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Magnetoencephalography (MEG) is an increasingly popular non-invasive tool used to record,
on a millisecond timescale, the magnetic field changes generated by cortical neural activity.
MEG has the advantage, over fMRI for example, that it is a directmeasure of neural activity. In
the current investigation we used MEG to measure cortical responses to tactile and auditory
stimuli in themacaquemonkey.Wehad twoaims. First,wesought todeterminewhetherMEG,
a technique thatmay have low spatial accuracy, could be used to distinguish the location and
organization of sensory cortical fields in macaque monkeys, a species with a relatively small
brain compared to that of the human. Second, we wanted to examine the temporal dynamics
of cortical responses in the macaque monkey relative to the human. We recorded MEG data
from anesthetized monkeys and, for comparison, from awake humans that were presented
with simple tactile and auditory stimuli. Neural source reconstruction of MEG data showed
that primary somatosensory and auditory cortex could be differentiated and, further, that
separate representationsof thedigit and lipwithin somatosensory cortexcould be identified in
macaquemonkeys aswell ashumans.Wecompared the latenciesof activity frommonkeyand
human data for the three stimulation types and proposed a correspondence between the
neural responses of the two species. We thus demonstrate the feasibility of using MEG in the
macaque monkey and provide a non-human primate model for examining the relationship
between external evoked magnetic fields and their underlying neural sources.

© 2010 Elsevier B.V. All rights reserved.
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function, such as blood oxygenation (e.g. fMRI), more direct
measures of neural activity have a lower spatial accuracy
(MEG or EEG). However, data on the validity and reliability of
these non-invasive techniques are relatively sparse. In
examining the capabilities of MEG in the present study we
had two aims. First, we sought to determine whether MEG
could be used to distinguish the location and organization of
sensory cortical fields in macaque monkeys, a species with a
relatively small brain compared to that of the human.
Second, we wanted to examine the temporal dynamics of
cortical responses in the macaque monkey relative to the
human.

MEG is a non-invasive tool used to record, on a millisecond
timescale, the magnetic field changes generated by neural
activity. The basis of the MEG signal is hypothesized to be
synchronous cellular currents emanating from parallel apical
pyramidal dendrites, based on studies in turtle cerebellar
preparations (Lopez et al., 1991; Okada et al., 1987a,b, 1988;
Okada and Nicholson, 1988), guinea pig hippocampal prepara-
tions (Kyuhou and Okada, 1993; Okada et al., 1997; Wu and
Okada, 1998), and in vivo studies in rats (Bau Barth and Di,
1990; Barth and Sutherling, 1988; Barth et al., 1984, 1986).
Current flowing through a wire (or dendrite) produces a
magnetic field curling around the wire. Thousands to millions
of synchronously active neurons with dendrites arranged
in parallel produce a magnetic field strong enough to be
measured outside the skull. Although MEG signal source
location has been estimated using a variety of mathematical
models, source localization estimates derived from all models
have errors due to the inherently ill-posed inverse problem as
well as from other assumptions not met by real data. Based on
a realistic phantom study, the resulting spatial uncertainty is
estimated to be about 3 mm (Leahy et al., 1998) but may be
much larger.

Current data on the feasibility of MEG in the monkey is
sparse but promising. In an early study by Teale et al. (1994)
auditory evoked fields were recorded using MEG in a pigtail
monkey and responses were localized to auditory cortex.
More recently, Zhu et al. (2009) and Wilson et al. (2009)
examined the response to tactile stimulation of the hand in
macaque monkeys measured with MEG and found similar
latencies for the initial cortical response (17 ms and 16 ms,
respectively).

We used MEG combined with MRI to determine the spatial
location of somatosensory and auditory areas of the cortex, as
well as the internal somatotopic organization of Brodmann's
areas 3b and 1. We measured responses to simple tactile and
auditory stimuli using MEG in 4 anesthetized macaque
monkeys, and then compared the location of somatosensory
and auditory sources with the known location and organiza-
tion of these fields derived from previous electrophysiological
recording studies (Brugge and Merzenich, 1973; Celesia, 1976;
Morel et al., 1993; Kaas et al., 1979; Nelson et al., 1980). The use
of MEG to determine separate brain regions was demonstrated
based on differences in spatial reconstruction localization and
latency. For comparisonwe recordedMEG responses to similar
stimuli in human subjects. We estimated the corresponding
neural sources using the same source reconstructionmethods
and compared the latencies of the evoked responses across
species.
2. Results

2.1. Monkey MEG evoked responses

Cutaneous stimulationwas administered to the digits and lips
with a pneumatic diaphragm, and the auditory stimulus was
400 ms of white noise. Evoked response peaks were observed
in the averaged MEG sensor time-series data sets for digit, lip
and auditory stimulation. A clear response in the sensor data
was observed for digit stimulation in 10/10 blocks. Similarly, a
clear response from lip stimulation was observed in 12/13
blocks. Auditory stimulation resulted in clear responses in
5/13 blocks. In twomonkeys (MK1 andMK3) 4/4 runs showed
clear responses. However, only 1/4 auditory blocks showed a
clear peak in MK2 and 0/5 auditory blocks in MK4 showed a
distinguishable peak. Because the lack of auditory response
was restricted to specific monkeys we concluded that the
failure toobtain resultswasnot due to technical issues butmore
likely was related to anatomical factors, such as the location of
auditory cortex relative to the sylvian fissure. Similar variability
in auditory source localization in humans has been reported
previously (Edgar et al., 2003). Examples of tactile and auditory
responses from monkey MK1 are shown in Fig. 1 to give an
indication of signal-to-noise of sensor data as well as pattern of
evoked peaks.

2.2. Monkey MEG latency results

Multiple peaks were observed in the data from each monkey,
with some variability in peak magnitude and latency. In the
digit data, the most consistent large peak was that seen at
16.4 ms (5.7 ms SD, range 11–27 ms, 9/10 datasets) and this
peak was the one selected for source localization of primary
somatosensory cortex (Fig. 1, top). Anearly peakwas sometimes
measured at 3 ms (7/10); in two of these seven cases this early
peak was larger than the 15ms peak. Later peaks were also
seen at 33.0 ms+/−3.4 ms (range 30–40 ms, 7/10) and at
61.4 ms+/−11.2 ms (range 47–82 ms, 8/10).

The responses to lip stimulation showed consistent peaks,
however the variability in peak amplitude was greater than in
the digit response data (Fig. 1, middle). An early peak was
observed in 11/12 datasets at 10.5 ms+/−3.7 ms (range 3–15ms)
andwas the largest in 7/12 datasets. This primary peak from lip
stimulationhad a significantly shorter latency than theprimary
digit peak (p<0.05). A second peak in the lip stimulation re-
sponse was seen at 25.4 ms+/−3.4 ms (range 23–30ms) in 10/12
datasets and was largest in 3/12 datasets. Finally, a later peak
at 49.6 ms+/−5.0 ms (range 42–57 ms) was consistently ob-
served in 12/12 datasets, and was the largest in 2/12 datasets.

The auditory responses also showed some variability in
peak latencies. A peak at 43.5 ms+/−1.0 ms (range 43–45 ms)
was measured in 4/5 datasets and was the largest in 2/5
datasets (Fig. 1, bottom). A slightly later peak was also seen
at 60.5 ms+/−7.1 ms (range 50–65 ms) in 4/5 datasets and was
the largest in 3/5 datasets. Finally, a late peak was observed in
two cases (77 ms in one case and 110 ms in a second case;
combined for a mean of 93.5 ms+/−23.3 ms).

The overall signal-to-noise ratio was not as high in the
monkey data as was observed in human MEG data, but was



Fig. 1 – Averaged MEG sensor data from monkey MK1. Top row: digit stimulation; middle row: lip stimulation; bottom row:
auditory stimulation. Left column: two-dimensional representation of sensor array activity, with conventional representation
indicating magnetic field direction (red going into the head and blue out). This field pattern indicates an underlying dipolar
source, occurring at the latency of the red vertical bar in the adjacent plot (right). Right column: averaged time-series for
magnetic field changes for all 37 sensors, with stimulus onset at time=0 ms. Data shown was filtered from 2–40 Hz.
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sufficiently high to detect peaks and perform source localiza-
tion. Therefore anesthetic may have reduced the monkeys'
responses somewhat, but not prohibitively.

2.3. Monkey MEG localization results

The spatial distribution of the beamformer-localized sources
in the brain for tactile and auditory stimulation generally
agreed with known neuroanatomy (Hackett et al., 2001; Kaas,
1993; see Hackett, 2007 for review). Fig. 2 shows the beamfor-
mer source reconstruction for the MEG dataset from MK1. In
the data fromMK1, the digit localizationwas 6 mmmedial and
8 mm superior to the lip localization on the central sulcus,
corresponding to the known location and somatotopic orga-
nization of area 3b (Powell and Mountcastle, 1959; Nelson
et al., 1980; see Krubitzer and Disbrow, 2008 for review).

The localization of auditory cortex was 12 mm inferior to
that of lip stimulation, on the opposite side of the lateral

image of Fig.�1


Fig. 2 – Beamformer source localization and time-series of the primary response in the MEG dataset from monkey MK1.
Response to digit (top row). Lip (middle row), and auditory (bottom row) stimulation. Left and middle columns: MEG source
activity overlaid on coronal and axial MRIs, respectively, occurring at the peak latency indicated by the blue vertical bar in the
time-series (right column). The source localization demonstrates that the digits are representedmedial to the lip, and that both
are represented superior to auditory cortex. Crosshairs on MRIs indicate the voxel with the greatest signal magnitude. Right
column: source time-series, estimated by beamforming, at the peak voxel in crosshairs, filtered from 2–40 Hz after
beamforming localization. These ‘virtual-electrode’ traces from the most-active voxel for each stimulation type show evoked
peaks at the primary latency described in the Results section.
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sulcus, likely encompassing the core areas A1 and R. The
reconstructed time-series (Fig. 2, right) is shown for the voxel
with maximal activation (in green crosshairs on MRI). The
largest peak latencies in this example are at 13 ms for digit
stimulation, 7 ms for lip stimulation, and 62 ms for auditory
stimulation. The peak voxel from this digit localization was
about 10 mm anterior to the central sulcus, but the ROI voxels
extend posteriorly onto the central sulcus. The lip localization
was just on, and slightly posterior to, the central sulcus. The
peak voxel was within 2 mm of the central sulcus, which is
within the limits of expected error of MEG source localization.
The auditory localization was inferior to both digit and lip
localization and is wholly contained in the temporal lobe,
primarily in the superior temporal sulcus, the known location
of primary auditory cortex.

Localization results from the other three monkeys also
showed similar spatial arrangement, although the exact
spatial locations varied between animals. In 7/10 digit
datasets, the beamformer reconstruction produced a spatial
peak in the central sulcus (at least one dataset from each
animal). In the remaining three datasets, the source estimates
were (1) more medial and inferior (into white matter), (2) more
medial and posterior (in white matter and posterior to the
central sulcus), or (3) near the central sulcus but relatively low
in power. Likewise, 7/12 lip datasets showed activation in the
lateral central sulcus (at least one dataset from each animal).
The source estimates in the remaining five datasets were
(1) posterior to the central sulcus, (2) in the center of the head,
(3 and 4) inferior into temporal lobe, or (5) near the central
sulcus but relatively weak. Finally, 4/5 auditory data sets were
localized to the temporal lobe (in 3/4monkeys). The remaining
localization result was in the most inferior portion of the
temporal lobe. The auditory responses were harder to localize
as the SNR of the sensor data itself was lower, independent of
sensor array type (37 versus 275 channel systems). It is
possible that the SNR of AEF responses was lower in monkeys
because the source was radial, or because of an increased
distance from neural source to the sensors due to the larger

image of Fig.�2
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temporal lobe extra-cranial muscle thickness in macaques
relative to humans.

The beamformer localization coordinates in the AC–PC
coordinate frame (see Experimental procedures) were aver-
aged and compared across stimulation types (10 digit, 12 lip, 5
auditory). Fig. 3 illustrates that the average localization of digit
responses was significantly different from lip in the medio-
lateral dimension, and digit localization was significantly
different from both lip and auditory in the superior–inferior
dimension. While lip and auditory localizations were not
significantly different from each other, in most cases lip
localizations were clearly above the lateral sulcus while
auditory localizations were below the lateral sulcus. Note the
standard error of the localization ranged between 2–3 mm,
well within expected errors of MEG source localization, and
indicating overall agreement across animals.

Wecomputed thesourceorientation for theprimarypeaks in
all monkey datasets (Table 1). While there was consistency
within animals, variability was higher across animals. Taking
the number of datasets into account and using a randomly-
generated distribution of mean unit vector strengths to
determine significance, the dipole orientation to lip stimulation
did show a significant (above 95th percentile) similarity across
datasets, but not for digit or auditory. This mean lip dipole was
oriented in a medial, posterior and inferior direction.

2.4. Human MEG evoked responses

Evoked response peaks were observed in the averaged human
MEG sensor time-series data sets. Unlike the anesthetized
monkeys, a clear response in the sensor data was observed for
all digit (4/4), lip (4/4) and auditory (4/4) blocks. The human
data showed some variability across subjects similar to the
Fig. 3 – Average AC–PC coordinates of all MEG beamformer
localization results in monkeys for digit, lip and auditory
stimulation. The digit representation is significantly medial
to the lip representation and auditory cortex. Further, there
was a trend for the digits to be represented slightly posterior
to the lip representation and auditory cortex. Finally, both the
digits the lips and were significantly superior to auditory
cortex. The asterisk indicates pairwise significant difference
between means (p<0.016).
variability in the monkey data with respect to peak amplitude
and latency.

2.5. Human MEG latency results

In humans it is conventional that well-described peaks inMEG
and EEG data are labeled using a number indicating the
response latency in milliseconds, prefaced by a letter ‘M’ for
MEG data or an ‘N’ or ‘P’ for negative or positive-going
amplitudes for EEG data. For digit stimulation, the peak at
44.0 ms+/−5.0 ms (range 39–50 ms) was largest for all subjects
(Fig. 4, top). This peak corresponds to the well-described
somatosensoryM50 (Hämäläinen et al., 1993; Hashimoto et al.,
1999; Kekoni et al., 1992). An early peak was observed in 2/4
subjects at 22.5 ms+/−0.7 ms (range 22–23 ms) which has
also been described elsewhere (Buchner et al., 1994; Disbrow
et al., 2001). Later peaks were measured in all subjects
clustering at 80 ms+/−18 ms (range 60–96 ms; 3/4 subjects),
at 119.7 ms+/−3.2 ms (range 116–122 ms; 3/4 subjects), and at
137 ms+/−4.2 ms (range 134–140 ms; 2/4 subjects). These later
peaks around 120 ms probably correspond to the ‘late’ re-
sponse described in somatosensory data (Disbrow et al., 2001;
Hämäläinen et al., 1990; Hari et al., 1983; Kekoni et al., 1992)
thought to originate from the second somatosensory area and
surrounding cortex.

As in the monkey lip response data, there was more
variability in the human lip data regarding peak latency. All
(4/4) subjects show an early 19 ms+/−0 ms peak, which was
largest in 2/4 subjects (Fig. 4, middle). All four subjects
also showed a peak averaging 37.0 ms+/−3.7 ms (range 33–
42 ms), which was largest for the two remaining subjects.
Later peaks were also seen at 55 ms+/−0 ms (2/4 subjects) and
at 106 ms+/−4.0 ms (range 101–108 ms; 3/4 subjects). The
main response to lip stimulation peaked at a shorter latency
(37.0 ms+/−3.7 ms) than the equivalent response to digit
stimulation (44.0 ms+/−5.0 ms), however this latency was
not significantly shorter (p=0.07). Previouswork suggests that
the latency of the response to lip stimulation precedes that of
digit stimulation (Baumgartner et al., 1992; Disbrow et al.,
2003).

There was also variability in the human auditory data. All
subjects showed a peak averaging 105.5 ms+/−4.5 ms (range
102–112ms), consistent with the auditory M100 commonly
reported (Pantev et al., 1990) as well as a peak averaging
162.0 ms+/−10.1 ms (range 153–175 ms; Fig. 4 bottom). The
M100 peak was largest in 2/4 subjects; the other two subjects
showed the largest peak at ∼162ms. Two subjects showed an
early peak averaging 58 ms+/−4.2 ms (range 55–61ms), consis-
tentwith the auditoryM50 reported elsewhere (Reite et al., 1988).
All four subjects also showed a later peak at 200.8 ms+/−5.4 ms
(range 195–208 ms), consistentwith theauditoryM200 (Jacobson
et al., 1991).

2.6. Human MEG localization results

The localization results from the human MEG data were in
agreement with previous MEG studies of somatosensory and
auditory stimulation in humans (Hämäläinen et al., 1993; Hari
et al., 1984) and with the monkey data described above. The
averaged sensor data for digit, lip and auditory stimulation
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Table 1 – Mean orientations of dipole sources for each stimulation type and species. Themean of the dipole orientations are
reported both for each of the 3 cardinal directions as well as radial magnitude. As defined by AC–PC coordinates for the
monkeys and MNI coordinates for humans, mean directions are reported for the Left/Right (right=positive), Anterior/
Posterior (anterior=positive), and Superior/Inferior (superior=positive). Random sets of vectors were averaged to create a
probability density function to determine the 95th and 99th percentile (furthest right columns), as a function of number of
datasets (vectors) averaged together. The mean magnitude is in bold if above the 95th percentile threshold.

L/R A/P S/I Magnitude #Datasets 95% 99%

Monkey
Digit

Mean 0.36 −0.34 0.11 0.50 10 0.51 0.66
SD 0.52 0.61 0.43
Lip

Mean 0.34 −0.22 −0.23 0.47 12 0.47 0.60
SD 0.52 0.45 0.62
Auditory

Mean 0.41 −0.09 0.28 0.50 5 0.72 0.88
SD 0.39 0.58 0.67

Human
Digit

Mean −0.58 −0.69 −0.41 0.99 4 0.80 0.93
SD 0.07 0.10 0.08
Lip

Mean −0.59 −0.55 −0.35 0.88 4 0.80 0.93
SD 0.41 0.30 0.22
Auditory

Mean −0.22 −0.47 −0.22 0.56 4 0.80 0.93
SD 0.54 0.37 0.69
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from one human subject (HU4) are shown in Fig. 4, while Fig. 5
shows the estimated beamformer source localization and the
corresponding estimated temporal activity from the same
datasets. Both digit and lip localizations are entirely on the
post-central gyrus with the lip representation lateral and
inferior to digit; the auditory localization in Fig. 5 is in the
superior temporal sulcus.

The average MNI coordinates from all four subjects are
shown in Fig. 6. The digit localization was more superior and
posterior than the lip localization, although only significantly
different in the anterior–posterior dimension. The auditory
coordinate was found to be significantly inferior to both digit
and lip representations.

We also computed the source orientation for the primary
peaks in all human datasets (Table 1). The orientation of the
digit dipoles was highly consistent across subjects (magnitude
of mean of unit vector orientations above 99th percentile) and
also significant for lip stimulation (above 95th percentile), but
not for auditory dipoles. Both the digit and lip dipoles were
similarly oriented, pointing in a lateral, posterior and inferior
direction. Both digit and lip dipoles within each species were
similar. However, it has been shown that auditory dipoles in
humans can be quite variable (Edgar et al., 2003), which is
consistent with the variability seen here in the auditory
dipoles in both species.
3. Discussion

Wehave demonstrated that MEG is a robust, non-invasive tool
for distinguishing the spatial location and internal organiza-
tion of cortical fields in macaquemonkeys as well as humans.
This finding is important because MEG is best known for
studies of neural temporal processing. In addition, the
latencies of tactile and auditory responses recorded using
MEG in monkeys showed a pattern similar to human data,
though latencies were shorter inmonkeys. Finally, the pattern
of variability in latency and morphology of responses was
similar across species. In the following discussionwe compare
the latency and localization data from digit, lip and auditory
stimulation from our MEG study to existing data from mon-
keys and humans.

3.1. Monkey and human responses: comparisons of
response latencies

MEG, EEG and electrocorticography (ECoG) are sensitive to the
same underlying neural process (Hämäläinen et al., 1993), and
while EEG and MEG display differing spatial sensitivities
(Cuffin and Cohen, 1979), a given response will occur at the
same latency using both methods (Fuchs et al., 1998;
Nagamine et al., 1998; Sharon et al., 2007). Thus, we compare
our findings with the latencies reported from a wealth of
subdural or scalp EEG recordings as well as less widely
available MEG latency data (Table 2).

Our data on response latency of digit stimulation are in
agreement with existing evoked potential data from macaque
monkeys. McCarthy et al. (1991) recorded subdurally from
macaque monkeys during median-nerve stimulation and
found an N10–P20 wave generated from area 3b and a P12–
N25 wave from area 1 in monkeys. Similarly, Kulics and
Cauller (1986) presented electrical cutaneous stimulation to



Fig. 4 – Averaged MEG sensor data from human subject HU4. Top row: hand stimulation; middle row: lip stimulation; bottom
row: auditory stimulation. Left column: two-dimensional representation of sensor array activity, with conventional
representation indicating magnetic field direction (red going into the head and blue out). This field pattern indicates an
underlying dipolar source pattern, occurring at the latency of the red vertical bar in the adjacent plot (right). Right column:
averaged time-series of magnetic field changes for all sensors, filtered from 2–40 Hz, with stimulus onset occurring at
time=0 ms. Digit and lip plots show overlay of all 275 sensors used in beamformer analysis; auditory plot shows only the
left 132 sensors used in beamformer analysis.
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macaque monkeys and report two negative deflecting peaks
at 12 ms and 20 ms and a positive peak around 50 ms, which
they show come from different cellular layers within area 3b
from cortical source density (CSD) measurements. Previous
studies in humans (Allison et al., 1989; Wood et al., 1988) have
examined the cortical origin of evoked median-nerve stimu-
lation responses using subdurally-placed electrodes in
patients requiring neurosurgery. They found the strongest
and earliest peak in area 3b (N20–P30), with area 1 peaking
5 ms later (P25–N35). Thus, McCarthy, Allison and colleagues

image of Fig.�4


Fig. 5 – Beamformer source localization and time-series for primary responses in human HU4 MEG dataset. Top row: digit
localization; middle row: lip localization; bottom row: auditory localization. Left and middle column: MEG source activity
overlaid on coronal and axial structural MRIs, respectively, occurring at the peak latency indicated by the blue vertical bar in the
adjacent time-series (right column). Crosshairs on the MRI indicate the voxel with the largest magnitude activity. The source
localization demonstrates that the digits are represented superior to the lip, and that both are represented superior to auditory
cortex. Right column: source time-series estimated by beamforming at the peak voxel in crosshairs, filtered from 2–40 Hz after
beamforming localization. These ‘virtual-electrode’ traces from the most-active voxel for each stimulation type show evoked
peaks at the primary latency described in the results.
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(McCarthy et al., 1991; Allison et al., 1991) proposed the
monkey N10–P20 and P12–N25 to be the correlates of the
human N20–P30 and P25–N35.

We propose that the 15 ms peak seen in our monkey MEG
digit data corresponds to the 40 ms wave in human MEG data
of digit stimulation observed in our data and elsewhere
(Disbrow et al., 2001; Hämäläinen et al., 1993; Hashimoto
et al., 1999; Kekoni et al., 1992). It is also likely that the
sometimes-seen earlier peak at 3–10 ms in the monkey MEG
data corresponds to the sometimes-seen 20 ms peak in the
human MEG data for tactile digit stimuli, and that the later
30 ms/40 ms peak in the monkey responses corresponds to
the human 80 ms peak which likely emanates from S2 and
surrounding cortex (Table 2; Disbrow et al., 2001; Hämäläinen
et al., 1990; Hari et al., 1984).

In monkeys, previous work recording intracranial somato-
sensory evoked potentials (SEP's) using electrical stimulation
applied to median nerve, lip, tongue and palate showed that, as
in our study, latencies were slightly shorter for lip relative to
hand responses (N9–P14 for lip andN10–P20 for hand; McCarthy
and Allison, 1995). In humans, the evoked fields resulting from
lip stimulation show a clear ∼20ms peak as well as a later
∼35ms peak (Table 2; Disbrow et al., 2003; Hoshiyama et al.,
1996; Nakahara et al., 2004; Nakamura et al., 1998) with latencies
for the lipresponseshorter than thedigit response (Baumgartner
et al., 1992). It is likely that the monkey ∼10 ms and ∼25 ms
peaks observed here from lip stimulation correspond with the
human ∼20ms and ∼35 ms peaks respectively.

More variability was seen in later peaks than early peaks
for hand, lip and auditory stimulation across studies. For
example, Gardner et al. (1984) presented air-puff stimuli to the
hand or forearm of alert macaque monkeys while recording
epidural SEPs. They found P15 and P25 peaks followed by a
large N43 and P70. Their early peak matches the early peak
(16 ms) in our data; however, the later peaks do notmatchwell
(33 ms and 61 ms). Later peaks tend to be more variable across
individual subjects, as in the present study, and are likely
affected by anesthesia. In addition, median-nerve stimulation

image of Fig.�5


Fig. 6 – Average MNI coordinates of MEG beamformer
localization results in humans for digit, lip and auditory
stimulation. These coordinates indicate that the lip
representation is significantly anterior to the dig
representation in S1. Both digit and lip representations
were significantly superior to auditory source location. The
asterisk indicates pairwise significant difference between
means (p<0.016).
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evokes a response about 5–10 ms earlier than cutaneous
stimulation to the hand (e.g. compare Gardner et al. (1984) to
Arezzo et al. (1981) recording intracranially in the monkey or
human MEG data from Forss et al. (1994)).

In the auditory system, Arezzo et al. (1975) measured early
(12–22 ms) auditory evoked potentials (AEPs) in response to
auditory clicks in the monkey using chronically implanted
electrodes on the supratemporal plane. These responses
originated from primary auditory cortex (A1). Later AEPs
(N40 and N60) arose from areas on the superior temporal
plane more anterior to A1, and the N70 and N100 arose from
more posterior areas. Similarly, Teale et al. (1994) measured
responses to an auditory tone at 22 ms, 46 ms, and a slightly
later 130 ms using MEG in the monkey. Both of these studies
are consistent with the auditory responses we recorded using
MEG in monkeys at 44 ms, 61 m, and 94 ms (Table 2). We
propose that the early 44 ms peak in themonkeys corresponds
to the earlier auditory M50 in humans.

Evidence exists that the human auditory N100 (and cor-
responding M100) in particular seems to arise from either A1 or
the planum temporale (Godey et al., 2001; Liegeois-Chauvel
et al., 1994). Furthermore, Arezzo et al. (1975) proposed that
the monkey N70 corresponds to the human N100, which they
suggest has a dual origin in A1 and posterior regions in
both species. Our data, which showed large peaks in monkeys
at 61 ms, are consistent with this hypothesis, particularly
because secondary auditory areas adjacent to and surrounding
the core (A1 and R), such as the belt and parabelt areas, are
likely activated by the noise stimuli presented in this study
(Rauschecker et al., 1995; Rauschecker and Tian, 2004; Patterson
et al., 2002 and Wessinger et al., 2001).

The later auditory peaks were more variable; however, it
is possible that the 94 ms peak reported here in monkeys
corresponds to the 100 ms peak found by Arezzo et al. (1975) in
monkeys, which furthermore may correspond to the human
auditory peak at 150 or even 200 ms. Human data (Chait et al.,
2004) supports the idea that the 94 ms peak that we measured
in response to noise stimulation in the monkey corresponds
to the humanM150, which was of relatively large amplitude in
response to noise vs. tone stimulation.

Latency differences between species for homologous
neural responses can be influenced by conduction distances
as well as axon diameter. Within cortex, the roughly doubling
of latencies between macaques and humans can mostly be
attributed to a difference in conduction speeds, with evidence
from an elegant study by Caminiti et al. (2009). Caminiti et al.
(2009) showed that cortical conduction speeds were roughly
double for humans compared to macaques for both motor-to-
midline and prefrontal-to-midline measurements, and that
this doubling corresponded to increased axon diameter found
in human cortex. However, the doubling of arm length
between species (70 cm for humans (Eyre et al., 1991) and
33 cm for macaques (Hamada et al., 2005)) likely contributes to
differences in response latency for digit stimulation as well.

Taken together, the data from the present investigation as
well as previous studies in humans andmonkeys indicate that
response latencies can be reliably compared across studies,
species and areas, and that the relative spatial and temporal
pattern of activity in primary somatosensory and auditory
cortex is similar in both humans and macaque monkeys.

3.2. Neuroanatomic variation in cortical field location

In somatosensory cortex we were able to distinguish the digit
representation as superior to the lip representation along the
central sulcus. These results are in agreement with the known
organization of somatosensory cortex with a representation of
the body along the post-central gyrus (Nelson et al., 1980;
Penfield and Boldrey, 1937; Wood et al., 1988; see Krubitzer and
Disbrow, 2008 for review), with the foot representation most
medial and superior, and thehandand then face representation
at the most lateral and inferior portion. Our source location
findings for auditory cortex are also in agreement with the
location of auditory cortex described in previous work (Brugge
and Merzenich, 1973; Celesia, 1976; Morel et al., 1993).

However, while we could distinguish primary sensory
areas based on location, there was some variability in the
mean locations across stimulation runs and individuals. The
standard error of the mean of the A–P, S–I, and L–R directions
for each of digit, lip and auditory stimulation ranged from
1–3 mm in monkeys and 1–5 mm in humans (Figs. 3 and 6).
While these errors are within the normal variability seen in
MEG source localization, they can be large with respect to
sulcal and gyral landmarks. Some of the variability may
have been technical; however, some is likely due to natural
neuroanatomic variation across subjects.

Our tactile stimulus activated neurons in areas 3b and 1,
and possibly area 2 as well. Since neurons in area 3b are
generally located in the posterior bank of the central sulcus,
their tangential orientation relative to the surface of the head
make them a likely source of the MEG signal, while the
radially-oriented source from neurons in area 1 on the crown
of the post-central gyrus are least likely to be detected with

image of Fig.�6


Table 2 – Summary of the studies measuring responses latencies to hand, lip or auditory stimulation using MEG or
intracranial electrodes frommonkeys and humans. Columns are arranged to relate peaks across studies and across species.
For the present study (in bold font), mean (standard deviation) are reported. All other studies are reported as either themean
or a standard peak (e.g. ‘M100’). For the hand, when somatosensory stimulation type was electrical, the median nerve was
stimulated unless otherwise indicated.

Table Stimulus Recording Digit peaks (ms)

Monkey
Present Cutaneous MEG 3.0 (0.0) 16.4 (5.7) 33 (3.3) 61.4 (11.2)
Zhu et al. (2009) Cutaneous MEG 10 20 37
Wilson et al. (2009) Cutaneous MEG 16 96
Gardner et al. (1984) Cutaneous Intracranial 15 25 43 70
Arezzo et al. (1981) Electric Intracranial 10 24 45 110
Kulics et al. (1986) Electric (finger) Intracranial 12 20 50
McCarthy et al. (1991) Electric Intracranial 10
McCarthy et al. (1995) Electric Intracranial 10 20

Human
Present Cutaneous MEG 22.5 (0.7) 44.0 (5.0) 80.3 (18.4) 119.7 (3.2) 137 (4.2)
Hari et al. (1985) Cutaneous MEG 45 60
Forss et al. (1994) Cutaneous MEG 32 44 64 106
Nakamura et al. (1998) Cutaneous MEG 46 120
Hashimoto et al. (1999) Cutaneous MEG 23 47 90
Disbrow et al. (2001) Cutaneous MEG 20 40 80 100
Kekoni et al. (1992) Electric (finger) MEG/EEG 56 114
Hari et al. (1984) Electric MEG 30 45 75
Forss et al. (1994) Electric MEG 20 35 57 101
Buchner et al. (1994) Electric MEG/EEG 20 30 45
Nakahara et al. (2004) Electric MEG 23
Allison et al. (1989) Electric Intracranial 20 45 80 180
Baumgartner et al. (1992) Electric Intracranial 20 35

Stimulus Recording Lip peaks (ms)

Monkey
Present Cutaneous MEG 10.5 (3.7) 25.4 (3.4) 49.6 (5.0)
McCarthy et al. (1995) Electric Intracranial 11 18

Human
Present Cutaneous MEG 19.0 (0.0) 37.0 (3.7) 55.0 (0.0) 106 (4.0)
Nakamura et al. (1998) Cutaneous MEG 34 60
Disbrow et al. (2003) Cutaneous MEG 10 30 55 110
Hoshiyama et al. (1996) Electric MEG 20 40 60 80 110
Nakahara et al. (2004) Electric MEG 15 53
Baumgartner et al. (1992) Electric Intracranial 15 25 40

Stimulus Recording Auditory peaks (ms)

Monkey
Present Noise MEG 43.5 (1.0) 60.5 (7.1) 93.5 (23.3)
Teale et al. (1994) Tone MEG 22 46 130
Arezzo et al. (1975) Click Intracranial 22 38 60/73 100 140

Human
Present Noise MEG 58.0 (4.2) 106.0 (4.5) 162.0 (10.1) 201.0

(5.4)
Hari et al. (1987) Noise MEG 40 100 200
Pantev et al. (1990) Tone MEG 100 200
Reite et al. (1988) Tone MEG/EEG 48 100 150
Jacobson et al. (1991) Tone MEG 105 182
Godey et al. (2001) Tone MEG 33 52 92 158
Godey et al. (2001) Tone Intracranial 34 51 91 152 244
Liegeois-Chauvel et al. (1994) Tone Intracranial 30 50/60/75 100
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MEG (Hämäläinen et al., 1993). However, the location of
cortical fields can be shifted dramatically relative to the
sulcus (Krubitzer et al., 2004; Roland and Zilles, 1998; Caspers et
al., 2006). For example, 3a has been observed in different
monkeys on the anterior bank, in the depth, or on the posterior
bank of the sulcus (Krubitzer et al., 2004). Thus it is likely that
normal variability in cortical field location and sulcal anatomy
play a role in the observed variability.
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Our MEG latency and localization results are consistent
with the assertion that the posterior bank of the central
sulcus is the cortical origin of the large early peak seen inMEG
data. However, previous work mentioned above suggests an
early response in area 3b followed shortly by a response in
area 1, in both monkeys and humans (McCarthy et al., 1991;
Allison et al., 1989; Wood et al., 1988). The combination of
factors, the response from area 1 closely following that from
area 3b, and the possible shifting of fields with respect to the
sulcus could lead to variability in source localization and
latency across subjects.

3.3. AddingMEG to the brainmapping toolbox: advantages
and challenges

In humans, MEG is increasingly used for spatiotemporal
mapping of brain function. However, validation efforts lag
behind thewidespreaduse of this technique.A fewstudies have
compared human MEG data to electrocorticography (ECoG)
obtained in patients requiring neurosurgery and have shown
good correspondence in spatial, temporal and frequency
domains between the measures, especially for task-based
paradigms in the lower frequencybands,which have inherently
higher SNR (Dalal et al., 2008; Halgren, 2004; Sutherling et al.,
1988). However, these studies, as a tool for MEG validation, are
limited by ECoG electrode placement and the rare use of depth
electrodes. Further, brain disease is a potential confounding
factor in these studies. Thus, the challenge remains to provide
validation of MEG results.

In the present investigation, we used MEG combined with
MRI to determine the spatial location of somatosensory and
auditory areas of the cortex, as well as the internal somato-
topic organization of 3b/1. In addition, MEG also offers high
temporal resolution so that the temporal profile of activity
in a given cortical field or across fields can be measured.
In fact, this temporal profile can be used to infer the site of
integration of inputs as well as cortical connectivity. It is
critical to examine the organization and function of the neo-
cortexusingmultiple criteria (Kaas, 1983), andMEG isapowerful
tool in overcoming the hurdles of studying the human brain
non-invasively, yielding information about multiple character-
istics of a cortical field that have been difficult to obtain in
the same subject using non-invasive techniques. MEG data
provide the location and amplitude of activity in a given cortical
field, exquisite temporal information about neural response
properties in that field, as well as insight into cortical con-
nectivity, all of which can now be validated in the monkey
model.
4. Experimental procedures

Four adult male macaque monkeys (9–15 kg) were scanned
using MEG and MRI on separate days. Four healthy human
volunteers (3male and 1 female, ages 23–28) also participated in
both MEG and MRI experiments which were performed on
separate days. All studies were performed with approval of the
UCSF Institutional Animal Care and Use Committee or the
Committee on Human Research.
4.1. Stimuli

Calibrated tactile stimulation was delivered using compressed
air-driven balloon diaphragms clipped onto either the digits or
lips. Stimulus intensity was 25 psi for monkeys and 18 psi for
humans, and stimulus duration was 140 ms with a rise time
of 30 ms for both hand and lip in both species. For hand
stimulation in the monkey, two clips delivering simultaneous
stimulation were placed on the tip of the thumb (digit one, D1)
and the thenar area. Three monkeys (MK2, MK3 and MK4)
were stimulated on the right hand and the other monkey
(MK1) on the left hand. In the human, four clips delivering
simultaneous stimulation were placed on the subject's right
hand: one each on the distal and middle segments of D2 and
D3.

For lip stimulation in themonkey, two clips were placed on
the lateral upper and lower lips, on the same side as the hand
thatwas stimulated. In the human, two clipswere place on the
right lateral upper lip and two clips on the right lateral lower
lip. All four lip sites were stimulated simultaneously.

All tactile stimuli were presented in blocks of 256 trials with
an inter-trial interval (ITI) of 1000 ms+/−50 ms for monkeys
and 500 ms+/−50 ms for humans. Low level white noise was
presented continuously to the human subjects during tactile
stimulation via binaural earplugs to mask and thereby reduce
the effect of sounds made by the balloon diaphragms;
monkeys wore earplugs for this purpose.

Auditory stimulation for both species consisted of bursts of
white noise (350 Hz to 17.6 kHz, 400 ms duration, 5 ms rise time)
delivered via binaural earplugs, with 128 epochs per block and
an ITI of 1500ms+/−50 ms.

4.2. MEG acquisition — monkeys

Macaque monkeys were initially anesthetized using intra-
muscular (I.M.) injections of ketamine hydrochloride
(10 mg/kg), and anesthesia was maintained with intrave-
nous (I.V.) or I.M. boluses of ketamine hydrochloride
administered every 15–30 min (3–5 mg/kg/h) and optionally
boluses of I.V. midazolam (0.05–0.36 mg/kg/h). Heart rate,
respiratory rate, temperature and SpO2 were documented
every 30 min. Heated water bottles and blankets were used
to keep the animal warm. An experimenter stayed in the
shielded room to monitor the monkey at all times. Any
large movements, such as a cough or yawn, were noted and
that data block was not analyzed. Sessions lasted 4–6 h
including preparation time, and animals recovered in their
home cage.

Two separateMEG scannerswere used to collect data from
the macaque monkeys. Both scanners were located in a
shielded room. For twomonkeys (MK1 andMK2) a 37-channel
magnetometer (BTi, San Diego, CA) was used. Each monkey's
head geometry, specifically the bony portions of the forehead
and longitudinal fissure, was recorded using a digital sensor
position indicator (FASTRAK, by Polhemus, Colchester, VT).
Central forehead and left and right preauricular points were
identified as landmarks to define the MEG spatial reference
frame for later coregistration with the structural MR image.
The sensor array was centered over the central sulcus con-
tralateral to the site of stimulation.
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Somatosensory data were collected in 300 ms epochs, with
150 ms pre-stimulus period, sampled at 300 Hz. Auditory data
were collected in 600 ms epochs, with 100 ms pre-stimulus,
sampled at 1 kHz. Multiple data sets were obtained from each
monkey. MK1 was scanned on two separate days while MK2
was scanned on one day.

To scan monkeys' MK3 and MK4, a 275-channel CTF Omega
2000 systemwith 3rd-order gradient correction (VSMMedTech,
Coquitlam, B.C., Canada) was used. Three localizing coils were
attachedto thecentral foreheadand1 cmanterior to the left and
right preauricular points. At the start and end of each trial,
current ran through the coils to permit precise localization of
these three fiducial points relative to the sensor array. These
fiducials were later coregistered with the high-resolution
structural MR image.

Somatosensory data were collected in 400 ms epochs, with
a 150 ms pre-stimulus period, sampled at 1200 Hz. Auditory
datawere collected in 600 msepochswith 100 mspre-stimulus
period, andwere sampled at 1200 Hz.MK3was scanned on two
separate days and MK4 was scanned on three separate days.

4.3. MEG acquisition — humans

All human subjects were scanned using the same 275-channel
CTF Omega 2000 system used for monkeys MK3 and MK4. The
localizing coils were attached to the subject's head prior to
placement in the whole-head helmet sensor array. One coil
was placed at the nasion, and two additional coils were placed
1 cmanterior to the left and right preauricular points. As in the
monkey scans, the position of these coils was measured
relative to the sensor array before and after every block of
trials. In all blocks, the subjects moved less than the criterion
of 5 mm. These points were later coregistered with the high-
resolution structural MR image.

Somatosensory datawere collected in 400 ms epochs, with a
150 ms pre-stimulus period, sampled at 1200 Hz. Auditory data
were collected in 600 ms epochs with 100ms pre-stimulus
period, andwere sampled at 1200 Hz. One data setwas obtained
from each human subject collected in a single session.

4.4. MRI acquisition — monkeys

Macaque monkeys were initially anesthetized using I.M.
ketamine hydrochloride (10 mg/kg). Once anesthetized, the
animals were cannulated and intubated. Throughout the
experiment the animals received lactated Ringer's solution
(10 mL/kg/h) and anesthesia was maintained using 1–2%
Isoflurane. Atropine sulfate (0.04 mg/kg) was also given I.M.
to help reduce secretions. Temperature was maintained and
vitals were monitored as described above for the MEG
experiments.

All MR scans were performed on a GE Signa 1.5 T scanner
(GE, Milwaukee, WI). The monkeys were placed in the prone
position and their heads were secured in an MR-compatible
stereotaxic frame. A 5 in. diameter surface coil was placed on
the superior part of the head. Donut-shaped MR-contrast
fiducials were placed in the same three positions as the
localizing coils in the MEG session to assist in coregistration.
After a sagittal localizing scan, a 3D-SPGR image was acquired
with a flip angle of 40°, TR of 27ms, TE of 7 ms, FOV of
190×190mmwith 256×256×124 pixels with an in-plane resolu-
tion 0.74mm×0.74 mm and a slice thickness of 1.0 mm.

4.5. MRI acquisition — humans

All MR scans were performed on the same GE Signa 1.5 T
scanner that was used for the monkey scans. A standard GE
birdcage volume coil was used and as in the monkey scans.
Donut-shaped MR-contrast fiducials were placed on the
subjects' head in the same positions as the localizing coils in
the MEG session to assist in coregistration of MEG and MR
datasets. After a sagittal localizing scan, a 3D-SPGR image was
acquired using a flip angle of 40°, a TR of 27 ms, a TE of 6 ms, a
FOV=240×240mm, 256×256×124 pixels with an in-plane
resolution 0.94 mm×0.94 mm and a slice thickness of 1.5 mm.

4.6. MEG processing — monkeys

To produce comparable data sets we used only the 37 channels
closest to the cortical region of interest for MK3 and MK4
scanned in the 275-channel MEG system. The sensor spacing of
the 275-channel system is identical to that of the 37-channel
system, so both MEG machines provided comparable informa-
tion. Further, because the monkey's head was relatively small,
most of thesensors in the275-channel systemwerenotnear the
head and were therefore recording predominantly noise, and
only the hemisphere near the sensors contributed to signal in
the recordings.

To localize neural sources we chose to use a beamformer
technique, specifically the eigenspace beamformer. The
eigenspace beamformer has been shown to be more robust
than dipole fits (Gutierrez et al., 2006; Sekihara et al., 2002).
While an equivalent current dipole (ECD) inverse method has
been used extensively, and we have used it successfully with
high SNR SEFmonkey data (Zhu et al., 2009), it has been shown
to be equivalent to beamforming for high SNR data (Gaetz and
Cheyne, 2003). However, for lower SNR data, the eigenspace
beamformer is more robust to errors in the forward lead field
(Sekihara et al., 2002). Therefore, we chose to use the eigen-
space beamformer for this data which could be relatively
noisy.

Data processingwas carried out usingNUTMEG (Dalal et al.,
2004; http://nutmeg.berkeley.edu). The raw sensor data was
averaged and the mean of the pre-stimulus period was
subtracted from the whole waveform. Only the runs with
clear responses in the sensor data were processed for
source localization and further quantification of latency and
localization.

The fiducial points or digitized headshape were coregistered
with the structural MRI. A volume-of-interest (VOI) was defined
to include thewhole cerebrumand a grid size of 2 mmwas used.
The source power was estimated over the whole cerebrum so
that the maximum activation relative to other regions could be
determined. The forward lead field was calculated for the whole
cerebrum using a single-shell spherical volume conductor
model.

To determine the optimal location of the sphere center, we
examined additional data sets and compared a head based
location to a sensor based location. The result was a sphere
center location near the center of the monkey's head that was

http://nutmeg.berkeley.edu
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slightly skewed in the direction of the center of the sensor
curvature. This location was optimal for both SEF and AEF
data.

An adaptive spatial filtering algorithm, specifically the
eigenspace vector beamfomer, was used for MEG source
localization (Sekihara et al., 2001). The time course and power
of neural activity at each grid point (voxel) was estimated
using a weight matrix (a data dependent spatial filter),
applied to the sensor data. To determine the weight matrix
the time window containing roughly the first 50–70 time
points post-stimulation of unfiltered data was used to
calculate the data covariance. Two to three eigenvectors
corresponding to the largest eigenvalues were used to
calculate the signal subspace. The weight matrix was then
calculated as a function of the forward lead field and the
sensor data covariance and its signal subspace. The result is a
full spatiotemporal reconstruction of estimated neural activ-
ity: a different spatial map exists for each latency, and
likewise, for each spatial point (voxel) a full time-series can
be extracted (often termed virtual electrode). The estimated
neural location from any MEG inverse method is termed the
localization of that source. We also determined the source
orientation by computing the principle eigenvector of the
source power output from the vector beamformer.

To put the monkey data into a standard normalized space
we registered each animal's structural MRI to the ‘AC–PC
coordinate’ frame using translations and rotations (no warp-
ing). This coordinate system is defined with the anterior
commissure (AC) as the origin, the negative y-axis running
through the posterior commissure (PC), and the positive z-
axis running up through longitudinal cerebral fissure. For
comparing the mediolateral variation across stimulation
types and animals, the negative of the absolute value of the
mediolateral coordinate was used since MK1 was stimulated
on the left while the other three animals were stimulated on
the right.

The source orientation was also converted from the
individual structural MRI space to the ‘AC–PC’ coordinate
frame so that orientations could be averaged across datasets/
animals. The unit orientation vectors from all datasets of a
stimulation type were averaged together. If they all pointed
consistently in a particular direction, then the magnitude
of this mean should equal 1, while completely randomly
oriented vectors will sum to zero. However, in the case of
limited sample size here (e.g. 4–12 vectors), the distribution
varies with number of samples (vectors). Thereforewe comput-
ed the distribution of means of groups of randomly-generated
unit vectors (sample sizes 4, 5, 10 and 12) and determined the
one-tailed 95% and 99.5% cut-offs for maximum values to test
for significance.

The AC–PC coordinates of the voxel with largest MEG
activation across space for the time peak of interest (∼12ms
for digit,∼8ms for lip, and∼50ms for auditory stimulation) and
the source power orientation were noted, as well as the actual
peak latencies at that peak and other peaks if present.
Significance of differences between the coordinates of the
hand, face and auditory representations for both monkeys and
humans were tested using two-tailed paired Student's t-tests
corrected for family-wise errors (thus for three tests p<0.016was
considered significant).
4.7. MEG processing — humans

Human MEG data were processed like the monkey CTF data
(MK3 and MK4) using NUTMEG. The spherical homogeneous
single-shell model was fitted to the scalp derived from the
structural MRI. Individual trials with eye blinks or other
artifacts were discarded prior to averaging and sources were
estimated over a 2 mm-spaced 3D grid over a volume-of-
interest (VOI). Due to computational limits, the VOI was
smaller than a hemisphere (roughly one-tenth the whole
brain volume), but large enough to encompass somatosen-
sory and auditory cortex and surrounding regions. All
sensors were used to reconstruct somatosensory activa-
tions, whereas only sensors on the hemisphere of interest
were used for auditory data. Roughly 250 post-stimulus time
points of non-filtered data were used to calculate the data
covariance and two to three eigenvalues for the signal
subspace.

The individual subject's structural MRI was normalized to
MNI space using SPM2 (http://www.fil.ion.ucl.ac.uk/spm). The
same spatial warping was then applied to the MEG recon-
struction (as implemented in NUTMEG) and the MNI coordi-
nate of the peak MEG voxel and source power orientation
were noted as well as the peak latencies.
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