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Abstract

Our simultaneous magnetoencephalography and di�use optic al imaging measurements in �ve subjects during
median nerve stimulation show a good correlation of the hemodynamic evoked response with MEG deection N20
and Peak 3, but not with P35.
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1 Introduction
Even though all of the recently developed non-invasive functional brain imaging techniques, including electroen-
cephalography (EEG), magnetoencephalography (MEG), positron emission tomography (PET), functional magnetic
resonance imaging (fMRI), and di�use optical imaging (DOI) , can reect neural processes, the signals that they
measure originate from di�erent sources. EEG/MEG signals are closely related to postsynaptic currents and local
�eld potential, whereas PET/fMRI/DOI signals reect brain activity indirectly through local changes in oxygen
consumption, cerebral blood ow, and cerebral blood volume. While recently a large e�ort has been devoted to
study the relationship between the electrical and vascularevoked responses in small animals using invasive tech-
niques [3], only few studies have investigated the neurovascular coupling in humans using the above non-invasive
imaging techniques. This is mostly due to the di�culties in a cquiring data simultaneously from two or more of these
modalities. Despite its relatively low spatial resolution and limited depth penetration, DOI o�ers the advantage to
be easily acquired together with EEG or MEG. In this work, we investigate the neurovascular coupling through a
simultaneous acquisition of MEG and DOI for normal subjectsin somatosensory experiments with varying duration
of stimulation.

It has been shown that the somatosensory stimuli activates acomplex cortical network [5]. The �rst activation
of the contralateral primary sensory cortex (SI) peaks around 20 ms and continues over 100 ms; the secondary
sensory cortex (SII) activates bilaterally around 70 ms andlasts up to 200 ms, during which the posterior parietal
cortex may also activate. The SI hand area on the posterior wall of the central sulcus is relatively super�cial and
is easily seen by both MEG and DOI. In contrast, SII lies at the inferior areas of the central and post-central sulci,
which belongs to the deep region of the highly folded cortex,and its activity is thus problematic to detect with
DOI. Hence, in this study we focus on the SI responses. In particular, we are interested in the relationship between
oxy- and deoxy-hemoglobin concentration (HbO and HbR, respectively) and the three MEG deections consistently
measured across subjects in cSI. The earliest deection, N20, peaks at 20 ms after the stimuli onset, and it is caused
by a ow of the intra-cellular current from deep towards super�cial layers. The next deection, P35, has opposite
polarity and peaks at 30-35 ms after the stimulation, reecting net intra-cellular current from surface to depth in
the SI cortex [8, 10]. Finally, another positive deection robustly occurs in the SI response after P35m, and we
will name it as Peak 3. This deection has a larger variation in the temporal signature, and its origin is not well
documented in the literature. With simultaneous MEG and DOI measurements we are able to test the linearity and
time invariance of the transformation from neuronal to vascular response. Moreover, we are able to compare the
contribution of individual MEG deections to the hemodynam ic response. By limiting the consideration to speci�c
temporal features of the MEG response, we believe we can isolate the part of neuronal activity that causes the local
hemodynamic response measured by DOI.

2 Materials and Methods
Trains of median-nerve stimuli (slightly above motor threshold, current < 10 mA, 0.2 ms pulse duration, 4 Hz
repetition rate) were presented to �ve normal subjects at the right wrist according to an event-related protocol, with
a random inter-stimulus interval (ISI) varying between 2 and 18 seconds (mean 12 s). The train durations were 1,
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2, 3, and 4 seconds, corresponding to 4, 8, 12, or 16 stimuli, respectively. These four conditions were presented in a
random order in each of the six runs (six minutes per run), with a 2-minute rest period between consecutive runs.

DOI data were acquired with a multi-channel continuous-wave optical imager (CW4 system, TechEn Inc.), de-
scribed elsewhere [4]. The probe consisted of two rows of 8 detectors separated by a row of 9 sources each with two
lasers emitting at 690 and 830 nm for a total of 32 source-detector channels (3 cm separation). The probe covers an
area of 15� 6 cm2 and was positioned to extend from left frontal to left parietal areas with center above C3. The
optical sources and detectors had a low pro�le (1 cm thickness) to �t the probe in the space between the head of
the subject and the MEG dewar. MEG data were acquired simultaneously with the optical data using a 306-channel
Neuromag VectorView system. Position of the optical probe and four head-position indicator coils were digitized
before each measurement with a 3D magnetic digitizer (Polhemus) co-registration with MRI structural images of the
subject head.

In a separate session, MRI anatomical images were collectedwith a Siemens Avanto 1.5 T scanner with a T1-
weighted sagittal MPRAGE protocol. These data were employed to extract the inner skull surface for boundary-
element model, which is employed in the dipole �tting for SI responses.

We obtained current source dipoles and their correspondingtime courses from a standard dipole �tting proce-
dure [9]. Dipole �tting was separately performed for the evoked responses of each of the four duration conditions,
using a selection of MEG channels covering an area above the left SI cortex at 20-38 msec after the onset of the �rst
stimulus in the train. Subsequently, the time course of thissource over the whole epoch was determined with a linear
least-squares �t. We identi�ed N20, P35, and Peak 3 from the SI dipole source waveforms and the amplitudes of the
deections, summed over the individual responses in each train, were used for the neurovascular coupling analysis.

The optical raw data were temporally co-registered with the MEG signals. The optical signals were then band-
pass �ltered between 0.02 and 0.5 Hz to reduce the e�ect of slow drifts and heartbeat on the hemodynamic signals.
The temporal changes in the intensity were translated into temporal changes in the concentrations of HbO and
HbR using the modi�ed Beer-Lambert law. From concentration data, the hemodynamic responses to each stimulus
condition were calculated using an ordinary least-squareslinear deconvolution. For our data analysis, we considered
the source-detector pair with the most statistically signi�cant hemoglobin change among all pairs (p < 0:05).

To analyze the neurovascular coupling, we applied a standard multi-variate linear model to each subject's MEG
DOI responses:

y f = X m � + � ; (2.1)

where y f is the concatenated HbR or HbO from the four duration conditions, and X m is the regression matrix
constructed based on the amplitudes of the MEG deections. � and b� are the regression coe�cients and their
least-squares estimates. A good linear �t is reected by a good match betweeny f and X m

b� .

3 Results
Fig. 1(a) illustrates y f and X m

b� for each deection and the sum of the three deections separately for our �ve
subjects and the four conditions with di�erent stimuli dura tions. N20 or Peak 3 provides reasonable good �t with
HbR. In contrast, but P35 does not show such a linear �t in most of the subjects. The goodness of �t for the sum
of the three peaks, sum of the absolute values of the amplitudes, is similar to that for N20 and Peak 3, since the
amplitudes of N20 and Peak 3 are much larger than P35's in the responses to the second and later stimulus in a
stimulus train. Fig. 1(b) depicts the normalized average deection amplitudes and HbR across subjects under the
four duration conditions. It again reveals that the amplitu des of N20 and Peak 3 as well as the HbR response increase
linearly with respect to stimuli duration, P35 does not. We believe that P35 is subject to signi�cant habituation
e�ects as stimuli duration increases. Fig. 1(b) also shows non-linearity of HbR to a greater extent, and of N20
and Peak 3 to a smaller extent, for short stimuli duration re ected by the extension of the lines not meeting the
origin. Besides linear �t to HbR, we also examined the relation with HbO using both linear and quadratic models.
Fig.1(c) summarizes the goodness of �t in terms of correlation coe�cients of the �tted curves with HbR and HbO. As
expected, the linear relationship well describes the coupling among N20, Peak 3, HbR, and HbO. On the other hand,
the quadratic model still cannot capture the coupling between P35 and HbR or HbO. We found that the goodness
of �t of P35 has a larger subject variation than N20 or Peak 3. Subject 3' P35 does not show signi�cant habituation
e�ects, and more experiments are needed to understand whether it is related to the amplitude and location of the
median nerve stimulus presented to the subjects.

4 Conclusions
Our results show that N20 and Peak 3 are each linearly proportional to HbR and HbO. In contrast, P35 demonstrates
strong habituation e�ects, and neither linear nor quadrati c functions can capture its relation with HbR. Several
independent studies have reported similar inhibition e�ects in P35 when ISI decreases [10]. It has been proposed

2



-1

-0.5

0

-1

-0.5

0

5 s

S1

S2

S3

S4

S5

N
or

m
al

iz
ed

 H
bR

 c
ha

ge
s 

(a
u)

-1

-0.5

0

-1

-0.5

0

-1

-0.5

0

1 s 2 s 3 s 4 s

1 2 3 4
0

0.2

0.4

0.6

0.8

1

Train Duration (sec)

No
rm

al
ize

d 
Am

pl
itu

de

(b)

HbR (lin.) HbR (quad.) HbO (lin.) HbO (quad.)
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

r2

(c)

(a)

Figure 1: Sub�gure (a) presents �ve subject's linear �tting results b etween each of the three deections in the SI responses
estimated from MEG and the HbR estimated from the nearby DOI r eceiver. Sub�gure (b) shows the average normalized
amplitude across subjects under the four stimuli duration c onditions. We scaled the red curve by 1

3 for illustrative purpose.
The average goodness of �t, linear and quadratic �ts, for eac h deection with HbR and HbO is shown in Sub�gure (c).

that P35 reects inhibitory postsynaptic potentials (IPSP ) [6]. If this is the case, P35 failing to correlate with the
hemodynamic responses suggests that the vascular dilatoryresponse is driven by excitatory postsynaptic potentials
(EPSP) (depolarization) and not by IPSP (hyper-polarizati on). We found a nonlinear relationship between the
hemodynamic response and stimuli duration especially for short stimuli durations. These results are in agreement
with fMRI results in humans [1], but disagree with the �nding s in small animals for which the non-linearities appear
with much longer stimulus (10-20 sec) [7]. This discrepancymay be due to habituation e�ects which are suppressed
by anesthesia. To a lesser extent we found similar nonlinearity between the MEG deections N20 and Peak 3 and
the stimuli duration.

This research is supported by the US National Institutes of H ealth (NIH) grants R01-EB001954 and P41-RR14075. Wanmei
Ou is partially supported by the NSF graduate fellowship.
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