


White Matter Asymmetry in the Human
Brain: A Diffusion Tensor MRI Study

Language ability and handedness are likely to be associated with
asymmetry of the cerebral cortex (grey matter) and connectivity
(white matter). Grey matter asymmetry, most likely linked to
language has been identified with voxel-based morphometry (VBM)
using T,-weighted images. Differences in white matter obtained with
this technique are less consistent, probably due to the relative insen-
sitivity of the T, contrast to the ultrastructure of white matter.
Furthermore, previous VBM studies failed to find differences related
to handedness in either grey or white matter. We revisited these
issues and investigated two independent groups of subjects with
diffusion-tensor imaging (DTI) for asymmetries in white matter
composition. Using voxel-based statistical analyses an asymmetry of
the arcuate fascicle was observed, with higher fractional anisotropy
in the left hemisphere. In addition, we show differences related to
handedness in the white matter underneath the precentral gyrus
contralateral to the dominant hand. Remarkably, these findings were
very robust, even when investigating small groups of subjects. This
highlights the sensitivity of DTI for white matter tissue differences,
making it an ideal tool to study small patient populations.

Keywords: connectivity, DTI, handedness, language, morphometry, MRI,
white matter

Introduction

Voxel-based statistical analysis is usually performed on 7;-
weighted magnetic resonance (MR) images and has revealed
details of anatomical differences in vivo (Ashburner and
Friston, 2000; Good et al., 2001). Studies have shown changes
in grey matter density related to navigational skills (Maguire et
al., 2000), specific forms of headache (May et al., 1999) and
degenerative diseases (Baron et al., 2001).

A problem concerning white matter morphometry on the
basis of T}-weighted images is that 7 signal intensities are not
very well correlated to white matter integrity. This can be seen
in disorders such as multiple sclerosis, in which white matter
T, signal intensities remain normal even in severely damaged
tissue (Filippi et al., 2001).

In contrast to T;-weighted imaging, diffusion-weighted
imaging provides more subtle information about white matter
tissue composition (Basser, 1995). Diffusion tensor (magnetic
resonance) imaging (DTI) can be used to measure the diffusion
characteristics of water in vivo. White matter fiber orientation
can be determined by using diffusion-tensor MR imaging
because water diffuses faster parallel to the longitudinal axis of
axons than perpendicular to it (Basser et al., 1994). The frac-
tional anisotropy (FA) of diffusion is sensitive the coherence of
the orientation of fibers within each voxel. Lower FA values
can indicate decreased fiber coherence or myelination defects
as observed in multiple sclerosis (Filippi et al., 2001). Diffu-
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sion-tensor MR imaging has also indicated subtle white matter
abnormalities in developmental speech (Sommer et al., 2002)
and language disorders (Klingberg et al., 2000).

Voxel-based morphometry (VBM) studies investigating brain
asymmetry have focused on grey matter (Watkins et al., 2001).
One study also investigated differences in white matter using
T,-weighted images (Good et al, 2001). In the right hemi-
sphere, higher grey matter density was found in the frontal
lobe, whereas the opposite was found in the occipital and the
anterior temporal lobe in accord with previously described
larger indentations of the skull (i.e. petalia). Interestingly, this
does not seem to reflect the marked difference in lateralization
of language to the left hemisphere, according to which one
would expect higher grey matter density in left fronto-
temporal areas. Similarly, based on the profound differences in
motor skills between the dominant and non-dominant hands,
one would expect marked differences in the organization of
the motor system depending on the handedness of the subject.
However, the two studies using VBM found no such difference
when investigating either grey matter (Watkins et al., 2001) or
grey and white matter (Good et al., 2001). So far, only studies
investigating the depth of the central sulcus revealed a
left-right asymmetry related to handedness in males but not in
females (Amunts et al., 2000). The negative result of these VBM
studies is unlikely to be related to insufficient statistical power,
as both studies investigated >100 subjects. This is in marked
contrast to traditional morphometry studies that have consist-
ently revealed a correlation between the asymmetry in the
planum temporale and planum parietale and hand dominance
(Steinmetz et al., 1991; Jincke et al., 1994). This leaves the
possibility that signal intensity in 7I}-weighted images is an
insensitive marker for anatomical differences related to hand-
edness.

We revisited this issue and investigated two independent
groups of healthy subjects with diffusion-tensor imaging (DTI)
and voxel-based statistical analysis to further investigate the
following questions: (i) are there differences between the
ultrastructure of white matter in the left versus the right hemi-
sphere? and (ii) is handedness reflected by a different white
matter composition in the hemisphere contralateral to the
dominant hand?

Materials and Methods

Subjects

We studied two groups of subjects with DTI. The first group consisted
of 15 healthy volunteers (mean 30.0, range 23-43 years, four females)
and was previously used as a healthy control group for a sample of
stutterers (Sommer et al., 2002). Most of the volunteers were
employees of the university hospital. None of the participants
suffered from any neurological or unstable medical disease or took
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any CNS-active medication. All volunteers in this group were
consistent right handers with a score of at least 15/22 points
(Oldfield, 1971).

The second group consisted of 28 healthy volunteers (mean 29.9,
range 21-40 years, 14 females). Nine subjects were left handed, 19
right handed. The mean handedness score on the 10-item version of
the Edinburgh Handedness Inventory (Oldfield, 1971), calculated as
100*((R - L)/(R + L), was 86.8 £ 15.9 (range 53.8-100) for the right
handers and -79.7 £ 17.2 (range -60 to -100) for the left handed
volunteers. Right handers were on average 29.7 + 5.5 years old and
left handers were 30.3 = 6.5 years old. There was no significant age
difference between groups [F(1,26) = 0.1, P = 0.8]. Both studies were
approved by the local ethics committee and subjects gave written
informed consent prior to the experiment.

Image Acquisition

Diffusion-weighted images were acquired on a Magnetom Vision 1.5 T
MR system (Siemens Erlangen, Germany) with a circularly polarized
head coil and maximum gradient amplitude of 25 mT/m. Cushions
were used to restrict the subject’s head movements. The participants
wore earplugs for noise protection. We acquired diffusion-weighted
images with a ‘stimulated echo acquisition mode’ (STEAM; Nolte et
al., 2000) sequence (flip angle = 15°, T = 8872 ms, T = 65 ms, 56 x 64
matrix, field of view = 168 X 192 mm, voxel size = 3 x 3 x 5 mm?) of
20 slices covering the whole brain and parts of the cerebellum. The
full protocol consisted of a 7T,-weighted image and six diffusion-
weighted images sensitized for diffusion along six different directions
(b-value = 750 symm?). These measurements were repeated 40 times
to improve the signal-to-noise ratio in the tensor maps. A T;-weighted
image was acquired using a 3-D ‘fast low angle shot’ sequence (flip
angle = 30°, Ty = 15 ms, T = 5 ms, 256 x 256 x 196 matrix, voxel size
=1x1x1mm3).

Image Processing and Statistical Analysis

The first diffusion-weighted image was discarded to exclude the tran-
sition to steady state. Image processing was performed with SPM 99
and SPM2 (http://www.fil.ion.ucl.ac.uk/spm/). The diffusion-
weighted images were realigned to the second image without diffu-
sion weighting, and co-registered with the high resolution 7, image,
which we then spatially normalized to a standard template (Paus et al.,
1999), reorienting the diffusion gradient directions accordingly. The
DTI images were sinc interpolated to 2 x 2 x 2 mm?3 resolution. The
diffusion-tensor and fractional anisotropy (FA) were determined for
every voxel according to standard methods (Basser et al, 1994).
Corrections for eddy current distortions were not necessary for this
STEAM DTI acquisition.

To account for different geometrical configuration of both hemi-
spheres, we performed two additional normalization steps: In a first
step, all FA volumes were averaged to create a mean FA image. This
image was then averaged with a mirrored version of itself, generating
a symmetrical FA template. We then spatially normalized all FA
volumes to this symmetrical template.

It is conceivable that both hemispheres are not perfectly parallel
(e.g. smaller interhemispheric gap between the occipital lobes). If the
relative position between left and right hemisphere in an individual
brain is different from that in the template, spatial normalization can
shift the brain slightly to one side, which renders spatially normalized
FA maps erroneously asymmetric. To avoid these artifacts, in a second
step the hemispheres were separated, all right hemispheres flipped to
the left and individual hemispheres spatially normalized to the left
hemisphere of the symmetrical FA template.

We used a 12 parameter affine registration together with non-linear
warps parameterized through a basis set of discrete cosines (7 x 8 X 7
cycles in x, y and z directions) in all normalization procedures. The
non-linear step was considered important, since we wanted to register
different brains and hemispheres as accurately as possible. This is in
contrast to standard VBM approaches, in which a residual difference
in structure is desired (Ashburner and Friston, 2000). These rather
complicated procedures were necessary to avoid possible confounds
of differential registration of the two hemispheres.

Finally, FA maps were smoothed with a Gaussian kernel of 4 or 12
mm full width at half maximum. FA values were compared within
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subjects between hemispheres using SPM2 (paired ftest) with a
threshold set to P < 0.05, corrected for multiple comparisons. For the
handedness analysis, we hypothesized increased FA contralateral to
the dominant hand in motor/premotor areas. In this case the correc-
tion of the P-value was based on a volume of interest (sphere with
radius 12 mm, i. e. a volume of 7400 mm?3) centered around the hand
knob (Yousry et al., 1997).

Eigenvector Visualization

To visualize differences between hemispheres in an anatomical
context of fiber bundles, we used a common scheme to represent the
orientation of the first eigenvector (i.e. the eigenvector corre-
sponding to the largest eigenvalue) with colors. The magnitude of the
Cartesian components (x, p, 2) of this vector are color-coded: |x|
(left-right) in red, [y| (posterior-anterior) in green and |z| (infe-
rior-superior) in blue. Note that this simple representation is ambig-
uous: in the worst case two perpendicular vector orientations are
displayed in the same color (see, for example, Pajevic and Pierpaoli,
1999). All color plots were derived from a high resolution (2 x 2 x
3 mm voxel-size) template DTI scan of a healthy control subject, as
previously reported (Koch et al., 2002).

Results

Asymmetry

To study the reliability of our approach, hemispheric asym-
metry was assessed for both groups of volunteers individually.
In group 1, testing for greater FA in the left than the right
hemisphere revealed a C-shaped structure connecting the
temporal and frontal cortex. This structure comprised the
posterior part of the superior longitudinal fascicule, a part of
the arcuate fascicle. The observed FA difference extended far
into the temporal lobe (Fig. 1, top left). Performing the same
analysis in group 2 revealed an identical pattern of differences
with significantly greater FA the arcuate fascicle of the left
hemisphere (Fig. 1, top right). Overlaying this activation onto
a color-coded direction map revealed that the difference was
confined to areas in which fibers are predominantly oriented
anterior-posterior (green in Fig. 1, top left). The same was true
for the second group (Fig. 1, top right).

Testing for greater FA in the right than in the left hemisphere
revealed a smaller area of increased FA posterior to the arcuate
fascicle in the white matter underneath the inferior parietal
cortex, just above the Sylvian fissure (Fig. 1, bottom left). An
identical difference was observed in the second group (Fig. 1,
bottom right). The overlay on color coded direction maps
showed this difference to be located in an area in which the
predominant direction of diffusion is in the lateral direction
(i.e. right-left).

Handedness

Differences in fractional anisotropy in relation to handedness
were only assessed for the second group of subjects in which 9
of 28 subjects were left handed (Fig. 2). Here we tested for
greater FA in the right as compared to the left hemisphere for
left handers and greater FA in the left as compared to the right
hemisphere for right handers. This was done using a conjunc-
tion analysis, reporting the minimum #value of both compari-
sons (Friston et al., 1999). In this analysis only one significant
difference (Z = 4.0, P <0.05 corrected for ) was observed in the
frontal lobe (x = £32, y = -14, z = 50 mm,; Fig. 2¢). Closer
inspection revealed that this signal difference is located exactly
within the white matter of the precentral gyrus. Both pre- and
postcentral gyri are easily identified on FA images by their high
fractional anisotropy value (arrows in Fig. 2a@). In this area FA
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Figure 1. Differences in fractional anisotropy between hemispheres thresholded at P < 0.05 (corrected for multiple comparisons). Columns indicate groups, i.e. independent data
samples from two groups of volunteers and rows indicate the comparison, either higher FA on the right than left (lower rows) or vice versa (upper rows). The top left quadrant shows
significantly higher FA in the arcuate fascicle of the left hemisphere. Overlaying this difference on a color coded orientation scheme revealed that the fibers in this area of the arcuate
fascicle have a predominant anterior-posterior orientation. An almost identical picture emerged in group 2 (top right quadrant). See Supplementary Material for a color version of
this figure. The bottom row shows higher FA in the right hemisphere in the vicinity of the corpus callosum in the white matter of the parietal lobe. This was replicated in group 2
(top right quadrant). Note that images in the bottom row are mirrored across the y—z plane (i.e. R and L are reversed).

was consistently higher in the left compared to the right hemi-
sphere in right handers and vice versa in left handers (Fig. 2b).

Discussion

Using voxel-based statistics on fractional anisotropy maps
derived from DTI we were able to show greater FA values in
the arcuate fascicle in the left hemisphere and in the inferior
parietal white matter in the right hemisphere. The robustness
of this result was demonstrated by an excellent test-retest reli-

ability showing an identical pattern in two independent
samples. Furthermore, a detailed analysis of handedness
revealed a significant greater FA in the precentral gyrus contral-
ateral to the dominant hand.

Recent voxel-based morphometric studies investigating
brain asymmetry focused on the grey matter partition. The
most prominent finding was a higher grey matter density in the
left planum temporale (Good et al., 2001; Watkins et al., 2001).
Interestingly, this area of increased grey matter density is close
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Figure 2. Differences in fractional anisotropy related to handedness thresholded at P < 0.001. Handedness-related higher FA was found in the white matter of the precentral gyrus
(@). The central sulcus can be easily identified on FA images since it is bordered by the precentral and postcentral gyri, which can easily be identified in FA images. FA values in this
area are significantly higher in the left as opposed to the right hemisphere for right handers and vice versa for left handers (b). Bars (+90% confidence intervals) indicate average FA
difference between hemispheres within group (left- or right handers). This finding was highly selective as is shown on the maximum intensity projection (c). See Supplementary

Material for a color version of this figure.

to the region of FA difference between right and left hemi-
spheres which was observed in our study. Only one study
directly investigated asymmetry of ‘white matter density’ as
estimated from 7T;-weighted images (Good et al., 2001). The
extensive asymmetries reported in this study partially included
the arcuate fascicle.

One important difference between our method and the one
employed in previous studies (Good et al., 2001; Watkins et al.,
2001) concerns the spatial preprocessing. In these studies, the
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data were normalized to a symmetric template that was derived
from the group studied. It is conceivable that although both
hemispheres are congruent, they may not be perfectly parallel,
e.g. due to a slightly smaller interhemispheric gap between the
occipital lobes than between the frontal lobes. If the relative
position between left and right hemispheres in an individual
brain is different from that in the template, this can lead to an
inaccurate match, in which the brain gets slightly shifted to
one side, which can in turn cause asymmetrical spatially



normalized FA maps. To avoid these artifacts, we added an
additional processing step in which we renormalized indi-
vidual hemispheres to a single average hemisphere, thus
allowing for individual normalization parameters for each
hemisphere. Pilot analyses without this additional step
revealed asymmetry close to the midline in the left anterior and
right posterior part of the cingulate, that vanished after intro-
ducing the additional single hemisphere normalization. Such
an asymmetry close to the midline is to be treated with caution
because this implies abrupt changes in density of the corpus
callosum, which seems biologically implausible (Watkins et al.,
2001).

By smoothing segmented grey matter partitions, volume or
thickness differences can be transformed into image intensity
differences through the partial volume effect. These intensity
differences are then compared with a voxel-based statistic.
Obviously, this works best if the smoothing kernel is large rela-
tive to the structures of interest. In case of the thin gray matter
sheet, smoothing kernels of 12 mm have been used (Watkins et
al., 2001). Subcortical white matter structures are much
thicker and therefore larger smoothing kernels are necessary.
This will, however, decrease the spatial resolution of the
analysis.

General Asymmetry

The left arcuate fascicule has been linked to language function
in patients with conduction aphasia, which is characterized by
a predominant deficit in repetition (Geschwind, 1965) and is
often caused by a disruption of the arcuate fascicle, which
connects temporal and frontal language regions.

Our observation of greater fractional anisotropy in the left
arcuate fascicle is also interesting with regard to studies of
normal and abnormal white matter development and is in
accord with a recent DTI region-of-interest-study showing
higher anisotropy in the white matter underneath the left
insula compared to the right insula (Cao et al, 2003). Using
VBM on white matter segments from 7I;-weighted images, an
increase of white matter density was observed in the left
arcuate fascicle only (Paus et al, 1999). This finding was
further supported by a recent developmental DTI study
showing a correlation between FA and age in the left arcuate
fascicle (Schmithorst et al., 2002).

In addition, another study demonstrated that language
impaired patients with dyslexia show decreased fractional
anisotropy in this region (Klingberg et al., 2000). This decrease
in FA was tightly correlated with reading performance. The
area of higher FA in the left hemisphere, as demonstrated in
our study, almost perfectly coincides with the observed
decrease in FA in dyslexics. Assuming that the asymmetry in
the arcuate fascicle develops during language acquisition, one
could speculate that reduced FA in the left arcuate fascicle in
dyslexics is a sign of a deficient lateralization.

An asymmetry with greater FA values in the right hemisphere
was found in the white matter of the inferior parietal lobe.
Observations of neglect after right inferior parietal lesions that
include the angular gyrus indicate a specific role of the right
hemisphere in spatial processing (Mort et al., 2003). Hence, it
is possible that the observed asymmetry reflects an asymmetry
in the neural structures of spatial processing. Although this
finding is robust as indicated by a replication in a second
group, we refrain from interpreting the difference any further,
because even in the analysis with a small smoothing kernel it is

difficult to assess where precisely the difference is located and
how it relates to cortical areas. Thus further high resolution
studies focusing on this area are necessary.

Asymmetry Related to Handedness

Using MR morphometry the only morphological difference
related to handedness in the motor system is a deeper central
sulcus in the hemisphere contralateral to the dominant hand
(Amunts et al., 2000). Interestingly this finding was obtained in
male subjects only. In contrast the difference in FA related to
handedness in our study was not significantly influenced by
gender (data not shown).

Previous VBM studies failed to demonstrate any handedness-
related asymmetry in the human brain. Good and colleagues
reported asymmetry, but no effect of handedness, using VBM
on grey and white matter segmented 7;-weighted images in
465 volunteers (Good et al., 2001). Another study used multi-
modal imaging in 142 volunteers to better delineate the grey
matter segment and performed voxel-based analyses on these
segments (Watkins et al., 2001). Again, no consistent effect of
handedness was found. Both studies were based on sample
sizes much larger than ours. Hence, deficient statistical power
is an unlikely reason for the null results obtained in these
studies.

Recent DTI studies investigated the connectivity originating
from primary motor cortex in both hemispheres (Ciccarelli et
al., 2003; Guye et al., 2003). In these studies DTI data were
used in combination with fiber tracking algorithms to define
macroscopic fiber tracts. One of these studies (Guye et al.,
2003) showed a more extensive connectivity in the dominant
(left) hemisphere compared to the right hemisphere. The
opposite comparison was not performed, because only right
handers were investigated (Guye et al., 2003). In the other
study, no handedness-related asymmetry was found (Ciccarelli
et al., 2003).

Our study is the first voxel-based analysis to reveal handed-
ness-related differences. The important difference between our
study and previous studies is the imaging modality, i.e. diffu-
sion-weighted imaging versus T;-weighted imaging. Our data
strongly suggest that DTI is the imaging modality of choice for
the investigation of white matter differences between groups
and hemispheres.

Fractional anisotropy does not reflect a unique specific tissue
property. Rather, FA is influenced by tissue hydration, myelina-
tion, cell-packing density and fiber diameter, and directional
coherence (Shimony et al., 1999; Virta et al., 1999). We are
thus not in a position to uncover the exact nature of ultrastruc-
tural changes in the precentral gyrus that seem to be associated
with handedness.

Comparing the location of the observed handedness-related
FA with a probability map of Brodmann area (BA) 4 and the
pyramidal tract (Rademacher et al., 2001), shows that the coor-
dinate falls precisely within the pyramidal tract. This suggests
that the difference observed is indeed located in the white
matter underneath BA 4.

Microscopic studies of Brodmann area 4 revealed that the
hemisphere contralateral to the dominant hand shows
increased contents of neuropil (Amunts et al., 1996). The term
‘neuropil’ denotes a tissue compartment containing dendrites
and axons. Although this relates mainly to tissue within the
boundary of grey matter, it is conceivable that remote effects
of increased neuropil can also be observed underneath the
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grey matter sheet. This would suggest that increased FA in the
precentral gyrus is the result of a higher cell packing density
and more coherent fiber orientation.

Using DTI and voxel-based statistical analyses we were able
to demonstrate a difference between the left and right arcuate
fascicle. Together with developmental studies and studies of
language impairment, this strongly suggests a link to the
language abilities of this hemisphere. In addition, our study is
the first to demonstrate a handedness-related difference in the
precentral gyrus using voxel-based statistics. These findings
were remarkably robust, even when investigating small groups
of subjects, which highlights the sensitivity of DTI for white
matter tissue composition. This high sensitivity renders the
voxel-based analysis of DTI data an ideal tool to study patient
populations (i) in which an involvement of white matter tracts
is expected and (ii) in which a statement needs to be made
with a small number of subjects. Recent examples of focal
differences in FA in stuttering (Sommer et al., 2002) and in
developmental dyslexia (Klingberg et al., 2000) underline this
claim.

Supplementary Material

Supplementary material can be found at: http://www.cercor.oupjour-
nals.org/
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| Mechanisms of disease |

Disconnection of speech-relevant brain areas in persistent

developmental stuttering

Martin Sommer, Martin A Koch, Walter Paulus, Cornelius Weiller, Christian Blichel

Summary

Background The neuronal basis of persistent developmental
stuttering is unknown. The disorder could be related to a
reduced left hemisphere dominance, which functional
neuroimaging data suggest might lead to right hemispheric
motor and premotor overactivation. Alternatively, the core
deficit underlying stuttering might be located in the speech-
dominant left hemisphere. Furthermore, magnetoencephalo-
graphy study results show profound timing disturbances
between areas involved in language preparation and
execution in the left hemisphere, suggesting that persistent
developmental stuttering might be related to impaired
neuronal communication, possibly caused by a disruption of
white matter fibre tracts. We aimed to establish whether
disconnection between speech-related cortical areas was the
structural basis of persistent developmental stuttering.

Methods We analysed the speech of 15 people with
persistent developmental stuttering and 15 closely matched
controls for the percentage of syllables stuttered. We used
diffusion tensor imaging to assess participants’ brain tissue
structure, and used voxel-based morphometry and two-
sample t test to compare diffusion characteristics between
groups.

Findings Diffusion characteristics of the group with
persistent developmental stuttering and controls differed
significantly immediately below the laryngeal and tongue
representation in the left sensorimotor cortex (mean
difference in fractional anisotropy 0-04 [95% CI 0-03-0-05]).

Interpretation Our findings show that persistent
developmental stuttering results from disturbed timing of
activation in speech-relevant brain areas, and suggest that
right hemisphere overactivation merely reflects a
compensatory mechanism, analogous to right hemisphere
activation in aphasia.
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Introduction

Generation of fluent speech is dependent on the precise
temporal synchronisation of phonatory and articulatory
muscle groups.! Language content modulates this process
in a top-down fashion,? indicating the close interaction
between speech and language. This complex system is
severely compromised in developmental stuttering, a
disorder that presents with involuntary repetitions,
lengthened sounds, or arrests of sounds and occurs in
about 4-5% of all children’ aged 3-5 years. Although
stuttering can be characterised as a speech disorder,
symptoms seem specifically related to use of language,
and are especially prominent in emotionally and
syntactically demanding speech.’> Spontaneous remission
is common, but speech impairment persists after puberty
in about 1% of people, more often in men than in
women,’ and has a genetic basis.* Despite decades of
research, the origin of persistent developmental stuttering
and its structural basis are unclear.?

Various theories of the pathophysiology underlying
persistent developmental stuttering have been proposed:
incomplete or abnormal patterns of cerebral hemispheric
dominance>® with a shift of activation to the right
hemisphere, supported by experimental data for motor,
premotor,”® and auditory cortices;’ impaired oral motor
control,’” with patients with persistent developmental
stuttering showing slower reaction times in tasks
involving increasing complexity of bimanual decisions; '
impaired auditory self-monitoring of speech, supported
by temporal deactivation™'>"” and negative correlation
between temporal activation and stuttering in
positron  emission  tomography  studies;*?  and
synchronisation deficits in speech preparation and
execution, shown in a magnetoencephalography study.'*
The magnetoencephalography study results'* point
towards disconnection of speech-related cortical areas in
the left hemisphere, which affects the synchronisation of
motor and premotor cortex.

We tested the hypothesis of a disconnection between
speech-related cortical areas as the structural basis of
persistent developmental stuttering by characterising
brain tissue structure through DIFFUSION TENSOR IMAGING
(DTI) in patients with persistent developmental
stuttering. DTI can be used to measure the diffusion
characteristics of water in vivo. The orientation of
white matter fibre can be established with DTI because
water diffuses faster if moving parallel rather than
perpendicular to the longitudinal axis of axons.”
FRACTIONAL ANISOTROPY (FA) OF DIFFUSION is a measure of
the coherence of the orientation of fibres within each
voxel (the smallest distinguishable box-shaped part of a
three-dimensional space). In multiple sclerosis, lower FA
values can indicate decreased fibre coherence or
myelination defects.'® DTI has also been shown to be
sensitive to subtle white matter abnormalities in dyslexia,
a developmental language disorder."”
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GLOSSARY

DIFFUSION TENSOR IMAGING (DTI)

An MRI technique sensitive to diffusion properties (direction, coherence)
of water protons. A set of six scans is obtained, each of which is
sensitised for one of six non-colinear directions.

FRACTIONAL ANISOTROPY (FA) OF DIFFUSION

A measure of the coherence of diffusion within each voxel. In highly
ordered fibre bundles such as the corpus callosum, diffusion is mainly in
the direction of, rather than perpendicular to, the fibre, resulting in high
FA values. Low FA values can indicate decreased fibre coherence or
myelination defects as seen in multiple sclerosis.

GAUSSIAN KERNEL
A three-dimensional, Gauss curve, used to filter images spatially
(ie, blur). The wider the Gaussian curve, the more blurring will result.

VOXEL-BASED MORPHOMETRY

An objective method to compare brain parenchyma between groups of
patients in each voxel of structural magnetic resonance images.

Methods

We studied 15 adults (five women) with persistent
developmental stuttering (study group), no signs of
cluttering, mean age 30-6 years (SD 7-5, range 18-44), and
mean years of education 15-7 years (3-0, 10-20). The study
group came from all parts of Germany: 13 were registered
with an experienced speech and language pathologist in
Hamburg, who confirmed the diagnosis of persistent
developmental stuttering; and two people had stuttering
diagnosed by a neurologist with experience in speech-
language disorders (MS).

We matched 15 controls for age (mean 30-0 years,
SD 7-2, range 23-43), sex (four women), and years of
education (mean 17-2 years, SD 2:7, range 15-23).
Controls had no personal or family history of stuttering or
cluttering, were from the Hamburg region, and most were
employees of the University of Hamburg hospital. Data for
one control could not be used (technical equipment
failure), which left 14 controls included in the study.

No participants had a neurological or unstable medical
disorder or took any drugs that acted on the central nervous
system. All participants apart from one stuttering patient
were right-handed with a score of at least 15 of 22 points on
the Edinburgh inventory.'® We obtained the agreement of
the Ethics Committee of the Medical Faculty of the Georg-
August-University of Gottingen, and written informed
consent from all participants.

Immediately before doing DT, we assessed the severity
of stuttering (ie, repetitions, lengthened sounds, overt
speech blocks). Stuttering patients were asked to read aloud
a newspaper article of 141 words and to talk spontaneously
about their perception of an international event. In the
fluent control group, the text passage was longer (1273
words) to accurately score subtle speech abnormalities.
Participants’ speech was recorded on audiotape and the
percentage of syllables stuttered assessed by two
independent analysts.”” Individual percentages of syllables
stuttered were averaged across both analysts.

DTI was done with a Magnetom Vision 1-5 T MR
system (Siemens; Erlangen, Germany) with a circularly
polarised head coil. Cushions were used to restrict
participants’ head movements. Participants wore earplugs
for noise protection. We acquired DTI images with a
stimulated echo acquisition mode sequence (STEAM:* flip
angle 15° TR [repetition time] 8872 ms, TE [echo time]
65 ms, 56X64 matrix, field of view 168X192 mm, and
voxel size 3X3X5 mm’) of 20 slices covering the whole
brain apart from the cerebellum.

The full protocol consisted of a T,~-weighted image and
six diffusion-weighted images sensitised for diffusion along
six different directions. These measurements were repeated
40 times to improve the signal-to-noise ratio in the tensor
maps. A T -weighted image was acquired by use of a three-
dimensional fast-low-angle-shot sequence (flip angle 30°,
TR 15 ms, TE 5 ms, 256X256X196 matrix, voxel size
1X1X1 mm?®). The first DTI image was discarded to
exclude the transition to steady state. Image processing was
done with SPM 99. DTT images were realigned with the
second image without diffusion weighting, and co-
registered with the high resolution T, image, which we
spatially normalised to a standard template,” reorienting
the diffusion gradient directions accordingly.

The DTT images were sinc interpolated to 3X3X3 mm’
resolution. The diffusion tensor and FA were established
for every voxel.” We compared FA between the fluent and
stuttering groups using VOXEL BASED MORPHOMETRY.
Corrections for eddy current distortions were not necessary
for this STEAM DTI acquisition. The FA maps were
smoothed with a GAUSSIAN KERNEL of 6 mm full width at
half maximum.

Because of the densely packed fibres, FA is higher in
white matter than in grey matter. Hence, FA could be
artificially higher in controls if the voxel of interest lay
predominantly in grey matter in the study group and in
white matter in controls. To keep this source of error to a
minimum, we did a post-hoc analysis in which we
investigated the unsmoothed FA maps and compared the
region of interest (10X10X10 mm’ centred on the
maximum [-48, —15, 18 mm]), between groups. Within
this region of interest we established all voxels that
contained white matter by use of the segmented high
resolution T, -weighted scan. Co-registration between
diffusion weighted and T, -weighted images ensured a
perfect match of structures between modalities. By contrast
with echo planar diffusion weighted imaging, STEAM
imaging does not introduce geometrical distortions due to
susceptibility gradients or eddy currents.

For a statistical power of 0-8 and « of 0-05, the sample
size was sufficient to detect differences between stuttering
patients and controls greater than 1 SD. To approximate a
normal distribution, behavioural data were log transformed:
f(x)=In(x+0-1), x=percentage syllables stuttered. Adding a
constant was necessary to avoid a logarithm of 0 in one
control. FA values were compared between groups by use

Mean syllables stuttered (%)
iy

|
RN
1

T T
Controls Study group

Figure 1: Percentage of syllables stuttered by the study group
and controls
Bars=95% Cls.
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of SPM 99 (two-sample ¢ test) with the threshold set to
p<0-05, corrected for multiple comparisons.

Role of the funding source

The sponsors of the study had no role in the study design,
data collection, data analysis, data interpretation, writing
of the report, or decision to submit the paper for
publication.

Results

Patients in the study group stuttered significantly more
syllables (mean % stuttered syllables 4-04% [95% CI
2:42-5-66], range 1-0-20-4), than controls (0-12% [-1-17
to 1-41], range 0-0-9, one-tailed unpaired r test
p=1-48X107"; figure 1). The interanalyst reliability of
scores was 0-85.

FA was significantly lower in the study group than
controls (mean difference 0-04 [95% CI 0-03-0-05];
mean of relative FA reduction 32-8% [22-3-43-3],
p=0-014, corrected for multiple comparisons in the whole
brain volume), in the rolandic operculum of only the
left hemisphere, immediately above the Sylvian fissure

A Central sulcus

Rolandic operculum

B
0-22+

0-21

0-20

0-19

0-18

Fractional anisotropy

0-17

0-16-

Study group Controls

Figure 2: Voxels with significantly lower FA in the study group
than in controls (top panel), and comparison of post-hoc FA

analysis results (bottom panel)

Voxels are superimposed in red on a normalised T1-weighted anatomical
image of a control at a threshold of p<0-001 (size of cluster=81 mm?).
The insert is cut at x<-48 mm, y between —40 and 5 mm, and z>18 mm;
coordinates refer to the space defined by the Montreal Neurological
Institute. Bars in the lower panel=SEs.

(figure 2). This region of reduced FA encompasses the
white matter immediately below the sensorimotor
representation of the oropharynx at the level of the central
sulcus (Brodmann’s area 43),*'? close to variations in gyral
anatomy reported in persistent developmental stuttering.?

Post-hoc analysis of the region of interest showed
a significant difference between groups (mean difference
in FA 0-03 [95% CI 0-01-0-05]; mean of relative FA
reduction in study group 15-1% [4-6-25-6], uncorrected
p=0-0036), indicating FA differences within white matter
(figure 2). The lower significance level in the post-hoc
analysis was expected because the analysis was based on
unsmoothed FA data to avoid further grey-white matter
smearing.

Discussion

Our results show signs of a cortical disconnection in
people with persistent developmental stuttering
immediately below the laryngeal and tongue

representation in left sensorimotor cortex. The immediate
surrounding region is composed of the sensorimotor
representation of tongue, larynx, and pharynx in the
subcentral sulcus; the ventral extension of the central
sulcus; * and the inferior arcuate fascicle linking temporal
and frontal language areas.*?*

In particular, fibre tracts in this area connect the
sensorimotor representation of the oropharynx with the
frontal operculum involved in articulation® and the
ventral premotor cortex related to the planning of motor
aspects of speech.” Thus, disturbed signal transmission
through the left rolandic operculum could impair
sensorimotor integration necessary for fluent speech
production.” Our findings show that the normal
temporal pattern of activation in premotor and motor
cortex is disturbed and, as a consequence, that right
hemisphere language areas compensate for this deficit,”*
similar to recovery in aphasia.?®

The alternative interpretation, that right hemisphere
overactivation is the cause of persistent developmental
stuttering and leads to subsequent atrophy of white matter
in the left rolandic operculum as a secondary effect,
cannot be discounted by our data. However, this
mechanism is extremely unlikely: it is unclear how
widespread right hemisphere overactivation could lead to
a focal abnormality in the left hemisphere; and right
hemisphere abnormality does not provide a plausible
explanation for the synchronisation abnormality in the left
hemisphere noted with magnetoencephalography.
Furthermore, a possible disconnection, as shown by our
data, is consistent with decreased activation of the
adjacent posterior inferior frontal cortex during
stuttering.””

Fluency inducing techniques such as chorus reading or
shadowing have a powerful effect in stuttering.? Chorus
reading and shadowing might induce fluency by providing
an external clock. Through projections from periauditory
areas, this external clock might be able to functionally
compensate the disconnection between frontal speech
planning areas and motor areas by synchronising their
activity via a common input. In accord with this theory,
fluency-inducing procedures such as chorus reading
increase activity in temporal areas.”

We can only speculate about the histological alterations
underlying the difference in FA. Although brain
myelination is essentially complete at age 5 years,” results
from DTI studies in children aged 5-17 years® showed an
increase of FA with age, indicating that DTT is a sensitive
marker for white matter development beyond
myelination. Similarly, results of a morphometric study
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using T ,-weighted imaging®' showed a correlation of white
matter density in T -weighted images with age. In both
studies, the correlation was most prominent in the motor
system (internal capsule) and the speech-language system
(left frontoparietal white matter). This finding parallels
the development of these functional systems during
childhood and adolescence. Since the density of white
matter obtained with T, and FA show a similar correlation
with age, the increase in FA after the completion of
myelination probably arises from an increase in density
and coherence of neuronal packing.’!

A limitation of our study follows from the large voxel
size that we chose because of little a-priori knowledge.
Therefore, we do not know whether the FA difference is
only in white matter or whether the grey-white border is
also involved. A further limitation is that we did not
control for any past or present therapy in the study group,
which could have improved fluency scores and modified
correlation between FA scores and fluency. The small
sample size restricts our study only with regard to
detection of strong differences of the mean between
groups.

Overall, our findings provide evidence for a structural
abnormality in speech-relevant areas in the left rolandic
operculum in persistent developmental stuttering. This
abnormality probably develops during the period of early
language and speech acquisition in which many children
experience a transient phase of stuttering.? Our methods
could be used to ascertain why certain children develop
persistent stuttering whereas others become fluent
speakers.
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Abstract

Objectives: To study the time course of the changes of the inhibitory network of the human motor system, we investigated the silent period
(SP) in 7 healthy subjects by double suprathreshold transcranial magnetic stimulation (TMS).

Methods: SPs and motor evoked potentials (MEPs) were recorded from the voluntarily activated right abductor digiti minimi muscle.
Conditioning and test stimuli were delivered with equal intensity, which was set to yield a baseline SP duration of 130 ms by a single pulse,
and with various interstimulus intervals (ISIs). In addition, a control experiment with adjustment of the intensity of single stimuli was

performed.

Results: At ISIs of 20 and 30 ms the test pulse SP duration was prolonged, without increasing the MEP amplitude. The SP duration
shortened at longer ISIs and showed a significant depression between ISIs of 60—110 ms. The shortened SP was accompanied by a diminished
MEP. The control experiment revealed that the SPs evoked by the adjusted pulses were significantly shorter than the test pulse SPs.

Conclusions: A conditioning stimulus can prolong and shorten the test pulse SP duration at different ISIs. The prolongation is probably
cortically generated, whereas the shortening is likely to occur at a cortical and spinal level. © 2000 Elsevier Science Ireland Ltd. All rights

reserved.

Keywords: Silent period; Double transcranial magnetic stimulation; Motor cortex; Inhibitory system

1. Introduction

Transcranial magnetic stimulation (TMS) of the motor
cortex during voluntary contraction produces a motor
evoked potential (MEP) followed by a period of silence
(SP) in the background electromyographic (EMGQG) activity
(Rothwell et al., 1991). The origin of the SP has been
attributed to several mechanisms. Recent studies indicate
that although spinal mechanisms such as after-hyperpolar-
ization and Renshaw cell activation may contribute to the
first part, the major portion of the SP is due to inhibitory
cortical mechanisms (Cantello et al., 1992; Uozumi et al.,
1992; Inghilleri et al., 1993; Roick et al., 1993; Ziemann et
al., 1993; Hallett, 1995).

There is some evidence which suggests that the excita-
tory and inhibitory networks are activated differently by
TMS: the SP can be recorded without a preceding MEP

* Corresponding author. Tel.: +49-551-39-66-50; fax: +49-551-39-81-
26.
E-mail address: w.paulus@med.uni-goettingen.de (W. Paulus).

1388-2457/00/$ - see front matter © 2000 Elsevier Science Ireland Ltd. All rights reserved.

PII: S1388-2457(00)00426-0

(Cantello et al., 1992), the SP has a lower active threshold
than the MEP (Wassermann et al., 1993) and the MEP
amplitude plateaus while the SP duration continues to
increase at a high stimulus intensity (Inghilleri et al.,
1993). Several authors have described the procedures of
the changes of the MEP size and motor threshold after a
conditioning cortical stimulation (Valls-Solé et al., 1992;
Wassermann et al., 1996; Tergau et al., 1999). Although
these findings reflected not only the activation of the exci-
tatory, but also the inhibitory network, the latter was only
indirectly probed.

With the use of two suprathreshold pulses the influence
of a first conditioning stimulus on the motor system
could be detected through the motor response evoked by
the second test pulse (Valls-Solé et al., 1992; Wassermann
et al., 1996). In the present study, we employed this
double-pulse paradigm to investigate the duration of
the SP, which represents the inhibitory effect directly
(Rossini et al., 1994), as the parameter to measure the
time course of the changes of the activity of the inhibitory
system.
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T. Wu et al. / Clinical Neurophysiology 111 (2000) 1868-1872 1869

2. Materials and methods
2.1. Subjects

We investigated 7 healthy volunteers (4 male, 3 female;
average age 27.1 years, range 22-30 years). The experi-
ments were performed according to the Declaration of
Helsinki and were approved by the Ethics Committee of
the Medical Faculty of the University of Gottingen. All
volunteers gave written informed consent to participate in
this study.

2.2. Stimulation and recording technique

Subjects were seated in a comfortable reclining chair.
Surface EMG recordings were made from the right abductor
digiti minimi muscle (ADM) with Ag/AgCl electrodes fixed
in a belly-tendon montage. The raw signal was amplified
and filtered (time constant 10 ms, low-pass filter 3.0 kHz,
high-pass filter 5.0 Hz) and then fed into an IBM-PC/486
AT-compatible laboratory computer, using the NEUROS-
CAN (version 3.0) data collection (sampling rate 5 kHz) and
conditional averaging software. Focal TMS was delivered to
the hand area of the left motor cortex through a figure-of-
eight coil (outer diameter of one winding 70 mm) connected
to two Magstim 200 magnetic stimulators via a BiStim
module (maximum output 2.0 T, The Magstim Company,
Whitland, Dyfed, UK). The optimal position for activation
of the ADM was found by moving the coil in 1 cm steps
around the presumed area of the left motor cortex and was
defined as the site where stimuli of moderately suprathres-
hold intensity consistently produced the largest MEPs in the
target muscle. The handle of the coil was held in a postero-
lateral direction so that the current induced in the brain flow
was perpendicular to the central sulcus. This position was
marked with a pen in order to ensure a constant placement of
the coil throughout the experiment. The resting motor
threshold (RMT) was determined in the completely relaxed
ADM under auditory EMG feedback control. The threshold
intensity, expressed as a percentage of maximum stimulator
output, was approached from suprathreshold levels by redu-
cing the stimulus intensity in 1% steps and was defined as
the first stimulus intensity that failed to produce an MEP of
more than 50 wV in 5 subsequent trials (Rossini et al.,
1994).

The effect of double-pulse TMS on the duration of the SP
was studied in 25% maximum activated right ADM. The
subjects’ force of voluntary contraction was measured by a
vigorimeter and controlled with visual feedback using an
oscilloscope monitor in front of them. The double stimuli
were delivered with equal stimulus intensity and through the
same coil. The first and second stimuli are referred to as the
conditioning and test stimuli, respectively. The intensity of
the conditioning and test stimuli was determined by increas-
ing the intensity of a single stimulator from the motor
threshold level in 1% steps. An on-line averaging of the

SP duration was performed at each intensity. The intensity
used for the double stimuli was defined as the first stimulus
intensity that yielded an average SP duration of 130 ms in 5
subsequent trials. Each experiment started with 10 single
pulses at this intensity. We averaged these 10 SP durations
and MEP amplitudes as baseline of SP (bSP) and MEP
(bMEP), respectively. Subsequently, double pulses were
delivered with interstimulus intervals (ISIs) of 20200 ms
in steps of 10 ms. Four blocks of trials were performed, each
consisting of 4 or 5 randomly intermixed ISIs (5 trials each).
The intertrial interval of all experiments was 5 s. After each
block the subjects had a short rest of about 10 min.

2.3. Statistical methods

The duration of the SP evoked by a single pulse was
measured from the beginning of the MEP to the recovery
of voluntary EMG activity. For double stimuli, at short ISIs
(<50 ms), the determination of the beginning of the SP
evoked by the test pulse was difficult as the stimulus artifact
and the MEP produced by the test pulse appeared before the
end of the MEP induced by the first stimulus. We defined the
duration of the test pulse SPs from the onset of the first MEP
to the recovery of voluntary EMG activity after the test
pulse, then subtracted the corresponding ISI of each trial
(Fig. 1). The duration of the SP and the amplitude of the
MEP induced by the test pulse were expressed as a percen-
tage of the bSP and bMEP, respectively. Student’s f test was
used to analyze the differences of the SP or MEP from the
baseline values at each ISI, while the values at ISIs of 20 and
30 ms were also calculated by the Wilcoxon test. The rela-
tionship of the SPs and MEPs was detected with linear
regression. For all experiments, data are given as the

2mV

50 ms

1 T

AB C D

Fig. 1. Typical example of the silent period (SP) in the voluntary activated
right ADM (25% of maximal contraction) after double magnetic stimuli
with equal intensity of the contralateral motor cortex. The interstimulus
interval (ISI) is 30 ms. The arrows from left to right indicate: the artifact
of the first (conditioning) pulse (A); the onset of the first motor evoked
potential (MEP) (B); the onset of the second (test) MEP (C); the recovery of
EMG burst at the end of the SP (D). We measured the duration of the test
pulse SP from the onset of the first MEP to the end of the SP (arrow B to
arrow D), then subtracted the corresponding ISI (30 ms in this case). The
test pulse SP duration is 217 ms.
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mean * standard error (SE), and statistical significance was
assumed if P < 0.05.

2.4. Control experiment 1

To study the effect of the level of contraction on the
change of the SPs and MEPs, we performed double-pulse
TMS in 10% activated right ADM in all 7 subjects. The
stimuli were delivered as in the main experiment. Data
analysis was identical to the principal experiment. We
used analysis of variance (ANOVA) to compare the results
of this control session to those of the principal experiment.

2.5. Control experiment 2

In order to further analyze the mechanisms responsible
for the change of the SPs, a control experiment was
performed in 4 subjects. We applied 45 single pulses with
9 different intensities, which were adjusted to induce the
MEP amplitudes from 10 to 90% of the bMEP, imitating
the MEP amplitudes evoked by the test stimuli of double
TMS at different ISIs. Five trials were recorded for each
intensity with an interval of 5 s. SPs induced by these
adjusted stimuli were measured and normalized to the
bSP. ANOVA was used to compare the values of the SP
evoked by adjusted stimuli to the SPs produced by test
pulses of double stimuli. Data analysis was identical to
the principal experiment.

3. Results
3.1. RMT and stimulus intensity
The average RMT in all 7 subjects was 46.0 = 3.1%

(range 40-60%). The average stimulus intensity of a single
pulse to achieve an average baseline SP duration of 130 ms

180
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Fig. 2. The time course of the SPs and MEPs evoked by the test pulses
during voluntary contraction of right ADM (SP, filled circles; MEP, open
circles) at different ISTs. All results are normalized to the baseline SP (bSP)
and MEP (bMEP), respectively (baseline set to 100%). The grand mean of 5
trials of each ISI in 7 subjects is shown with standard errors. A significant
difference to baseline (Student’s ¢ test) is indicated by *P < 0.05 or
=P < 0.01.

was 57.6 = 2.4% (range 47-65%) and was about 1.25 fold
of RMT (range 1.08-1.45 fold). The average duration of the
bSP was 134.3 = 1.9 ms (range 125.4-137.8 ms).

3.2. Time course of the SPs evoked by test pulses

The averaged normalized test pulse SP duration and the
MEP amplitudes for all 7 subjects at each ISI are shown in
Fig. 2. At short ISIs (20-30 ms) all subjects showed a signif-
icant prolongation of the SP by either ¢ test (P < 0.05) or
Wilcoxon test (P < 0.005). In one subject, this prolongation
was present up to an ISI of 40 ms. The duration of the SP
decreased gradually with increasing ISI and showed a
significant shortening between ISIs of 60-110 ms. At an
ISI of 160 ms the SP duration returned to baseline again,

and an insignificant prolongation occurred at ISIs of
160-200 ms.

3.3. Comparison of the SPs and the MEPs

The time course of the MEPs showed nearly the same
trend as that of the SPs (Fig. 2). However, at ISIs of 20
and 30 ms we did not find a facilitation of the MEPs. At
an ISI of 40 ms the MEP began to decrease and was signifi-
cantly inhibited from 40 to 140 ms. The MEP recovered
completely at an ISI of 170 ms. The result of linear regres-
sion between the time course of the SPs and MEPs (Fig. 3)
showed a high correlation (r = 0.927).

3.4. Results of the control experiment 1

The results of the SPs and the MEPs at 10% contraction
were nearly the same as those at 20% voluntary activation
(ANOVA, P > 0.05). At ISIs of 20 and 30 ms, a signifi-
cantly prolonged SP duration appeared, without a facilita-
tion of the MEPs. At ISIs ranging from 40 to 150 ms MEPs
were reduced in size, and at ISIs from 60 to 120 ms the SP
was shortened. There was not a significant interaction of the
level of contraction by parameter (SP, MEP) or of the level
of contraction by ISI.
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Fig. 3. The result of linear regression is shown as the amplitude of test pulse
MEP (x-axis) against the duration of the test pulse SP (y-axis).
y =59.869 + 0.501x; r = 0.927, P < 0.0001.
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3.5. Results of the adjusted SPs

The averaged values of the SPs evoked by the adjusted
single pulses in 4 subjects were significantly shorter than the
SPs produced by the test pulses of the double stimuli (see
Fig. 4) (ANOVA, effect of stimulus condition, P < 0.05),
particularly when adjusted with lower MEP amplitudes
(from 10 to 40% of the bMEP; post-hoc, Fishers test,
P < 0.05).

4. Discussion

The principal finding of the present paper is that the silent
period is prolonged at short ISIs (<40 ms) and is shortened
at long ISIs (>40 ms) by double suprathreshold TMS. Since
the first and the second MEP may overlap at ISIs of less than
20 ms, we did not give double TMS at shorter intervals.

4.1. The prolongation of the SP

A suprathreshold conditioning stimulus significantly
prolongs the SP duration at ISIs of 20 and 30 ms. Although
spinal mechanisms may operate in the first 50 ms, the major
part of the SP induced by cortical stimulation is attributed to
cortical mechanisms (Fuhr et al., 1991; Uozumi et al., 1992;
Inghilleri et al., 1993; Roick et al., 1993; Ziemann et al.,
1993; Hallett, 1995). As the MEP amplitude reflects the
number of simultaneously activated spinal motoneurons,
the spinal SP duration is correlated to the preceding MEP
size (Triggs et al., 1993). In contrast, the cortical SP is
independent from the MEP amplitude (Inghilleri et al.,
1993). In our study, we did not find a significantly increased
MEP size preceding the prolonged SP duration. This indi-
cates that an enhanced spinal inhibition is not crucial for the
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Fig. 4. SPs evoked by the test pulses of double TMS (filled circles) or by
single pulses (open squares) at different preceding MEP amplitudes. The
intensities of the single pulses were adjusted to yield MEPs that were in
amplitude from 10 to 90% of the bMEP, imitating the amplitudes evoked by
the test pulses of double stimuli at different ISIs. The duration of the SPs
and the amplitudes of MEPs are normalized to the bSP and bMEP, respec-
tively (baseline set to 100%). The grand mean of 5 trials of each intensity in
4 subjects is shown with standard errors. A significant difference between
the adjusted SPs and the test pulse SPs (post-hoc, Fisher’s test) is indicated
by *P < 0.05 or **P < 0.01.

prolongation of SP; the latter is thus likely to be due to the
increased excitability of the inhibitory system at a suprasp-
inal level. Our results are consistent with a recent report
(Shimizu et al., 1999) in which the authors also used paired
TMS and found a prolongation of SP at ISIs of 15-20 ms
without alteration of MEP size. Similar to us, the authors
contribute the SP prolongation to supraspinal mechanisms.

The origin of the cortical SP remains debatable, but inhi-
bitory postsynaptic potentials (IPSPs) produced by intracor-
tical inhibitory GABA interneurons is a widely accepted
explanation (Krnjevic et al., 1966a,b; Fuhr et al., 1991;
Hallett, 1995). Cortical stimulation can activate a horizontal
network of intracortical inhibitory interneurons (Asanuma
and Rosé, 1973), which might induce a spread of IPSPs
(Kang et al., 1994) and produce a cortical silent period.
Presumably, the spatial and temporal summation of IPSPs
evoked by the test pulse with that produced by the condi-
tioning stimulus would prolong the cortical SP consider-
ably. This explanation is supported by previous reports
that double pulses in somatosensory neocortical or hippo-
campal slices were able to elicit enhanced IPSPs at short
ISIs (Nathan and Lambert, 1991; Fleidervish and Gutnick,
1995).

4.2. The shortening of the SP

We attribute the shortening of the SP duration at long ISIs
to either cortical or spinal inhibitory mechanisms. The
depressed SP was consistently preceded by a diminished
MEP which indicates that such a change is partly due to
spinal mechanisms. The decreased motor response to the
test pulse is produced by the reduced excitatory motor
drive on the cortico-muscular pathway after a conditioning
stimulus (Valls-Solé et al., 1992; Wassermann et al., 1996;
Tergau et al., 1999). These descending volleys of lower
amplitude should activate less spinal inhibitory networks
and, therefore, induce a shortened SP.

However, the shortened SP was not purely due to the
altered activation of the spinal inhibition, as the SPs evoked
by the adjusted single pulses were significantly different
from the test pulse SPs preceded by the same MEP ampli-
tude (Fig. 4). Further support derives from the comparison
of the test pulse SPs and MEPs in detail. For example, the
shortest SP duration appeared at an ISI of 80 ms, in which
the SP was about 60% of the bSP and was diminished for
more than 50 ms. The corresponding test MEP size was 20%
of the bMEP, which suggested that the spinal SP was still
existent (Fig. 2). These results indicate that the cortical SP is
also shortened at the long ISI. We speculate that the activity
of the intracortical inhibitory interneurons evoked by the
conditioning pulse decreases after a relatively long time,
and the quantal contents for IPSPs decay at this period, so
that the subsequent stimulus might result in much smaller
IPSPs (Wilcox and Dichter, 1994; Fleidervish and Gutnick,
1995).
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4.3. The lack of facilitation of the MEPs at short ISIs

Our results confirm that double suprathreshold TMS does
not facilitate the MEP size at ISIs of 20-30 ms while the
subjects activate the target muscle (Wassermann et al.,
1996). This finding is also parallel to a previous study
(Tergau et al., 1999), which explored that AMT did not
change shortly after the conditioning stimulus. In contrast,
an increased MEP size at short ISIs can be detected in a
resting muscle (Valls-Solé et al., 1992; Nakamura et al.,
1997). A possible explanation for the phenomenon is that
the excitability of the spinal and cortical motoneurons is
increased by voluntary contraction, so that a given stimula-
tion enhances the MEP size more than in the resting muscle
(Di Lazzaro et al., 1998). Therefore, less additional moto-
neurons are recruited by the test pulse. However, 3 pieces of
evidence suggest that the disfacilitated MEP is more likely
due to the activation of the inhibitory network. First, the SP
duration at short ISIs is significantly increased (Fig. 2).
Second, voluntary contraction can enhance the activation
of the inhibitory system (Triggs et al., 1993). Consequently,
the enhanced activity of the cortical inhibitory network
could eliminate the augmentation of the MEP size which
is apparent in the resting muscle. Finally, our control experi-
ment showed that at a lower level of contraction, the SP
duration is prolonged but the MEP size is not facilitated.
This rules out a ceiling effect as a crucial reason for the lack
of facilitation of MEPs.

In conclusion, the main discovery of this study is the
prolongation and shortening of the silent period at different
ISIs after double cortical stimulation. While the former is
likely the consequence of the increased cortical inhibition,
the latter may happen at either cortical or spinal levels. The
increased cortical inhibition can restrain the summation and
spreading of intracortical excitation. Further studies on the
SP using repetitive cortical stimulation may explore the
inhibitory network in more detail.
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