with magmeigghalography. We study phase
synchronization between the reconstructed current salenesity (CSD) of different brain areas
as well as between the CSD and muscular activity. We askedstdjects to tap their finger
in synchrony with a rhythmic tone, and to continue tappinthatsame rate after the tone was
switched off. The phase synchronization behavior of bragas relevant for movement co-
ordination, inner voice and time estimation changes dralfi when the transition to internal
pacing occurs, while their averaged amplitudes remain amgpéd. Information of this kind
cannot be derived with standard neuroimaging techniglesfilinctional magnetic resonance
imaging or positron emission tomography.

1 Introduction

Phase synchronization occurs in periddi@and chaotic oscillatofs and has been found
in various physicdland biologicat ’ systems. In animals, phase synchronization has been
demonstrated to be a fundamental mechanism for motor d&ntAative neuronal pop-
ulations in the brain generate currents which, in turn, poeda magnetic field that can
non-invasively be measured by means of magnetoencephalog{MEG) with a time
resolution in the millisecond range. Phase synchroninatém be detected in noisy, non-
stationary MEG signafs However, the spatial resolution of this approach has sbdan
severely limited, since MEG sensors measure the magndtafiéch may originate from
different brain areas. To study normal brain function ad aelpathological synchroniza-
tion (e.g., in Parkinson’s disease and epilepsy) a cormegtoanical localization of syn-
chronization processes is crucial. For this reason we haveloped the synchronization
tomograph$, a method which allows a reliable 3D-localization of phagectronization
in the human brain with MEG.
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We first reconstructed the cerebral current source dejisity), which generates the
measured magnetic field, in each volume element (voxel)ifarrees ¢ with magnetic field
tomography (MFTJ. x denotes the spatial coordinates representing the centevatel.
We then analyzed phase synchronization voxel by voxel: Teafleerebro-muscular syn-
chronization(CMS) we determined phase synchronization between the utarsactivity
recorded with electromyography (EMG) aj(c, ¢) in each of the voxels representing the
brain. To detecterebro-cerebral synchronizatigftCS) we determined phase synchro-
nization ofj(x, ¢) in all pairs of voxels.

We applied our approach to study internal rhythm generatiduman$. The latter
is essential for performing rhythmic movements withouteemal stimulus, e.g., during
locomotion or skilled actions like playing musical instrents. We performed a paced
finger tapping (PFT) experiméfif where subjects are first asked to tap with their index
finger in synchrony with a periodic train of tones (externatipg). After discontinuing
the tones, the subjects then have to continue the tappihg abime pace (internal pacing),
by generating the rhythm alone.

Behavioral studies of movementtiming in PFT studies reaeéah internal timekeeping
system which appears to be independent of feedback meatg&hiand which is severely
impaired after cerebellar damdger in Parkinson’s disea& Brain areas active during
PFT were localized with functional magnetic resonance im@a¢fMRI), which detects
neuronal activity indirectly by measuring an increase @ thood oxygenation levEl.
However, as yet, synchronization processes could not lesiigated because of the lim-
ited time resolution of fMRI. In contrast, by applying oum&hronization tomography to
MEG signals recorded during a PFT experiment, we revealltbtit CMS and CCS are
remarkably different during external vs. internal pacivdg show that the synchronization
behavior of relevant brain areas changes drastically whetransition to internal pacing
occurs, while their activation (i.e. averaged amplitudesimilar under both conditions.

2 Experiment

We performed MEG and EMG measurements during a PFT experimdaur healthy
male subjects. During the first minute the subjects had tavidtptheir right index finger
in synchrony with an external cue administered at 2 Hz (esepacing). During the
second minute the external pacing was terminated, and thjects had to continue the
tapping with the same rate as during the first minute (inigraaing).

3 Magnetic Field Tomography

The magnetic field was registered with a whole-head magrettaraystem (Magnes 2500
WH, 4D-Neuroimaging) with 148 SQUIDs (sensors). With magnéeld tomography
(MFT)® we determined the cerebral current source derjsityt) in a single run mode,
for each timet separately, on a supercomputer (Cray T3E). TtheSQUID measures the
signal

my(t) = /Q B f5()j(x.1) 1)
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wheref;(x) is the sensitivity profile of thgth SQUID, and) is the source space (a spheric
segment fitted to a hemisphere of the brain).

M
i) =D ai ()i (x)w(x) , @
j=1
where the sum runs over all SQUIDs, andt), . . ., ax(t) have to be determined:(x) is

an exponential weight function decreasing from the cewténé surface of the brain. For
each individual brainu(x) is calibrated with simulated data to achieve an optimaliapat
resolution for both superficial and deep cerebral currérits.signal of thgth SQUID can
be written as

M
m;(t) =Y Pprax(t) , 3)
k=1
where
. /Q &2 1) fi()w(x) (4)

A stable regularization technique yields(t). The spatial resolution is improved by per-
forming one iteration after replacing(x) — w(x)|j(x, t)|. We apply MFT to the left and
right hemisphere separately.

4 Phase Synchronization Analysis

Let us recall how to deteet::n phase synchronization in noisy non-stationary scalar sig-
nalss; ands»®: We compute the instantaneous phasef s; with the Hilbert transforri
and introduce the cyclic relative phase

Upm(t) = on.m(t) modl , (5)
where
pum(t) = " 1020) ©

is the normalizedh:m phase difference. Phase synchronization is charactebigeate
appearance of peaks in the distributionlof ,,,* and quantified by comparing the actual
distribution of ¥,, ,,, with a uniform oné: As the data are non-stationary, we perform a
sliding window analysis and determipg ,,,[s1(t), s2(¢)], then:m synchronization index
of s; andsz evaluated in the windowV (¢) = [t — T'/2,t + T'/2] according to

prmlor(1) ()] = 220 )
where
N
S(t) = *Zpk In py, (8)
k=1

is the entropy of the distribution oF,, ,,, in W (¢), andp;, denotes the relative frequency
of finding ¥, ,,, within the kth bin. S,,,. = In N, whereN is the optimal number of
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bins'. 0 < pumlsi1(t),s2(t)] < 1 holds for allt, wherep,,, = 0 corresponds to a
uniform distribution (no synchronization) apd,,, = 1 to a Dirac-like distribution (perfect
synchronization).

Thesynchronization index between a scalar sigs(@) (like the electromyographically
recorded muscular activitgnd a vector signaj(x, t) = [j1(x, ), j2(x, t), j3(x, t)] (with
fixedx) is

Pran[8(8),3(¢, )] = X pm[3(8), i (3, 1)] (©)

This definition reduces the impact of the coordinate systearientation on the synchro-
nization index. In contrast,

ﬁn,m[ (t)u] X, ﬁ J anm Jk X t)] (10)

would be "artificially’ small, when one or two coordinatesjofanish due to the orienta-
tion of the coordinate system. Analogously, gymchronization index between two vector
signals the currentg(x1,t) andj(xs, t) (with fixedx; andxs), reads

3

ﬁn,m[j(xlv t)aj(x% t)] = I}lzalx ﬁn,m[jl (Xla t)vj(XQa t)] (11)

We registered the EMG from two antagonistic muscles, thw flgxor digitorum mus-
cle (RFM) and the right extensor indices muscle (REj, t) and the EMG signal were
filtered with a bandpass corresponding to the main EMG frequeomponent (1-3 Hz,
denoted ag Hz-bandbelow, Fig. 1). Subjects were able to maintain the 2 Hz-tagpiter
discontinuing the tones (Fig. 1c). Apart from the frequepegk in the 2 Hz-band, in sev-
eral brain areaj(x, t) also displayed a peak in the 3-5 Hz range (denotetitdz-band
(Fig. 1). Hencej(x, t) was additionally filtered with a bandpass extracting the 4ldad
(Fig. 1). To avoid spurious detection of synchronizatiom prepare surrogates by re-
placings(t) andji(x,t) by white noise signals(t) andvy(x,t) filtered with the same
bandpass filters as used for the original sighale 99" percentiles of the distributions
Of fm [u(t), vk (x, t)] @Nd pp, m [v1(x1, 1), vk (x2, )] Serve as confidence levelg ,,, and
P m Which are subtracted from (9) and (11):

o l5(0),3%, )] = i max{ o ml5(0), 310, 0] = p2,, 00 (12)

belongs as significant synchronization index to (9) and
. . 3 - . )
pn,m[.](xlat)v.](x27t)] iIllEl max{pn,m[]l(xlvt)ajk(XQat)] - pS,mvo} (13)

to (112).

5 Amplitude Dynamics
Additionally we study the amplitude dynamics jik, ¢) in all areas engaged in CMS or

CCS processes. For each voxel with non-vanishing synchaition indices (9) or (11) we
filter ji(x,t) with the same bandpass filters as used for the CCS or CMS #@allise
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Figure 1. Time-dependent power spectral density in dB (a@nobriginal MEG signal from a channel over the
left sensorimotor cortex (SMC), (b) of the strongest congmrof the cerebral current source dengitfrom
SMC, (c) of the preprocessed EMG signal of the right flexoitdigm muscle after standard preprocessing, i.e.
highpass filtering ¥ 30 Hz) followed by rectification (where — |z|), applied to extract the burst activity, and
(d) of the strongest component pfrom the secondary auditory cortex. Yule-Walker algoritfwith window
length= 12 s, step size- 1.3 s.

Hilbert transform* yields Ay (x, t), the instantaneous amplitude of the bandpass filtered
Jr(x,t). Theaveraged amplitude

_ 1 [tT/2
0=F |y,

3

1/2
> AR (x,o] dg (14)

k=1

of j(x,t) is obtained by averaging over the same windéit) = [t — T/2,t + T/2] as
used for (9) and (11).

6 Test Smulations

To rule out spurious synchronization introduced by the isggechniqu¥ we have tested
our approach in detail with simulated data. To simulate anbttaythm we use the Rdssler
system

b =-wh-&G+u, (15)
€y = wéi + 0.15¢, (16)
€3 =02+ &(& —10), (17)

with w = 1, Gaussian white noiséu(t)u(t')) = 26(t — ¢'), and Euler’s technique with
time stepA¢ = 27/1000 (see Ref. 5). The x-coordinage of the Rdssler system serves as
time course of a current with time-independent orientatind locationx,, positioned in
the sensorimotor cortex (SMC) of a real brajxo, t) = h&1 (¢), j(x,t) = 0 for x # xo.
For each time we calculate the corresponding magnetic field. To model inaahoise,

to each MEG signal we add Gaussian white noise (delta-edectin time, uncorrelated
between sensors). For these simulated signals we corputerom Eg. (9) betweed;
and all voxels. For a wide range (from 0.1 to 10) of the signathoise ratio between arti-
ficial magnetic field and machine noise our method robustigliaes the area of strongest
synchronization with¢; close tox, (Fig. 2a). The synchronization tomography works
comparably well in case of two or three coupled Rosslersgstserving as sources for the
magnetic field.
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Figure 2. Simulation(a): A simulated current with time courge and fixed locationxy and orientation (*~")
generates a magnetic fieldko is reliably detected with the 1:1 synchronization index @weené; from
equation 15 and all voxelsExperiment[(b)—(d)]: Synchronization indicep;.2 from Eq. (12) between the
EMG of the right flexor digitorum muscle (RFM) (2 Hz-band) awmain currents (4 Hz-band) [(b), (c) during 1st
minute], andp;,1 between RFM (2 Hz-band) and brain currents (2 Hz-band) f{dding 2nd minute]; window
lengthT = 60 s. Areas with local maxima gf1,2 andp1,1 are shown in corresponding coronal and transversal
brain sections: left secondary auditory cortex (AC), leftabellum (LC), left premotor cortex (PMC), and left
sensorimotor cortex (SMC).

7 Experimental Results

In Figs. 1-3 we demonstrate the results of one of the subjsicise all subjects showed
consistent results. Strong 1:1 or 1:2 synchronization betwmuscular activity and brain
currents is found in the left premotor cortex (PMC), left s@rimotor cortex (SMC, con-
sisting of primary motor and primary sensory cortex), left@andary auditory cortex (AC),
right secondary auditory cortex (not shown in Fig. 2) and ¢efebellum (LC) (Fig. 2).

Neither within nor between these areas do we find 2:1 phasghsynization between the
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2 Hz- and the 4 Hz-band. This indicates that the 4 Hz-band igusbt a harmonic of
the 2 Hz-band, but a functionally separate oscillatioAccordingly, the time dependent
synchronization behavior of the 2 Hz- and the 4 Hz-band fedifit (Fig. 3d—f).

Only one synchronization process, namely 1:1 CMS betweév &k SMC, strongly
decreases after discontinuing the tones, while 1:2 CMS dmtvRFM and SMC remains
strong throughout the experiment (Fig. 3d). The 1:2 CMS betwRFM and SMC ob-
served here might be sufficient for realizing the maintaiakernating muscular action,
while the 1:1 CMS between RFM and SMC might be a correlate tomg proprioceptive
feedback. In contrast, all other synchronization processe particularly strong during
internal pacing: (i) 1:1 CMS between RFM and LC (where thatrigerebellum is respon-
sible for pure sensorimotor processing for the right fingeigy. 3e), (ii) synchronization
between AC and muscular activity and between AC and SMC asaséddetween AC and
PMC (not shown, all similar to Fig. 3f), (iii) 1:1 CCS betwe8MC and PMC (Fig. 3f).
Thus, an increase of synchronization (both CCS and CMS)umg areas relevant for
time estimation (LC), movement coordination (PMC, LC), amuer voice (AC}® appears
to be the correlate of an internal clock during internal pgci

PMC and SMC are joined in Fig. 2a, but can be separated bygafkin account the
averaged amplitudel from (14): A is high in both areas and low in between. Similar
results as in Figs. 2 and 3 are obtained with the right extandices muscle as reference.

(a) - ; —e (d) g 02

:

£ 01
0 [0}
(b) - | (e) g 02
2 I e 50.1
| = S A VY
© (M) «
< S S O
% .60 120 % A. 60 120
time (s) time (s)

Figure 3. (a)—(c): Averaged amplitude$ of the current source density from (14) in arbitrary unitstiod

2 Hz-band (1-3 Hz, bold line) and the 4 Hz-band (3-5 Hz, thie)iof SMC (a), of LC (b), and of AC (c).
A of PMC is similar toA of AC. Brain/muscle-synchronization (CMS) in (d), (e): CM&tween RFM and SMC
(d), RFM and LC (e) as assessed with the synchronizatiorcésdirom Egs. (12) and (13). Synchronization
index p1,1 for the 2 Hz-band of both muscle activity and brain currebtsdd) andpz,1 for 2 Hz-band of muscle
activity and 4 Hz-band of brain currents (thin). 1:1 bramaib-synchronization (CCS) between SMC and PMC
(f): p1,1 for the 2 Hz-band (bold) and for the 4 Hz-band (thin) of therents of both areas. No 2:1 CCS within
or between brain areas was found. (a)—(f): window lerith 20 s.

8 Discussion
We have presented a method which makes it possible to aratyribcalize phase syn-

chronization in the human brain. To this end, with MEG we fiorasively measure the
magnetic field which is produced by active neuronal popotteti Then, with MFT we
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reconstruct the cerebral current source density undertyia measured magnetic field. Fi-
nally, we study phase synchronization voxel by voxel: Onahe hand we study cerebro-
muscular synchronization by investigating phase syndbadion between the muscular
activity recorded with EMG and the cerebral current sourensity in each of the vox-
els. On the other hand, by detecting phase synchronizatialh pairs of voxels, we study
cerebro-cerebral synchronization.

In a first experiment we applied the synchronization tomplyato a paced finger
tapping experiment, which aims at investigating the meismas that are relevant for in-
ternal rhythm generation. We revealed that phase synchation of brain areas relevant
for movement coordination, inner voice and time estimatibanges drastically when the
transition from external to internal pacing occurs, whileit averaged amplitudes remain
unchanged.

The 1:2 CMS we observed might be due to two anti-phase synited neuronal
populations which activate flexor and extensor muscle radtérgly, as also observed in
Parkinsonian tremér Due to the limited spatial resolution of MEG, MFT reconstaua
4 Hz-oscillation which is a superposition of two 2 Hz-osibns originating from non-
separable sources.

Our results are robust with respect to variations (i) of tiges of the FIRCLS band-
pass filter® of +0.5 Hz and (ii) of the window lengtii" between 15 s and 60 s. For
the 2 Hz-band and the 4 Hz-band, completely independenalsigvith the same spectral
bandwidth give a diffusion of their instantaneous phaskidihce of approx. 2 radians/s.
This indicates that spurious synchronization can be ado&delong as the window length
T is greater than 15 s. Our findings were additionally confirfmgdnalyzing the signals
filtered with broader bands (e.g., 1-5 Hz)andm of ¥,, ,,, were chosen according to the
prominent peaks in the spectra (Fig. 1).

Our method is superior to linear coherence, the standatdrtaeuroscience for the
study of synchronization: (a) Coherence is not equivalemqthtase synchronization, and
oscillators may have coherent signals without being phasehsonized S. In particular,
linear coherence cannot distinguish between phase symightmn and linear superposi-
tion. To illustrate this issue, we recall that each MEG senseasures signals originat-
ing from more than one brain area, so that MEG signals arafisgperpositions of;. A
simple model of MEG signals picked up over remote sourcesss(1 — ¢)s; + £s2 and
b =es1 + (1 — &)s, with small and positive, wheres; ands; are the signals originating
from these sources: andb are significantly coherent evendf ands, and, thus, alsa
andb are not phase synchroniZzed his leads to a spatial overestimation of synchronized
MEG channels, when coherence is applied

Analogously, the linear superposition effect applies ® riaconstructed cerebral cur-
rent source densitj(x, t). Consequently, coherence leads to a distinct spatial stiera-
tion of CMS and CCS processes. (b) Coherence is not ablettoglissh between different
types ofn:m synchronization. In contrast, we found that even withinngls brain area a
2 Hz- and a 4 Hz-rhythm may coexist which are functionallyasefe (i.e. the two are not
1:2 synchronized), and which behave completely differencerning theid : 1 and1 : 2
CMS (Fig. 3d). (c) Coherence cannot distinguish betweenlitidp and phase dynamics
(cf. Fig. 3d).

Remarkably, the activity, i.e. the averaged amplitudex, t) of the cerebral currents,
hardly changes during the experiment in all relevant braéas (Fig. 3a—c). A large am-
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plitude A from (14) corresponds to high changes in the blood oxygendével found
with fMRI*3. Not the activity of brain areas associated with movemeatdioation, inner
voice, and time estimation, but their phase synchroninatiehavior is related to inter-
nal rhythm generation. The latter, though crucial with relga the biological question at
hand, would escape from detection with fMRI or positron esiois tomography (assessing
brain metabolism or neurotransmitter distribution) arndist demonstrates the important
functional insight that can be gained with the synchromimatomograph§. In addition,
our method may also be applied to study the spatiotemporabdpof excitation in the
heart and, particularly relevant for cardiac arrhythmihs, synchronization of patholog-
ical re-entry processes which can be detected with magaetiography (but not with
electrocardiography).
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