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Quantification and Reproducibility of Tracking Cortical
Extent of Activation by Use of Functional MR Imaging

and Magnetoencephalography

Timothy P.L. Roberts, Elizabeth A. Disbrow, Heidi C. Roberts, and Howard A. Rowley

BACKGROUND AND PURPOSE: Functional MR imaging and magnetoencephalography are
commonly used to study normal cortical sensory and cognitive processing as well as a variety
of disease states. The usefulness of these techniques is dependent on the reproducibility and
sensitivity to change of derived measures of brain function. The purpose of this study was to
compare the efficacy of functional MR imaging and magnetoencephalography as measures of
the extent of cortical activity in response to a graded stimulus.

METHODS: Five participants underwent functional MR imaging and magnetoencephalog-
raphy involving stimulation of one, two, three, and four digits of the left hand. Measurements
of activation were repeated three times per participant. The cortical extent of activation was
assessed for functional MR imaging by observing the number of ‘‘activated’’ pixels and the
‘‘amount of activation’’: the product of the number of activated pixels and the mean signal
change. Activation was quantified for magnetoencephalography as the magnitude of the evoked
magnetic field peak and as the strength of the modeled current source, Q.

RESULTS: For functional MR imaging, the number of activated pixels tended to increase
with the increasing number of stimulated digits. High intra- and interparticipant variability
(66% and 85% variation, respectively) did not, however, allow statistical resolution of this
trend. The amount of activation was similarly variable (interparticipant, 89%). Magnetoen-
cephalography was more robust regarding quantification. The evoked field amplitude varied
linearly with the number of digits stimulated; intra- and interparticipant variability was 18%
and 41%, respectively, permitting resolution of significant differences between any combination
of stimulated digits, except two versus three (P , .05).

CONCLUSION: Although functional MR imaging and magnetoencephalography show mea-
surable evoked responses with somatosensory stimulation, in this study, functional MR imaging
did not permit robust quantification of increasing cortical areas of activation.

Studies of human neocortex by use of noninvasive
neuroimaging techniques have led to a dramatic in-
crease in our understanding of normal brain func-
tion, from the topographic organization of sensory
cortex (1–3) to ‘‘higher-order’’ cognitive functions
such as language or learning and memory (4–8).
Functional cortical imaging is of clinical signifi-
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cance in studies of reorganization after injury or
during rehabilitation, deterioration during progres-
sive disease, and cortical mapping before neuro-
surgery (9–11). Functional MR imaging (12, 13)
and magnetoencephalography are state-of-the-art
tools available for the study of cortical spatial or-
ganization and temporal activity (14), respectively.
Both have been used extensively in the study of
normal and abnormal cortical function. The rele-
vance of studies using these techniques hinges on
the precision of quantification and the reproduc-
ibility of the methods used for measuring cortical
activity.

Accurate anatomic localization of functional
centers is important. However, the quantification of
the extent of cortical activation and the accurate
determination of changes in activation with chang-
es in the stimulus (eg, in area or amplitude) are
also significant. Sensitivity to changes in cortical
activity and the reproducibility of results are crucial
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for measurements across participants as well as for
longitudinal studies of individual participants. Clin-
ical applications in the quantitative evaluation of
focal dystonia, rehabilitation after sensorimotor
stroke, etc., demand longitudinal quantitative esti-
mation of the extent of cortical activation. The op-
portunity to evaluate therapies thoroughly and to
offer potential objective surrogate markers of clin-
ical outcome relies on a quantitative measure of the
functional parameter of interest (in this case, the
area of somatosensory representation). Extensions
to other sensory systems would allow similar eval-
uation of corresponding sensory deficits, rehabili-
tation, training, and therapy. The purpose of this
study was to quantify functional MR imaging and
magnetoencephalographic measures of the extent
of cortical activity and to compare the reproduc-
ibility of these measures and their sensitivity to in-
cremental stimulus change.

Methods

Participants

All studies were performed with the approval of the insti-
tutional committee for human research. Written, informed con-
sent was obtained from all participants. Five healthy volunteers
(four men and one woman), all right-handed, underwent this
study. All protocols (for both functional MR imaging and mag-
netoencephalography) were repeated on three occasions for
each participant to allow assessment of intraparticipant vari-
ability. For both magnetoencephalography and functional MR
imaging, two repeated procedures were performed on a single
occasion, without head repositioning; the final imaging session
was performed within 1 day to 2 weeks. Magnetoencephalog-
raphy and functional MR imaging were performed for the same
participants within a 4-week period.

Stimuli

Painless somatosensory tactile stimuli were delivered alter-
nately to one, two, three, or four digits of the left hand (ex-
cluding the fifth digit) via a compressed air-driven balloon di-
aphragm. Air was delivered at 15 pounds per square inch for
30-millisecond duration pulses. Stimuli were repeated at a rate
of 2 Hz for both functional MR imaging and magnetoenceph-
alography studies.

Functional MR Imaging

Functional MR imaging was performed using a GE Signa
1.5-T imager (Signa version 5.6; GE Medical Systems, Mil-
waukee, WI), equipped with 25 mT/m gradient coils. Multi-
section gradient-recalled echo-planar imaging was performed
with the following parameters: 2000/69 (TR/TE); flip angle,
608; matrix, 256 3 128; field of view, 40 3 20 cm; number
of sections, six; section thickness, 5 mm; inter-section gap,
1 mm. Seventy images were acquired at each section location
(total, 420 images) during 20-second alternating blocks of rest
and stimulus presentation. Motion correction was accom-
plished using a multisection 2D algorithm, implemented in the
Automated Image Registration (AIR 3.08) software package
(15). Activation detection was accomplished with the STIM-
ULATE software package (16), using a cross-correlation al-
gorithm with the stimulus boxcar reference function, allowing
for a 4-second hemodynamic lag. Pixels were defined as ac-
tivated when correlation coefficients exceeded r 5 0.3, subject
to a clustering requirement for five contiguous activated pixels,
in concordance with our previous experience (17). Regions of

interest were user-drawn, to reject apparent artifactual activa-
tions, by two readers. The readers were blind to each other’s
findings and to the nature of the specific trial being evaluated
(one versus two versus three versus four digits).

Magnetoencephalography

Magnetoencephalography was performed using a 37-channel
biomagnetometer (Magnes II; Biomagnetic Technologies Inc.,
San Diego, CA), with the sensor array positioned over the
participants’ right parietal regions. Epochs of data were sam-
pled at approximately 1 kHz (1041.7 Hz) per channel during
300 ms: 150 ms, pretrigger baseline, and 150 ms, post stim-
ulus. After artifact rejection, epochs were averaged (time-
locked to stimulus onset). Two hundred fifty-six stimuli of
each type were presented with pseudo-random interstimulus
intervals of 500 6 50 ms. Evoked responses were digitally
filtered (1–40 Hz pass-band) and the primary somatosensory
evoked field component identified as the peak of neuronal co-
herence (maximum evoked field), arising between 30 and 70
ms after stimulus onset, in accordance with the standard pro-
cedures of our laboratory and of others (17–19). The current
source of this peak was modeled as a single equivalent current
dipole using iterative nonlinear least squares fitting of the Biot-
Savart ‘‘forward equation’’ for magnetic field at the sensors.
The coordinates of the source were transformed into the MR
imaging reference frame (for overlay on 3D MR imaging) by
the identification of external anatomic fiducial markers (nasion,
left/right preauricular points) to ensure origin in the postcentral
gyrus. Registration errors associated with this overlay have
previously been estimated to be approximately 4 mm (20).

Quantification

Functional MR imaging–detected activation, defined using
the cross-correlation algorithm, was quantified in two forms:
1) the area of activation (ie, the number of image pixels ex-
ceeding the correlation threshold), and 2) the amount of acti-
vation, defined as equal to the product of the number of acti-
vated pixels and the mean signal intensity increase (DSI) in
these pixels on activation compared with rest. Previously, the
amount of activation has been shown to be a sensitive indicator
of activation changes in sensory cortex (21).

Magnetoencephalography was quantified in terms of the
peak instantaneous measured evoked field (with units of fem-
totesla). Additionally, the strength of the modeled current
source, Q (with units of nano-ampere-meter), was computed to
facilitate interparticipant comparisons. Evoked field is a mea-
sured quantity and therefore not subject to the errors intro-
duced by source modeling the magnetoencephalogram. How-
ever, it is sensitive to systematic variations in measurement
procedure (eg, sensor-head relationship) between imaging ses-
sions. Conversely, current source strength, Q, is a modeled
quantity and therefore highly dependent on the appropriateness
and quality of the model. It is also largely insensitive to in-
tersession variations in measurement procedure. As such,
evoked field might be preferred for ‘‘within’’ imaging session
comparisons and Q might be preferred for comparisons ‘‘be-
tween’’ imaging sessions. For both evoked field amplitude and
modeled current source strength, interparticipant biological
variations might be expected to contribute additionally to de-
termined variability.

Results
In five participants undergoing three examina-

tions, each consisting of four stimulus conditions
(60 trials), activation of somatosensory cortex was
identified using functional MR imaging in all ex-
cept two trials (58 of 60 trials). Four additional
studies had to be excluded because of excessive,
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Statistical Significance of fMRI and MEG Measures of Cortical
Extent of Activation

fMRI

Number of
Stimulated

digits
Number of
Pixels, N

‘‘Amount of
Activation’’

(N*DSI)

MEG

Amplitude of
Evoked Field

Current
Source

Strength, Q

1 vs 2
1 vs 3
1 vs 4
2 vs 3
2 vs 4
3 vs 4

0.25
0.24
0.02
0.34
0.93
0.51

0.27
0.21
0.01
0.26
0.94
0.50

0.02
0.04
0.01
0.46
0.03
0.01

0.23
0.29
0.02
0.64
0.00
0.02

Note.—P values from paired t test comparing different numbers of
stimulated digits. t tests are based on the average quantity value from
the 3 repeated measures obtained per subject and per stimulation con-
dition. Each of the proposed fMRI or MEG measures of cortical ac-
tivation (number of pixels, amount of activation, evoked field ampli-
tude, current source strength, Q) is considered separately. Both fMRI
measures fail to show statistical differences except between the extre-
ma of 1 and 4 stimulated digits. MEG measures, particularly evoked
field amplitude, are, however, able to statistically resolve (P , .05)
all comparisons (with the exception of 2 vs 3 digit stimulation).

uncorrectable motion artifact. No magnetoenceph-
alography studies failed to produce a measurable
‘‘peak’’ in the required latency range, with a root
mean square amplitude (across sensor channels) ex-
ceeding the noise floor by a factor of at least 6.

In general, for functional MR imaging, the num-
ber of active pixels did not allow delineation of the
number of fingers stimulated (Table). Figure 1 pre-
sents an example of a functional MR imaging study
of a single volunteer, showing the difference in ac-
tivation pattern resulting from the stimulation of
one through four fingers. On the other hand, the
magnitude of the neuromagnetic evoked field peak
did scale with the extent of cortical activation (Ta-
ble). Figure 2 shows an example of somatosensory
evoked neuromagnetic fields elicited by stimulation
of one, two, three, and four digits, respectively,
along with corresponding modeled single equiva-
lent current source localizations. The amplitude of
the peak of the evoked response seems to increase
with the increasing number of stimulated digits.
This general finding was observed in all partici-
pants. Although single equivalent current dipole
modeling has well-documented limitations and
might be expected to be inappropriate in cases of
extended neuronal sources, the focus of this study
was not on precise localization of activation but
rather on quantitative estimates of the cortical area
of involvement. The illustration merely serves to
identify the source origin as the primary somato-
sensory cortex.

It is clear from the functional MR imaging mea-
sures of cortical activation (Fig 3A) that there is
considerable intraparticipant variability and no
clear trend for each individual toward an increasing
area of activation with an increasing number of
stimulated digits. Similar observations were made
for the computed quantity amount of activation.

Conversely, for the magnetoencephalography data
(Fig 3B), clear trends indicating increased activa-
tion with an increased number of stimulated digits
were observed for every individual participant.
Similar findings were observed for the modeled pa-
rameter, Q, although intraparticipant variation was
greater, especially for one- and two-digit stimula-
tion. Figure 3C shows the lack of correlation be-
tween functional MR imaging and magnetoenceph-
alography findings.

Changes in signal intensity (DSI) in response to
stimulation varied from 2.6 6 0.7% (one digit
stimulated) to 2.9 6 0.9% (four digits stimulated).
This relationship, however, did not approach statis-
tical significance, although it contributed to the ten-
dency toward increased resolution of the number of
stimulated digits using the amount of activation
versus the number of pixels, because the amount
of activation is defined as the product of the num-
ber of pixels and the mean DSI.

In general, variation in functional MR imaging
estimates prohibit the successful use of either the
number of pixels (area of activation) or the amount
of activation (area 3 DSI) for resolving different
degrees of stimulation (number of fingers). For the
number of pixels and the amount of activation, only
values for one finger versus four fingers were sta-
tistically resolved (P , .05). Magnetoencephalog-
raphy variability was much less marked and both
the measured quantity (evoked field magnitude)
and the modeled parameter (current source
strength) were used to resolve different areas of
stimulation. The table shows P values derived from
paired t tests for number of pixels (functional MR
imaging), amount of activation (functional MR im-
aging), evoked field amplitude (magnetoencepha-
lography), and current source strength (mag-
netoencephalography).

For area of activation, derived from functional
MR imaging, we probed more closely the intra-and
interparticipant sources of variability. We defined
the intraparticipant variability for a particular stim-
ulus condition (eg, one digit stimulated) as the SD
in measures of that condition for an individual par-
ticipant, divided by the mean measure for that con-
dition for an individual participant. Intraparticipant
variability ranged from 10% to 141%, with a mean
value of 66.0%. Interparticipant variability was de-
fined for each stimulus condition as the SD of each
individual participant’s mean response, divided by
the mean response across participants (mean of the
individual participant means). Interparticipant var-
iability ranged from 32% to 116%, with a mean
value of 84.6%. In summary, intra- and interparti-
cipant estimates of variability are approximately
equal and somewhat large. A similar analysis for
the magnetoencephalography-derived measure of
the amplitude of the evoked field peak showed con-
siderably reduced intraparticipant variability. The
mean intra- and interparticipant variability esti-
mates were 17.6% and 41.1%, respectively. Both
were substantially smaller than the corresponding
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FIG 1. Functional MR imaging for a single participant, single session, as a function of increasing number of stimulated digits. This
functional MR imaging study from a single volunteer shows the difference in activation pattern (red pixels) resulting from the stimulation
of one through four fingers of the left hand. Overlays are shown on source echo-planar images (2000/69/1 [TR/TE/excitations]; flip angle,
608); four sections are shown covering the expected primary somatosensory areas. Yellow pixels indicate areas of significant correlation
with the stimulus presentation function (r . 0.3), which were deemed not primary contralateral somatosensory cortex by the radiologic
reviewers (H.C.R. and H.A.R.). Although this example tends to show an increasing extent of cortical activation in line with expected
somatotopic distribution in primary somatosensory cortex, results from other participants were less clearly demonstrative. Furthermore,
increases in the number of activated pixels on progression from one to four stimulated fingers are non-monotonic (being especially
diminished in response to three-finger stimulation in this example).

functional MR imaging variability (P , .05 for in-
traparticipant and P , .1 for interparticipant vari-
ability), and, noticeably, intraparticipant (measure-
ment) variability is considerably smaller than
interparticipant (biological) variability.

Figure 4 illustrates the correlation between func-
tional MR imaging readers. The correlation be-
tween readers is strong (r 5 0.93), suggesting that
observations and derived conclusions are not sen-
sitive to arbitrary reader bias.

Discussion
We compared two methods, functional MR im-

aging and magnetoencephalography, for the robust
demonstration of increasing cortical areas of acti-
vation with increasing areas of somatosensory
stimulation. Both methods have been proposed as
techniques for functional neuroimaging, but they

differ fundamentally in their underlying neuro-
physiological sensitivities and mechanisms of sig-
nal detection and quantification. The goal of this
study was to compare the two methods and to in-
vestigate the reproducibility of their measures and
their sensitivity to changes in the stimulus area. Ro-
bust quantitative evaluation of cortical areas of ac-
tivation is integral to longitudinal experimental and
clinical designs targeted at monitoring cortical re-
organization, elicited by training, therapy, and re-
habilitation, in cases of stroke recovery, focal dys-
tonia, and other disorders of the sensorimotor
cortex.

In the clinical setting, both functional MR im-
aging and magnetoencephalography are useful in
the presurgical mapping of sensorimotor cortex (eg,
in defining functional brain areas in anatomic con-
text with respect to a mass lesion). Confirmatory
studies comparing noninvasive preoperative assess-
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FIG 2. Magnetoencephalography waveforms and source localiza-
tion.

A, Representative magnetoencephalography waveforms for one,
two, three, and four digits, for a single participant, single session.
Waveforms are shown from the 37 sensor channels, collapsed onto
a single horizontal time axis, ranging from 150 ms before stimulation
to 150 ms after stimulation, capturing the initial evoked response.
The y axis of these plots is a measure of evoked magnetic field
amplitude, and all plots are shown to scale (50 fT/vertical division).
All have recognizable peaks occurring approximately 30 to 40 ms
after stimulus onset (arrow), with subsequent activity that is not the
focus of this study. The amplitude of this peak seems to increase,
somewhat monotonically, with an increasing number of stimulated
digits.

B, Source localization (single equivalent dipole modeling) of this
magnetoencephalography-detected peak onto high resolution MR
images (SPGR; 38/6/1; flip angle, 358), to form magnetic source im-
ages (MSI) for one-, two-, three-, and four-digit stimulation shows
the source estimate (colored point) to lie in the postcentral gyrus,
which is expected to contain primary somatosensory representa-
tions. The ring surrounding the modeled current source indicates the
95% confidence limit for model/data fit. The 95% confidence vol-
umes (from 3D ellipsoids of confidence) for the example in the figure
are 0.17, 0.06, 0.08, and 0.02 cm3, respectively, for one-, two-, three-,
and four-digit stimulation.
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ments with intraoperative cortical stimulation have
been performed for both functional MR imaging
(9) and magnetoencephalography (10, 11) in pa-
tients with surgically treated epilepsy and neo-
plasms. Although spatial localization is not the fo-
cus of this study, work comparing the localization
of cortical activation measured using functional
MR imaging and source-modeled magnetoenceph-
alography of the same participants under identical
stimulus conditions has shown congruence between
the two methods (17, 22, 23). This congruence
emerges despite differences in the underlying neu-
rophysiological findings associated with the two
imaging methods and imprecision in the definition
of a functional MR imaging focus or in modeling
the source of the magnetoencephalogram.

We chose to examine the somatosensory system
for two reasons. First, to assess quantification of
measures of the extent of cortical activation, it was
necessary to vary the extent of cortical activation
systematically. We varied the extent of cortical ac-
tivation by varying the number of digits stimulated.
The somatotopic organization of anterior parietal
fields 3a, 3b, 1, and 2 has been well documented
using electrophysiological recording techniques in
humans (24, 25) and in nonhuman primates (26–
29). The nonoverlapping finger representations for
digits D5, D4, D3, D2, and D1 lie superior to in-
ferior along the postcentral gyrus. The cortical
magnification factor (the increased area of cortex
devoted to processing sensory inputs from a partic-
ular body region), based on the density of inner-
vation of the skin, yields a larger cortical represen-
tation for D1 and D2 than for D3 and D4.
Therefore, for an increasing number of stimulated
digits, it is assumed that an increasing area of cor-
tex will be involved in processing inputs; thus, in-
creasing measures of the extent of cortical activa-
tion should be observed using imaging techniques.

Second, functional imaging has been used exten-
sively to examine somatosensory cortex in normal
participants and in clinical populations. The corti-
cal resolution of both functional MR imaging (30–
32) and source-modeled magnetoencephalography
(33–36) methods has been reported as adequate to
show somatotopic organization of primary somato-
sensory cortex in humans. Further, we have re-
cently used functional MR imaging to show so-
matotopic organization in anesthetized macaque
monkey cortex, with subsequent electrophysiolog-
ical and neuroanatomic confirmation (37, 38).

The primary results of this study are as follows:
1) functional MR imaging and source-localized
magnetoencephalography can be used to localize
cortical activity in response to somatosensory stim-
ulation of the digits adequately; 2) increasing the
number of stimulated fingers, which would be ex-
pected to increase the extent of active cortex, did
not result in significant increases in areas of acti-
vation, as determined by functional MR imaging;
however, magnetoencephalographic measures of
the cortical extent of activation did vary signifi-

cantly, allowing discrimination of the number of
digits stimulated; 3) intra- and interparticipant var-
iabilities in the area of activation, as determined by
functional MR imaging, were both large (approxi-
mately 65–85%) and strikingly similar, suggesting
that intraparticipant variability may be at least com-
parable with biological (interparticipant) variation;
4) conversely, for magnetoencephalography, intra-
participant measures had lower variability (approx-
imately 20%), whereas interparticipant variability
was greater (approximately 40%), suggesting that
biological variations dominate; within participant
variability in magnetoencephalographic measures
was sufficiently small to allow a clear resolution of
the increasing cortical extent of activation with an
increase in the number of stimulated fingers.

Although both functional MR imaging and mag-
netoencephalography can be used to detect and
even localize cortical activation associated with so-
matosensory stimulation, the results of this study
indicate that magnetoencephalography offers su-
perior quantifiability in determining the cortical ex-
tent of activation. We suggest three explanations,
as follows.

Physiological Factors
The magnetoencephalographic measures reflect

neuronal electrical activity directly, whereas the
block design and the blood oxygenation level–de-
pendent contrast mechanism of functional MR im-
aging reflect hemodynamic correlates of neuronal
activity that may not scale linearly with the number
of stimulated fingers and may be sensitive to other
physiological (eg, blood pressure, partial pressure
of carbon dioxide) and behavioral (eg, attentional
state) parameters that could reduce measurement
reproducibility.

Temporal Factors
The magnetoencephalography quantification cor-

responds specifically to a single temporal event, the
peak of electrical activity between 30 and 70 ms
after stimulus, which is considered to be a primary
evoked response that is relatively immune to atten-
tional modulation (39). As such, the confounding
impact of other somatosensory components and
‘‘background’’ brain activities is diminished, leav-
ing a measure that is a somewhat pure representa-
tion of the stimulus event. The functional MR im-
aging response essentially averages over all
ongoing neuronal activities, some of which may
not be reproducible or may not co-vary with the
degree of stimulation (number of fingers).

Methodological Factors
The effect-to-noise ratio in functional MR im-

aging is small compared with the magnetoenceph-
alography signal-to-noise ratio; therefore, measure-
ment precision is degraded. This can be partially
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FIG 3. Variation of derived measures of the extent of cortical
activation with increasing numbers of stimulated digits: intra- and
interparticipant.

A, Area of activation derived by functional MR imaging shows
considerable intraparticipant variability and no trend toward in-
creasing areas of activation with increasing numbers of stimulat-
ed digits, for averaged data for each individual. Measures of cor-
tical activation are shown as a function of increasing numbers of
stimulated digits with intraparticipant variability represented by
the dispersion of like-colored dots. Mean individual participant
trends are shown as solid lines.

B, Evoked field amplitude as determined by magnetoenceph-
alography. Despite overlap in the range of evoked fields elicited
by each stimulation type across participants, the data from each
individual are relatively clustered for each stimulation type; clear
trends indicating increased activation with increased numbers of
stimulated digits are seen for every individual participant. Mea-
sures of cortical activation are shown as a function of increasing
numbers of stimulated digits with intraparticipant variability rep-
resented by the dispersion of like-colored dots. Mean individual
participant trends are shown as solid lines.

C, There is no evident correlation between functional MR im-

aging and magnetoencephalographic measures.

ameliorated with appropriate acquisition, averaging
strategies, and statistical methods.

Our choice of the quantities used to measure the
extent of cortical involvement also had an impact
on our ability to discriminate cortical extent. In the
functional MR imaging component of this study,
we focused on computing the number of pixels de-
fined as activated and on a quantity termed amount
of activation, which is the product of the number
of activated pixels and the mean signal intensity
increase (DSI) associated with stimulation, mea-
sured across activated pixels. Because DSI is re-
markably similar across participants and number of
stimulated digits, the construction of the quantity
(amount of activation) did little to decrease the var-
iability observed in the number of activated pixels.
The DSI values tended to be slightly lower in re-
sponse to single digit stimulation (2.6%) than in
response to stimulation of multiple digits (2.6–
2.9%), although this trend was not statistically sig-
nificant. The amount of activation quantity might

therefore be expected to have slightly better per-
formance in resolving single- from multiple-digit
stimulation.

When quantifying the magnetoencephalography
signal, two considerations compete. On the one
hand, the modeled current dipole source strength,
Q, is relatively independent of systematic con-
founds, such as precise sensor position relative to
the head. On the other hand, compared with a mea-
sured quantity such as evoked field amplitude, var-
iability is introduced into the quantity, Q, by the
very process of mathematical modeling of neuronal
activity. When the model and the data are highly
consistent, Q tracks with evoked field amplitude
and is potentially better suited for intersession com-
parisons. When the model fails to describe the data
adequately, large errors in Q are likely. In practice,
system variations (primarily sensor placement) are
relatively insignificant (intersession variations in a
single participant are comparable with variations
observed among repeated measurements within a
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FIG 4. Interrater comparison for functional MR imaging. Despite
differing sensitivities to activation identification (the slope of the
correlation plot is approximately 0.6), the correlation between
readers is strong (r 5 0.93), suggesting that observations and
derived conclusions are not sensitive to arbitrary reader bias in
definition of region of interest.

single recording session). Thus, the measured quan-
tity, evoked field amplitude, provides a reasonably
robust basis for estimating neuronal activity. In this
study, both Q and evoked field amplitude were of
comparable efficacy for resolving different num-
bers of stimulated digits, although Q tended to fail
in cases of low signal-to-noise ratio (eg, in the
comparison of one finger versus two fingers), be-
cause the modeling process is sensitive to mea-
surement noise. Additionally, because the modeling
process invokes an assumption of a single focal
source of activity, it might be expected to be less
appropriate when used to describe activation aris-
ing from the stimulation of multiple digits where
an extended cortical area is involved.

We have shown that magnetoencephalography is
superior to functional MR imaging not only in
quantifying the extent of active cortex but also in
the reproducibility of the results. In the present
study, interparticipant variations observed by using
magnetoencephalography are mostly attributed to
biological variations. Examining data pooled across
all participants, we observed that although the trend
toward increased amplitude of evoked field, de-
tected by magnetoencephalography, with increased
number of stimulated digits was pronounced, group
overlap between different numbers of stimulated
digits seems to preclude their discrimination. How-
ever, this overlap was largely attributable to inter-
participant variability; that is, within individual
participants, increasing evoked field amplitude was
clearly observed as the number of stimulated digits
was increased. For functional MR imaging, such
determinations cannot be made, because intrapar-
ticipant variability was almost as great as interpar-
ticipant variability. Many of the sources of vari-
ability in functional MR imaging are discussed by
Genovese et al (40), including systematic, statisti-
cal, and biological considerations.

Previous studies on test-retest variability of func-
tional MR imaging tend to show considerable
quantitative variation, despite a consensus opinion
of ‘‘adequacy.’’ Many of these have focused on the
visual system; however, the broad conclusions are
nonetheless relevant. For example, Moser et al (41)
found intraparticipant fractional SDs in the areas of
cortical activation to be 5% to 50% in the majority
of their participants (63–88% of participants, de-
pending on the exact correlation threshold ap-
proach). Fractional SDs are, however, presumed yet
greater in the remaining 12% to 37% of cases.
Across participants, biological variation introduces
further degradation of reproducibility. Moser et al
report no instances of a fractional SD of cortical
area across participants less than 41% regardless of
analysis strategy used. In the present study, a con-
stant correlation threshold for definition of activa-
tion was selected, primarily to reduce ‘‘floor’’ and
‘‘ceiling’’ effects arising with increasing areas of
activation. After evaluation using r 5 0.2, r 5 0.3,
and r 5 0.5, a value of r 5 0.3 was selected for
subsequent analysis.

Rombouts et al (42, 43) evaluated both area of
activation and overlap of activated pixels during
repeated echo-planar functional MR imaging ex-
aminations with full-field visual stimulation. Al-
though the reproducibility of an area or volume of
activation is good (approximately 88–90%), over-
lap of pixels is variable (64–74%). Intraparticipant
variability in cortical volume of activation was con-
siderably superior to that found in response to our
tactile stimulus (approximately 20%); interpartici-
pant variability was approximately 40%. However,
the use of full-field stimulation may result in a sat-
uration or ceiling effect in activating visual cortex,
such that apparent reproducibility in response to
such a strong stimulus is greater, because the upper-
bound of possible activation may be providing a
limit to variation. Rombouts et al did not speculate
regarding either the reproducibility of functional
MR imaging in response to more subtle stimuli or
regarding the ability of functional MR imaging–
defined areas or volumes of activation to resolve
differences in the cortical area of activation arising
from differences in stimulus type.

Yetkin et al (44) encountered relatively poor
overlapping activated pixel distributions on repeat-
ed trials (approximately 50% overlap) with both
somatosensory stimulation and motor task perfor-
mance. By reducing the stringency of the ‘‘over-
lap’’ definition to include activation of neighboring
(but not exactly the same) pixels, reproducibility of
activation increased to 80%. Yetkin et al did not
use a calibrated (and thus more reliably reproduc-
ible) stimulus; therefore, it is possible that inter-
session variations in the specific nature of stimu-
lation/task performance may contribute to observed
variation in extent of cortical activation.

Le and Hu (45) use kappa statistics across re-
peated measures to assess intersession concordance
of activated pixels. They noted a moderate im-
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provement in reproducibility with physiological
motion correction. Our analysis was less dependent
on statistical constructs but rather sought to de-
scribe sensitivity to changes in cortical areas of ac-
tivation. Intra- and interparticipant variability of
any measure used to describe an area of cortical
activation will necessarily reduce the usefulness of
the measure to resolve small differences in the area
of activation.

Magnetoencephalography studies of reproduc-
ibility largely focus on the problematic issue of
source localization (46–48). Although evoked
fields have been measured in response to a variety
of sensory stimuli, the predominance of reproduc-
ibility assessments address the auditory evoked
neuromagnetic field and, in particular, the compo-
nent occurring approximately 100 ms after stimulus
onset, the N1m or M100. For example, Pantev et
al (48) report tightly clustered source localizations
for the M100 component with a SD of less than
2 mm. Baumann et al (49) show approximately
20% variation in modeled current dipole source
strength, Q, for the N1m component between trials
and a larger interparticipant variation (#50%).
These values are comparable with the 20% intra-
participant and 40% interparticipant fractional SDs
in the present study. Virtanen et al (50) shows sim-
ilar 20% variation both across and within sessions
for N1m modeled source strength, Q, with less var-
iation in the evoked response amplitude (root mean
square across sensor channels) within sessions (ap-
proximately 14%), although this increased to more
than 20% when computed across sessions, presum-
ably attributable to sensor/system variations.

In an intraparticipant reproducibility study of
magnetoencephalography source localizations for
somatosensory cortex, Gallen et al (51) noted a
1.02-cm SD for single digit source localization.
This relatively large uncertainty contains contri-
butions from intersession variations, habituation,
fatigue, and registration to MR imaging. Intrases-
sion SD of source localization was less (6.7 mm).
In another important study (34) in which magne-
toencephalography was used to record the magnetic
field evoked by somatosensory stimulation of each
of the five digits separately, two relevant findings
were apparent: first, the interparticipant variability
in current dipole strength for each source was ap-
proximately 45% (defined as the SD divided by the
mean), which is directly comparable with the ap-
proximately 40% interparticipant variation ob-
served in the magnetoencephalography component
of the present study; second, the index finger was
associated with the strongest source, which would
be consistent with the relatively larger cortical rep-
resentation of the index finger compared with other
digits. This finding was the rationale for our choice
of the index finger as the single digit stimulation
site. Because other digits (specifically D1, D3, and
D4) were associated with comparable source
strength in that study, we might expect an approx-
imately linear increase in cortical activation on pro-

gressing from one to two to three to four stimulated
digits. This was the finding in the present study.

As Bauman et al (49) point out, variability in-
creases with later evoked field components because
of attentional variations that modulate evoked re-
sponses. We restricted our focus to the early (30–
70 ms post stimulus) component of the somatosen-
sory evoked field, which has been repeatedly
shown to originate on the postcentral gyrus (10, 11,
18, 19, 51, 52) and is relatively impervious to the
effects of attention (39). As also noted by Baumann
et al, weaker evoked field components, having
poorer signal-to-noise ratios, are likely to be mod-
eled with reduced confidence, leading to greater
variability in modeled parameters such as Q for low
signal-to-noise situations. We see this in the lack
of ability of the modeled current dipole strength,
Q, to allow resolution of one versus two fingers,
for example, where individual evoked responses
are relatively weaker than for larger stimulation
areas.

Despite the above-mentioned limitations to func-
tional MR imaging reproducibility and its relative
lack of sensitivity to stimulus changes, a potential
advantage of functional MR imaging lies in its abil-
ity to detect spatially extended or separate foci of
activation that present a modeling challenge for
magnetoencephalography. Functional MR imaging
is ideally suited for delineating multiple areas of
cortex involved in complex brain function. Quan-
tification of degrees of such function, however,
should be interpreted with some caution (53). The
opportunities afforded by quantitative measures of
brain function, particularly as assessed in this study
by magnetoencephalography estimates of the extent
of cortical activation, have extensive application
both in the resolution of graded stimuli during a
single examination and also in longitudinal studies
(eg, during rehabilitation therapy).

Conclusion
Quantitative magnetoencephalography reliably

shows increasing cortical area activated by increas-
ing numbers of stimulated fingers. For functional
MR imaging in this study, intra- and interpartici-
pant variability precluded resolution of an effect of
the extent of stimulation. We conclude that mag-
netoencephalography is more suited than functional
MR imaging to studies requiring quantitative mea-
sures of the extent of cortical activation.
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