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Four experiments testing right-handed adult males examined interhemispheric transfer time
(IHTT) estimation with visual evoked potentials (EPs) elicited in response to hemiretinal
presentations of checkerboard-flash stimuli. Experiment 1 was a study of the relation between
reaction time (RT) and EP measures of IHTT. EP measures provided more valid estimates
than RT measures because more subjects showed IHTT in the direction of anatomical predic-
tion. Experiment 2 showed that EPs derived from lateral occipital sites provided more valid
and longer estimates of IHTT compared with EPs from medial occipital sites. Experiment 3
showed no difference between random versus blocked hemiretinal stimuli. Experiment 4 showed
that THTT derived with a linked-ears reference provided more valid estimates than IHTT
derived with a mid-frontal reference and that small changes in stimulus eccentricity did not
influence IHTT. The findings of these experiments indicate that noninvasive estimates of visual
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IHTT can be obtained in humans.

How the two cerebral hemispheres interact and commu-
nicate has become a major question in research on hemi-
spheric specialization (e.g., Lepore, Ptito, & Jasper, 1986).
Interhemispheric communication has been hypothesized to
play a major role in the development of functional hemi-
spheric specialization (e.g., Denenberg, Hofmann, Rosen, &
Yutzey, 1984; Witelson, 1986), and dysfunctions in this pro-
cess have been implicated in various clinical disorders, in-
cluding dyslexia (e.g., Davidson, Leslie, & Saron, 1989; Glad-
stone & Best, 1985; Leslie, Davidson, & Batey, 1985) and
schizophrenia (e.g., Nasrallah et al., 1986; Schwartz, Win-
stead, & Walker, 1984). One important parameter of callosal
function is the speed with which information is transferred
between the hemispheres, referred to as interhemispheric
transfer time (IHTT). Dysfunctions in IHTT have been im-
plicated in some clinical disorders, and dyslexia is one of
them (e.g., Davidson, Leslie, & Saron, 1989). The develop-
ment of a valid and reliable method to estimate IHTT would
enable studies of this process in subjects who present with
various clinical disorders and in those who might be vul-
nerable to such conditions. Also, individual differences in
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IHTT could be examined in relation to the pronounced vari-
ability that has been observed in the size of the human corpus
callosum (Demeter, Ringo, & Doty, 1988).

IHTT in humans was first estimated in reaction time (RT)
studies (Poffenberger, 1912). IHTT was computed by sub-
tracting the RT of a response made on the side ipsilateral to
hemiretinal stimulation from the RT to contralateral stim-
ulation. This RT difference was considered to be an estimate
of IHTT. Many studies have been performed with this pro-
cedure (e.g., St. John, Shields, Krahn, & Timney, 1987; see
Bashore, 1981, for a review). According to Bashore (1981),
the average estimate of IHTT provided by this simple RT
method across studies is approximately 3 ms. Although the
RT method has been used in different contexts to provide
estimates of IHTT, it has several limitations. The first emerges
from consideration of physiological facts. The only type of
callosal axon that could mediate an IHTT of 3 ms would
have a large diameter (2.5-6 um) and be myelinated. This
type of commissural axon accounts for only approximately
10% of the callosal fibers in the human brain (Swadlow,
Geschwind, & Waxman, 1979; Tomasch, 1954). According
to Tomasch (1954), more than one half of the myelinated
callosal axons have been found to be narrower than 1.5 um,
which would result in an IHTT that is considerably longer
than the values obtained with RT methods.

Second, because RT methods of computing IHTT neces-
sarily involve only one hand responding to a stimulus pre-
sented to only one hemisphere at a time, there is no way to
measure a response from both sides of the brain at once.
Thus, in principle, differences between conditions may in-
volve variables other than just interhemispheric transfer. RT
differences between conditions may be obtained as a function
ofa change in the overall state of the brain from one condition
to the next rather than being associated specifically with in-
terhemispheric transfer.

Electrophysiological methods of estimating IHT T have been
used more recently to improve on RT studies. A goal of the
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electrophysiological approach has been to bypass the re-
quirement for a manual response and to record simulta-
neously from both hemispheres the brain activity evoked by
input to only one hemisphere. Such methods of estimating
IHTT use latency differences between evoked potential (EP)
components recorded from homologous sites over each
hemisphere in response to unilateral input. These studies
have used somatosensory stimuli (¢.g., Gott, Hughes, & Bing-
geli, 1985; Guimann, Wildschiedtz, & @rbaek, 1982; Sala-
my, 1978), auditory stimuli (e.g., Mononen & Seitz, 1977),
and visual stimuli (e.g., Andreassi, Okamura, & Stern, 1975;
Ledlow, Swanson, & Kinsbourne, 1978; see Rugg, 1982, for
a review of early studies).

The EP method of estimating IHTT is based directly on
animal neurophysiological studies in which IHTT is inferred
from conduction velocities measured directly in commissural
axons (see Swadlow, 1985, for a review). In such studies,
extracellular recordings are obtained from the cell bodies of
neurons that send an axon across the corpus callosum. Stim-
ulating electrodes are implanted in the contralateral hemi-
sphere, and callosal efferent neurons are identified by their
antidromic activation after electrical stimulation. Axonal
conduction velocity is estimated from measurements of an-
tidromic latency and from estimates of axonal conduction
distance. Using such methods to study interhemispheric con-
duction velocities in the splenium of the rhesus monkey,
Swadlow, Waxman, and Rosene (1978) found that the me-
dian antidromic interhemispheric latency was 7 ms. This
value suggests that the axons studied were myelinated. Al-
though in humans approximately 40% of the callosal axons
are nonmyelinated (Tomasch, 1954), the values for IHTT
that have been obtained in previous EP studies (8—15 ms)
suggest similarly that the interhemispheric transfer process
being measured is probably mediated by medium- or large-
diameter myelinated axons (Swadlow et al., 1979). Thus,
comparability with respect to substrates has been observed
between estimates of IHT T derived from studies of the con-
duction velocities of callosal axons in animals and EP esti-
mates of IHTT derived from measures of brain electrical
activity recorded from the scalp in humans.

Despite the validation provided by the similarity of EP
IHTT estimates to the values obtained in animal studies,
many of the earlier studies suffered from methodological
shortcomings, such as overly complex task requirements and
insufficient stimulus repetitions for good wave form defini-
tion (Rugg, 1982). Rugg and his colleagues have conducted
a series of studies that seek to advance previous approaches
and more systematically assess the impact of stimulus pa-
rameters and recording montage on EP measures of IHTT
(Lines, Rugg, & Milner, 1984; Rugg, Lines, & Milner, 1984,
1985; Rugg, Milner, & Lines, 1985).

The basic protocol of these experiments was as follows:
Small (0.33°) LED stimuli were randomly presented to the
left or right visual field (LLVF or RVF, respectively, typically
4° from fixation) at a fixed interval of 2 s in a go-no-go RT
paradigm. The go-no-go decision was made on the basis of
the duration of the stimuli, with 5-ms go stimuli and 50- to
90-ms no-go stimuli, depending on the study. Each stimulus
was preceded by a warning tone 600 ms prior to presentation.
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Subjects were required to respond with the hand ipsilateral
to the stimulated visual field. Estimates of IHTT were de-
rived by subtracting the latency of the negative EP compo-
nent in the region of 160 ms poststimulus (N160) recorded
from the directly stimulated hemisphere from the latency of
the analogous peak recorded from the homologous site on
the indirectly stimulated hemisphere. The overall estimate
of IHTT obtained from lateral occipital recording sites in
these studies was in the range of 8—-15 ms. In a study of two
acallosal individuals (Rugg, Milner, & Lines, 1985), clearly
defined N160 peaks were recorded from only the directly
stimulated hemisphere, further supporting the view that the
latency shifts seen between the hemispheres correspond to
transmission time across the corpus callosum.

Rugg and his colleagues (Lines, Rugg, & Milner, 1984;
Rugg, Lines, & Milner, 1984, 1985; Rugg, Milner, & Lines,
1985) used a fixed interstimulus interval of 2.0 s. Curry (1984),
using auditory stimuli with an interstimulus interval as short
as 1.5 s, has shown that a contingent negative variation can
be recorded in go-no-go tasks. Although not directly com-
parable to Rugg’s studies, in which the warning tone did not
contain response-relevant information, such data suggest that
there may be prestimulus activity that does not return to
baseline by the time of stimulus onset, which could obscure
the components of interest.

Another potential problem with the Rugg studies (Lines,
Rugg, & Milner, 1984; Rugg, Lines, & Milner, 1984, 1985,
Rugg, Milner, & Lines, 1985) is the sampling rate of 3 ms
per point. With that rate, a variation of only two samples in
peak latency measurement could mean differences in IHTT
estimates of 6 ms, which might account for a particular sub-
ject not showing the IHTT effects in the direction of ana-
tomical prediction.

The use of the N160 component of the visual EP may not
be the most appropriate one on which to base estimates of
IHTT. In a recent study of the geometry of source generators
of pattern-onset visual EPs, Maier, Dagnelie, Spekreijse, and
van Dijk (1987) attempted to locate the cortex of origin for
various components of the visual evoked response. Using an
array of 24 electrodes spaced in 3-cm intervals over the oc-
cipital region and principal-components analysis to separate
spatially distinct but time-overlapping components, the Maier
group found two spatially distinct components for pattern-
onset peripheral stimuli (one-half annulus with radii of 2°
and 4°). They suggest that the CI or P100 component is ex-
trastriate in origin, emanating from Areas 18 or 19. The CII
or N160 component appears to have two overlapping gen-
erators, one striate and one extrastriate. The two components
accounted for at least 93% of the power in the latency range
of 71-171 ms poststimulus onset. These data suggest that the
latency values measured from N160 visual EP components
may reflect activity of Visual Areas 17-19. Because the rich-
est callosally interconnected areas are extrastriate (Pandya &
Rosene, 1985; Pandya & Seltzer, 1986), the contributions of
Area 17 to the N160 component may confound estimates of
IHTT. Whether these results generalize to responses elicited
from the small stimuli of the Rugg studies (Lines, Rugg, &
Milner, 1984; Rugg, Lines, & Milner, 1984, 1985; Rugg,
Milner, & Lines, 1985) is unclear.
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In another study of the topography of checkerboard-flash
stimuli, Srebro (1987) made recordings from an array of 20
sites on the right side of the occipital scalp region and derived
Laplacian responses that eliminated biases in the apparent
spatial distribution of current sources caused by the partic-
ular reference electrode used (see Srebro, 1985). Stimuli
(semicircular, from 1.2° to 7.6°) lasted 16.67 ms, with an
interstimulus interval of 1.3 s. Subjects were instructed to
report a faint brightness change in the central fixation point
with a button press. Two spatially distinct components were
identified in 6 subjects; the earlier of these (latency = 87 ms)
was located more medially and was not sensitive to stimulus
location (LVF vs. RVF). The later component was located
more temporally (centered approximately 4 cm to the right
of Oz, comparable with the lateral occipital sites previously
described) and was sensitive to stimulated visual field (LVF
latency = 136 ms; RVF latency = 162 ms). The latency
difference between RVF and LVF stimuli was 26 + 10 ms
(M + SD). In each of two replications, all 6 subjects dem-
onstrated effects in the anatomically predicted directions
(range 14-42 ms). Because of the sampling rate, latency dif-
ferences less than 7 ms could not be resolved. Srebro (1987)
has interpreted the longer latency values (recorded from the
right hemisphere) in response to RVF stimuli as indicative
of transcallosal transfer time. Although estimates of IHTT
were not the focus of the study, the data are important be-
cause they represent, to the best of our knowledge, the first
reported measurement of IHTT using Laplacian-trans-
formed evoked responses.

In this article, we report on a series of experiments that
sought to simplify the procedure reported by the Rugg group
(Lines, Rugg, & Milner, 1984; Rugg, Lines, & Milner, 1984,
1985; Rugg, Milner, & Lines, 1985) while retaining a task
that would engage the subjects’ attention and give a measure
of task performance. The general purpose of the experiments
was to examine different parametric features of this paradigm
on estimates of IHTT. One major goal of this effort was to
specify how EP estimates of IHTT should be obtained in
future research requiring such measures. Experiment 1 ex-
amined the relation between RT and EP measures of [HTT
collected at the same time. We felt that comparison of these
two measures in the same subjects was important, for three
reasons: (a) The estimates of IHTT from RT studies have
been shorter than EP measures of IHTT (3 vs. 8—15 ms). (b)
A close correspondence between the two measures would
suggest that, in our paradigm, simple RT measures are ad-
equate to estimate IHTT. (c) In light of the problems asso-
ciated with RT measures, a lack of correspondence between
the two measures would suggest that results based on EP
measures should be favored. In Experiment 1, we also ex-
amined the effect of response hand on both EP and RT es-
timates of IHTT.

In Experiment 2, we compared EP measures of IHTT de-
rived from medial and lateral occipital recording sites. We
reasoned that the medial sites may reflect activity originating
in primary sensory cortex and that the more lateral sites may
reflect transcallosally interconnected secondary and tertiary
processing areas. The increased physical separation of the
lateral sites might also attenuate the recording of responses
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that did not originate in the hemisphere underlying that elec-
trode.

Experiment 3 was a comparison of randomly presenting
stimuli to the two visual fields and blocking the stimuli to
one visual field at a time. Equipment limitations originally
prevented our presenting stimuli randomly to the two visual
fields.

Experiment 4 had two purposes: (a) to compare EP esti-
mates of IHTT derived from linked-ears-referenced record-
ings with those obtained simultaneously with a mid-frontal
reference site and (b) to assess the effect of decreasing the
stimulus eccentricity from 2.8° to 1.8°. The importance of
the contribution of the reference electrode to the pattern of
scalp electroencephalogram (EEG) recordings has been
stressed by Nunez (1981). Previous work characterizing the
visual EP has often used a mid-frontal reference site {e.g.,
Halliday, Barrett, Blumhardt, & Kriss, 1979). Previous stud-
ies using visual EPs to estimate IHTT have used a linked-
ears reference (e.g., Rugg et al., 1984).

The reduced eccentricity condition was included to test
whether reducing the eccentricity of the stimulus would yield
more clearly defined responses. More centrally located stim-
uli tend to activate regions of primary visual cortex nearer
the occipital poles (Fox, Miezin, Allman, Van Essen, &
Raichle, 1987; Miller, 1982). We reasoned that the callosally
interconnected homologous secondary visual processing areas
associated with the region of primary sensory cortex stim-
ulated by a more centrally located stimulus would be more
likely to be located on the lateral convexity and not in the
calcarine fissure. Therefore, electrodes on the scalp surface
over the occipital poles would be more optimally located to
record EPs separately from each hemisphere.

EXPERIMENT 1
Method
Subjects

Nine subjects participated in the experiment. They were all right-
handed men between the ages of 20 and 30 yr. Handedness was
assessed with the Edinburgh Inventory (Oldfield, 1971). Subjects
had to score 70% or higher in the right-handed direction to be in-
cluded in the experiment. The visual acuity criterion was set at 20/
40, both eyes corrected, as assessed with a Snellen chart.

Design

A simple RT task to unilaterally presented checkerboard-flash
stimuli formed the basis of all data collection. There were four ex-
perimental conditions;: RVF stimulus with a right-hand response
(RVF-RH), RVF stimulus with a left-hand response (RVF-LH),
LVF stimulus with an RH response (LVF-RH), and LVF stimulus
with an LH response (LVF-LH).

The experiment consisted of four blocks of 100 stimuli, presented
to one visual field at a time. For each block, the subject lifted his
left or right index finger in response to each stimulus. Within a block,
only one hand was used. Condition order was counterbalanced with-
in subjects, and counterbalance order was randomized between sub-
jects.
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Procedure

The following description summarizes the approach taken for this
and all subsequent experiments. Subjects were tested in a sound-
attenuated room separate from the recording and projection rooms.
They were seated at a table that held a response push-button, snap-
action switch and a chin rest with forehead restraint. Subjects placed
both arms straight out in front of them on the table. The switch was
placed at a comfortable position for the subject on the same side of
the table as the response hand for that block. The height of the table
and chin rest were adjusted for maximum comfort.

The table faced a 61 x 91-cm rear-projection screen (3M Polacoat
Ya-in. [6.3 mm)] glass) and was placed so that the nasion-to-screen
distance was 1.23 m. A black mask covered the screen, with cutouts
for both visual field stimulus locations and a small fixation target.

A video camera that was mounted below the screen and focused
only on the subject’s eyes allowed for eye position monitoring. Two
150-W reflector spotlights directed at the wall above the projection
screen provided symmetrical indirect lighting (49 cd/m? at the sub-
ject’s eyes).

The stimuli were three- by four-check checkerboards 8.4 cm high
and 6.3 cm wide (visual angle = 3.66° by 2.93°). The medial edge
of the stimuli was 2.8° to the left or right of central fixation. The
fixation point was a small (0.2°) circle with a cross in it. Three Kodak
Ektagraphic projectors generated the stimulus and fixation images.
The fixation point was visible throughout the experimental session.
LVF or RVF checkerboard flashes were created with Gerbrands
electromechanical shutters attached to the projector lenses and two
identical stimulus slides. White noise (90 dB at 30.48 cm, A weight-
ed) in the projection room masked the sound of the shutters in the
subject room. Both shutters always opened with each stimulus to
further minimize auditory differences between LVF and RVF stim-
uli. Only the lamp of the projector for the visual field to be stimulated
was turned on. The fans of both projectors were always on.

The background illumination of the screen was 4.0 cd/m?2. The
intensity of the white checks was 19.7 cd/m?, yielding a contrast
ratio of 79.7%. Stimulus intensity was equated between visual fields
with Kodak wratten neutral-density filters and a Kodak variable
neutral-density glass wedge. Coulbourn digital logic controlled stim-
ulus presentation.

Each stimulus lasted 10 ms. A random (rectangularly distributed)
interstimulus interval of 1.5-3.5 s was used. All stimuli were viewed
binocularly. If subjects did not respond in the [.5-s maximum RT
epoch, the next stimulus was presented.

After a brief introduction to the nature of the experiment, each
subject was instructed to centrally fixate during the presentation of
stimuli and lift his index finger of the indicated hand off the button
as quickly as possible in response to all stimuli. We chose a finger
Iift as the motor response for this task based on previous research
(Milner & Lines, 1982).

RT Acquisition and Analysis

RT from stimulus onset to subject response was recorded (reso-
lution = 0.1 ms) for each trial on an IBM Personal Computer. Mean,
median, and upper-quartile RT for each of the four conditions for
each subject were then computed.

Two methods were used to compute IHTT from the RT data. The
first enabled us to compare separately for each hand the difference
in RT between the two visual fields. For the right-hand condition,
the RT in response to RVF presentations was subtracted from the
RT in response to LVF presentations. For the left hand, the opposite
subtraction was computed (RVF — LVF RTs). The second method
enabled separate comparison of RT between hands for each visual
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field. Again, the ipsilateral condition was subtracted from the con-
tralateral one. Positive values would indicate IHTTs in the anatom-
ically predicted direction, with shorter RTs for conditions that did
not require interhemispheric transfer in order to make a response.

Electrophysiological Data Acquisition and Analysis

EEG was recorded with an electrode cap (Electro-Cap Corp.) and
Grass gold-cup ear clips. A Grass Model 7 polygraph with 7PSA AC
preamps amplified and displayed the EEG. Electrode impedances
were well below 5,000 Q (typically 1,500 ). Recording sites were
O1 and 02, which were referenced to linked ears. The EEG amplifier
passband was 1-500 Hz (6 dB per octave). The output of the poly-
graph was low-pass filtered above 100 Hz before averaging with
Rockland Model 424 dual filters (48 dB per octave).

Two channels of electrooculography (EOG) were recorded. Beck-
man miniature electrodes on the external canthi provided a hori-
zontal eye movement signal, and electrodes on the supra- and sub-
orbit measured vertical movements. The EOG was also amplified
with Grass 7P5A preamps. Eye movements greater than 1° in any
direction or eyeblinks were detected with four Schmidt triggers (one
per polarity per EOG channel). The Schmidt trigger outputs were
combined to generate an eye movement artifact detection signal that
prevented averaging and flagged RT data for exclusion from analysis.
Trigger thresholds were set prior to data collection for each subject.

A Teca Model TD-20 two-channel averager was used to derive
the EPs from each lead for each of the four conditions. Each channel
was sampled at 0.4 ms per point for 200 ms poststimulus onset. The
200-ms averaging epoch was chosen on the basis of pilot work. We
found that time delays between wave forms recorded from homol-
ogous sites were clearly apparent in the 90- to 160-ms range. Before
each subject’s data collection, a 20-uV, 20-Hz calibration signal was
used to standardize the gain for each channel. All EPs for this ex-
periment were derived on-line. Each wave form was stored on an
IBM Personal Computer for further analysis. The internal plotter on
the TD-20 provided graphic output of the wave forms. These were
overlaid and traced for between-site comparisons within a visual
field.

Wave Form Quantification

Latency. Three wave form quantification procedures were used
to estimate EP IHTT: (a) P100 peak latency differences between the
hemispheres, (b) N160 peak latency differences, and (c) lag-to-max-
imum correlation. The P100 latency was defined as the latency of
the greatest positivity between 88 and 140 ms. The N160 latency
was defined as the latency of the greatest negativity between 130 and
195 ms. In the case in which adjacent points showed equal values,
the earliest value was used. If two peaks of equal amplitude occurred
within the allowable latency range, the earlier one was selected.
Estimates of IHTT were computed by subtracting the latency of the
peak expected to occur earlier from the latency of the corresponding
peak recorded from the homologous scalp site.

The cross-lag correlation procedure was as follows: For each of
the four conditions, a section of the wave form predicted to occur
earlier was lagged 30 ms in both directions against the other wave
form in 0.4-ms steps, generating a set of 150 cross correlations. The
wave form section was a 40-ms-wide window, starting 100 ms after
stimulus onset. The initial zero-lag correlation, maximum correla-
tion, and its associated lag time were computed. Results that indi-
cated a maximum correlation at the maximum lag time were elim-
inated from further analysis because no peak correlation value could
be detected. In addition, wave form pairs with maximum correla-
tions below .75 were rejected because we judged that a lack of similar
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wave form features in the cross-lag time window recorded from
homologous sites would be uninterpretable in terms of estimating
IHTT. This judgment was based on our observation that the EP
components recorded from the indirectly stimulated hemisphere often
had the same general morphology as the corresponding earlier wave
form components recorded from the directly stimulated hemisphere.
Almost all wave form comparisons met these criteria. Of the 72
possible wave forms in this experiment, only 1 was excluded on this
basis. Typical maximum correlation values were .95.

The window width and starting times were chosen to capture the
typical P100 component of the EPs elicited during this task. Based
on EP estimates of IHTT cited previously, a 30-ms lag test repre-
sented a reasonable outside limit for maximum wave form overlap,
allowing for individual differences. We examined the lag correlations
in both directions so as not to artificially bias the analysis in the
direction of anatomical prediction.

Amplitude. Amplitude data were obtained to further characterize
the EPs generated in this paradigm. Amplitude values for each peak
type were obtained by subtracting the amplitude value of the first
wave form point from the amplitude of the detected peak (P100 or
N160). The first point was chosen as a baseline amplitude reference
point because the averager lacked an absolute-amplitude readout.
This strategy was not followed under two conditions: (a) if the first
point was visibly not representative of the mean early activity (before
20 ms) of the EP and (b) if this early activity was not close (within
1 uV) to the zero-amplitude graticule mark of the averager display
and the wave form did not appear to be DC offset (roughly sym-
metrical about the zero line, with typically larger negative than pos-
itive components). In these cases, measurements were taken from
the wave form point closest to the zero-amplitude graticule line. All
of the amplitude values for this experiment were obtained relative
to the first point of the wave form.

Results
RT Data

RT measures for each hand-visual field combination were
computed separately for each subject in the following man-
ner: Single-trial RTs associated with eye movements and
those below 100 ms or above 500 ms were excluded from
further analysis. These time criteria were selected to limit
the inclusion of spurious responses and eliminated 1.3% of
the raw data. The time criteria did not eliminate the EEG
data associated with them. The average number of trials per
condition was 92. Mean, median, and fastest quartile RT
values were computed from trials meeting criteria. Each of
these three dependent measures was separately examined
with a two-way analysis of variance (ANovA) with visual field
and hand as variables. None of the three dependent measures
yielded significant main effects for visual field or hand. There
was a significant Visual Field x Hand interaction for mean

Table 1
Reaction Times by Visual Field and Hand Conditions

Response Stimulus to left Stimulus to right
hand visual field visual field
Left 247.8 £ 9.3 261.3 + 26.5
Right 260.4 + 17.1 253.3 £ 21.5

Note. Values are expressed in milliseconds (M + SD; n = 9) and are
of individual subject reaction time means for all conditions.

1119

Table 2
Reaction Time Estimates of Interhemispheric Transfer
Time (IHTT) by Visual Field and Hand Conditions

Stimulus or response IHTT (ms) 4 Effect
Stimulus
Left visual field 12.6 + 16.2 .05 67
Right visual field 8.0+ 17.7 .21 67
Response
Left hand 13.5 £ 21.1 .09 78
Right hand 7.09 = 14.5 .18 67

Note. IHTT (M + SD; n=9) and p values are from ¢ tests for a
difference from zero for reaction time estimates of IHTT derived
from mean RT data for all conditions. Positive values indicate IHTT
estimates in the predicted direction. None of the IHTT values were
significantly different from a mean of 0 ms at the Bonferroni-cor-
rected alpha level of .0125 (df=n — 1).

*Percentage of subjects in each condition who showed effects in the
direction of anatomical prediction.

RT-derived data, F(1, 8) = 6.18, p = .037, and a marginal
Visual Field x Hand interaction for the upper-quartile-de-
rived results, F(1, 8) = 5.23, p = .052. To examine the sep-
arate contributions of the four conditions to the mean-RT-
derived interaction, two-tailed ¢ tests were performed for data
from each hand between visual fields and for each visual field
between hands. The LVF comparison revealed a significant
difference between hands, #(8) = 2.33, p = .048. Table 1
displays mean RT by condition. Note that the condition
means are in the anatomically predicted directions.

IHTT estimates were computed from the mean-derived
RTs separately for each subject in two ways: (a) as differences
between hands within a visual field and (b) between visual
fields within a hand. These values are presented in Table 2.
To examine whether any of the IHTT values were signifi-
cantly different from 0 ms, a two-tailed ¢ test was performed
on the values for each condition. None of the conditions
reached the Bonferroni-corrected alpha level (.0125). Posi-
tive IHTTs indicate results in the anatomically predicted
direction. The percentage of subjects showing this effect is
also presented.

Differences between the two methods of IHTT computa-
tion were examined with an ANOVA with type (by visual field
or by hand) as a variable. There was no effect for type, F(1,
8) = 0.18, p = .68.

EP Data

Figure 1 shows grand average wave forms for each of the
four experimental conditions (LVF-LH, n = 8; LVF-RH, n
= 8; RVF-LH, n = 9; and RVF-RH, n = 9). If, within a
condition for a given subject, either Ol or O2 wave forms
were confounded with 60-Hz noise or lacked clearly visible
P100 and N160 peaks, both were eliminated from the grand
average. Of 72 wave forms, 4 were eliminated.

Stimulus onset was coincident with the beginning of the
wave forms. The mean number of trials averaged to compute
each subject’s evoked response was 92. The P100 and N160
peaks of the wave form on the side contralateral to stimu-
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Figure 1. Grand average wave forms from each of the four stim-
ulus-response conditions of Experiment 1 (left visual field stimulus
[LVF] and left-hand response [LH], n = 8; LVF and right hand [RH],
n = 8; right visual field [RVF] and LH, n = 9; and RVF-RH, n =
9) for Scalp Sites O1 and O2 referenced to linked ears. (The average
number of trials from each subject for each condition was 92.)

lation (the direct pathway) occurred earlier than the same
peaks on the wave form recorded from the opposite hemi-
sphere (indirect pathway) for both visual field conditions.
The response hand did not visibly influence the latency dif-
ferences between the EPs recorded from each side of the scalp.

Peak Latency Data

P100 and N160 latency results. The means for each visual
field-hemisphere combination across hands for P100 and
N160 latency values are listed in Table 3. Note that for both
peak types, these data are in the anatomically predicted di-
rections, with earlier peaks recorded from sites over the di-
rectly stimulated hemisphere. P100 and N160 values were
examined separately with three-way ANovas, with visual field,
hand, and hemisphere as variables. For the P100 data, no
main effect for any factor was found. There was a highly
significant Visual Field x Hemisphere interaction, F(1, 8) =
56.65, p = .0001 (Table 3). P100 means across hands were
compared within a visual field between hemispheres and
within a hemisphere between visual fields with two-tailed ¢
tests. Two comparisons were significant: RVF between hemi-
spheres, ¢(7) = 5.4, p = .001, and left hemisphere between
visual fields, #(5) = 4.81, p < .005. The other two compar-
isons revealed marginal effects (p < .08) in the expected

Table 3
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directions. No other P100 two- or three-way interactions
were found.

The analyses of the N160 latency data paralleled the P100
results. No main effect for any factor was found. As predicted,
there was a highly significant Visual Field x Hemisphere
interaction, F(1, 5) = 64.65, p = .0002. No other two- or
three-way interaction was found. Means were also compared
within a visual field between hemispheres and within a hemi-
sphere between visual fields with two-tailed ¢ tests. All four
comparisons were significant: RVF between hemispheres,
1(6) = 4.2, p = .006; LVF between hemispheres, t(4) = 2.83,
p < .05; right hemisphere between visual fields, (4) = 3.4,
p < .03; and left hemisphere between visual fields, #{(4) =
2.71, p = .05. These data indicate that when N160 peaks
were detectable, their latency values consistently demon-
strated results in the anatomically predicted directions.

P100 and N160 IHTT estimates. Estimates of IHTT were
computed separately from the P100 and N160 latency data
by subtracting the latency of the peak expected to occur ear-
lier from the latency of the corresponding peak recorded from
the homologous scalp site. We performed ¢ tests on the IHTT
estimates for each of the visual field-hand conditions to test
the significance of the difference from O ms. The results for
IHTT estimates derived from both peak types are presented
in Table 4. Only RVF P100 IHTT estimates were signifi-
cantly different from 0 ms at the Bonferroni-corrected alpha.
P100 and N160 IHTT values were most similar for the right-
hand conditions. The overall percentage of subjects showing
IHTT values in the anatomically predicted direction did not
differ between peak types. However, the sample sizes were
smaller for the N160 data due to the greater number of ill-
defined N160 peaks.

Cross-Lag Correlation Analysis

EP estimates of IHTT for each condition computed on the
basis of the cross-lag correlation procedure are presented in
Table 5. The procedure computed the zero-lag correlation,
maximum correlation, and lag in milliseconds of the maxi-
mum correlation between wave forms recorded from ho-
mologous sites with a 40-ms-wide window beginning at 100
ms poststimulus. Lag values at the 30-ms limit of the initial
analysis (one instance) and maximum correlation values be-
low .75 (one instance) were eliminated. Note the exception-
ally high maximum correlations. These values demonstrate

P100 and N160 Peak Latencies Across Hands by Visual Field and Hemisphere

P100 latencies (ms)

N160 latencies (ms)

Visual field 01 02 (0] 02
Left
M+ SD 116.2 £ 4.5 110.8 = 5.9 1520+ 8.5 146.6 £ 5.5
n 7 7 5 5
Right
M+ SD 107.2 = 6.0 1180+ 2.8 1459 £ 44 156.3 £ 7.6
n 8 8 7 7

Note. Values are for Scalp Sites Ol (left hemisphere) and O2 (right hemisphere) for each visual field.
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P100 and N160 Evoked Potential Estimates of Interhemispheric Transfer Time by Visual

Field and Response Hand Conditions

P100 data N160 data
Condition n M £ SD )] Effect* n M+ SD p  Effect
LVF-LH 8 10.00 £ 9.1 .02 88 6 587 +6.3 .07 66
LVF-RH 8 270 £ 49 .16 62 5 384 +44 12 80
RVF-LH 8 11.60 = 8.7 .007 75 9 591 +58 .02 89
RVF-RH 9 10.13 + 4.6 .0002¢ 100 7 13.37 £ 11.6 .02 86

Note. Means (£SD) and p values are from ¢ tests (for a difference from zero) of interhemispheric
transfer time estimates derived from P100 and N160 latency values for each visual field-hand con-
dition. LVF = left visual field; RVF = right visual field; LH = left hand; RH = right hand.

*Percentage of subjects showing effects in the anatomically predicted direction. *Significant p values

at the Bonferroni-corrected alpha level.

the substantial similarity of the wave form sections from
homologous sites that were displaced in time. To examine
whether the lag values were significantly different from zero,
two-tailed ¢ tests were performed (Table 5). Both RVF con-
ditions were significant at the Bonferroni-corrected alpha level,
as in the P100 THTT results presented earlier.

Differences among the four conditions for zero-lag and
maximum correlations and lag were examined with an ANOvA
with visual field and hand as variables. There were no main
effects or interactions for zero-lag or maximum correlation.
There was a main effect of visual field on lag, F(1, 8) =
8.41, p = .02. LVF lag values were consistently faster than
RVF values: LVF, M = SD = 4.8 + 5.8 ms; RVF, M + SD
= 9.3 + 3.3 ms. There was also a significant Visual Field x
Hand interaction, F(1, 4) = 16.1, p < .02. Paired compari-
sons indicated significant differences between visual fields for
the right-hand conditions, #(6) = 6.36, p = .0007, and be-
tween hands for the LVF conditions, #(5) = 3.15, p < .03.
Visual inspection of the individual subject wave forms for
the LVF-RH condition revealed latency shifts in the leading
edges of the P100 peaks for 3 subjects (Table 5). These latency
shifts were not reflected in the falling edge of the P100 peaks
and thus fell outside the cross-lag correlation window, which
began at 100 ms poststimulus. The lag values obtained for
these subjects were therefore not representative of the actual
latency shifts in these subjects’ data and contributed to the
low mean for this condition.

Table 5

Comparison of the Peak-Derived and Lag
Correlation IHTT Measures

We chose not to include the N160 data in this comparison
because of the small sample sizes of the LVF condition (left
hemisphere, n = 6; right hemisphere, n = 5). The IHTT
estimates obtained from the lag correlation procedure and
the IHTT estimates obtained from the P100 peak latency
difference method were compared by computing separate
correlations between them for each visual field-hand con-
dition. The two methods of IHTT estimation were moder-
ately correlated (Table 6).

Comparison Between RT and EP Estimates of IHTT

The IHTT estimates obtained from the P100 latency and
lag correlation EP measures and the IHT T estimates obtained
from the mean-derived RT data were compared by com-
puting separate correlations between each EP method and
each RT IHTT computation type (by visual field or by hand)
separately for each visual field-hand condition. As with the
previous comparisons, the N160-based IHTT estimates were
not included in this analysis because of the small sample size.
The correlations between RT IHTT and EP estimates based
on the lag correlation procedure ranged between .86 and
—.41. The mean correlation was .19, and none of the cor-
relations reached the Bonferroni-corrected alpha level. The

Lag Correlation Evoked Potential Estimates of Interhemispheric Transfer Time (IHTT)
by Visual Field and Response Hand Conditions

Condition n Zr Mr Lag (ms) P Effect® (%)
LVF-LH 8 70 + .35 97 + .02 6.4 +6.1 .02 88
LVF-RH 7 79 + .23 97 £.13 2.7+5.1 21 86
RVF-LH 8 S+ .27 .93 + .07 8.9 + 3.7 .0002> 100
RVF-RH 9 Sl +£.27 97 £ .06 9.7 £ 3.1 .0001° 100

Note. Mean (+SD) values of zero-lag correlation (Zr), maximum correlation (Mr), lag, and p values
are from ¢ tests for a difference from zero for evoked potential estimates of IHTT (i.e., lag values) for
each stimulus-hand condition based on a 40-ms window starting at 100 ms poststimulus. LVF = left
visual field; RVF = right visual field; LH = left hand; RH = right hand.

*Percentage of included subjects showing IHTT values in the anatomically predicted direction.
“Significant p values at the Bonferroni-corrected alpha level.
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Table 6

Correlations Between Lag Correlation and P100
Interhemispheric Transfer Times by Visual Field and
Response Hand Conditions

Condition n r i
LVF-LH 8 91 .002»
LVF-RH 7 .67 .10
RVF-LH 8 .53 17
RVF-RH 9 .70 .03

Note. Comparison of correlation coefficients for the lag correlation
and peak latency difference interhemispheric transfer time estimates,
separately by condition. LVF = left visual field; RVF = right visual
field; LH = left hand; RH = right hand.

*Probability r = 0. ‘Significance at the Bonferroni-corrected alpha
level.

correlations between RT IHTT and EP estimates based on
the peak latency data ranged from .74 to —.29, with a mean
correlation of .11. Again, none were significant at the Bon-
ferroni-corrected alpha level. Of the 32 possible correlations
between EP and RT IHTT indices (16 for each method of
EP IHTT computation), 22 were positive.

P100 and N160 Amplitude Data

P100 and N160 amplitude data were examined in the same
manner as their corresponding latency values. Three-way
ANOVAS with visual field, hemisphere, and hand as variables
were used. For the P100 data, no main effects were found.
In addition, the expected Visual Field x Hemisphere inter-
action did not reach significance, F(1, 8) = 4.36, p = .07.
The Visual Field x Hemisphere interaction for N160 am-
plitude was significant, F(1, 5) = 17.78, p = .008. Paired
comparisons of these data revealed significant left-hemi-
sphere differences between visual fields, 1(4) = 3.14, p < .04,
and differences between the hemispheres for RVF stimuli,
1(6) = 3.89, p = .008. There were no other significant effects
for the N160 amplitude data. The mean amplitude values
for each visual field-hemisphere condition across hands for
both peak types are presented in Table 7.

CLIFFORD D. SARON AND RICHARD J. DAVIDSON

Discussion

The most distinguishing feature of these data is that EP
measures of IHTT provided results in the anatomically pre-
dicted direction more reliably than RT estimates obtained
from the same subjects at the same time. The RT estimates
were in the predicted direction in 70% of the computations
of IHTT. The EP IHTT estimates were in the anatomically
predicted direction in 94% of the IHTT computations based
on the lag correlation procedure and in 81% of the peak-
based data. The EP data closely resemble the pattern of re-
sponse predicted by a sensory-relay model of the corpus cal-
losum in which, by virtue of the constancy of the anatomy,
a delay will always be imposed as information crosses from
one hemisphere to the other.

The mean RT differences within a hand and between visual
fields is 10.3 ms, combining results from both hands. Ex-
amination of our individual subject data revealed 1 subject
with consistently large IHTT values (IHTT M = 38.3 ms).
This subject increased the overall means 3.5 ms. However,
an IHTT estimate of 6.8 ms is still considerably longer than
the 3.6-ms value that was obtained in a recent study by St.
John et al. (1987), the 3-ms value cited in the review by
Bashore (1981), and the 1.8-ms value reported for Experi-
ment 2 of Lines et al. (1984). The broad range of experi-
mental designs within the general paradigm of RT measure-
ment in response to hemifield stimulation makes interpreting
the results of a single study problematic. The most important
difference between the St. John et al. study and our study is
that they presented stimuli randomly at different eccentric-
ities within and between the two visual fields and that the
response key was positioned at the midline. These design
features would serve to inhibit attentional biases and effects
of stimulus-response spatial compatibility. The presence of
such effects in our study might serve to enhance differences
between crossed and uncrossed RTs, thereby increasing the
estimated THTT values we obtained. In addition, differences
in stimulus characteristics between the two studies may also
have contributed to the differing IHTT results. Other studies
have reported values closer to those we found. For example,
Maddess (1975) found a 25-ms difference between ipsilateral
and contralateral stimulation, and Berardi, Fiorentini, and

Table 7
P100 and N160 Peak Amplitudes Across Hands by Visual Field and Hemisphere
Conditions
P100 amplitude (uV) N160 amplitude (uV)

Visual field o1 02 o1 02
Left

M= SD 35+1.0 36+14 -19+19 -32+13

n 7 7 5 5
Right

Mz SD 2714 3813 -45x 14 -20=x1.0

n 8 8 7 7

Note. Values are for Scalp Sites O1 (left hemisphere) and O2 (right hemisphere) for each visual field.
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Gravina (1988) recently reported crossed versus uncrossed
differences in the range of 10 ms for some subjects.

Although the values of our RT estimates of [HTT are close
to those obtained from EPs, they are uncorrelated. This find-
ing suggests that the two measures reflect different processes.
One would expect that spatial compatibility effects and motor
priming would influence the EP data less than the RT mea-
sures. The latencies of the P100 and N160 components on
which all the EP estimates of IHTT were based was consid-
erably earlier than the 256-ms average RT response time.
Presumably, the effects of spatial compatibility and motor
priming would probably take place in the interval between
the arrival of visual information in secondary visual areas
(as reflected by the P100-N160 complex) and the initiation
of response execution. In this case, IHTT estimates based on
earlier responses (EPs vs. RT) would be freer of confounding
factors and be more likely to truly reflect IHTT.

Estimates of IHTT derived from each peak type were,
across conditions, within 2 ms of each other (P100 IHTT =
8.6 ms; N160 IHTT = 7.2 ms). The overall percentage of
subjects showing effects in the anatomically predicted direc-
tions for the two peak types were nearly identical (81% vs.
80% for P100 and N160 peaks, respectively). There were,
however, fewer subjects with clearly defined N160 peaks (33
P100 vs. 27 N160 instances of detectable pairs of homolo-
gous peaks from a maximum of 36).

The longer IHTT estimates found in response to RVF
stimuli for both peak and lag correlation methods is similar
to the pattern of values obtained by Rugg, Lines, and Milner
(1985). The experiments to be reported below also obtained
a similar trend. A basis for such a visual field asymmetry
may lie in differences in the pattern of callosal inputs from
the two visual fields. Van Essen, Newsome, and Bixby (1982)
and Maunsell and Van Essen (1987) have demonstrated in
macaques marked asymmetries in the density of callosal pro-
jections in dorsal compared with ventral occipital cortex and
within a single visual field along the horizontal meridian.
Van Essen, Newsome, and Maunsell (1984) found marked
individual differences in both the size and visual field to-
pography of extrastriate cortex in the 6 macaques studied.
Their investigations have focused on asymmetries within a
single hemisphere. However, the irregular and patchy pattern
of callosal connections and topographical variability they
have described raises the possibility of similar differences
between the hemispheres. Visual field IHTT asymmetries
could result if measured speed of transfer is related to degree
of cortical interconnection. In addition, differences in the
latencies of EP peaks could result from asymmetries in the
size and location of stimulated cortex.

IHTT estimates obtained in response to RVF stimuli were
more often in the anatomically predicted direction than LVF
estimates for each of the three wave form quantification
methods (100% for lag correlation procedure). Recent studies
on anatomical asymmetries in human occipital cortex may
help explain this finding and contribute to the interpretation
of visual field asymmetries in IHTT. Kertesz, Black, Polk,
and Howell (1986) analyzed magnetic resonance images from
20 subjects grouped by sex and handedness. They found
increased left-hemisphere occipital width measurements in
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90% of the right-handers. These results agree with an earlier
computerized tomography study by LeMay (1977) showing
larger left-hemisphere occipital length in 78% and greater
width in 71% of right-handed subjects. The anatomical asym-
metry in our sample would probably result in larger regions
of left compared with right occipital cortex being stimulated
when receiving input from identical stimuli. The more re-
liable RVF IHTT estimates may be a function of larger ini-
tially stimulated left-hemisphere regions resulting in larger
callosally connected right-hemisphere regions being stimu-
lated. This increased bihemispheric activation would in-
crease the probability of recording callosally mediated re-
sponses from a given recording montage.

The peak amplitude data, in contrast to the latency results,
differentiated the two peak types. Most notable, there was
no Visual Field x Hemisphere interaction for P100 ampli-
tude compared with the strong interaction for the N160 am-
plitude. The pattern of findings is consistent with the sug-
gestions of Maier et al. (1987) that the P100 component is
of extrastriate origin and the N160 component consists of
overlapping striate and extrastriate generators. In this case
the lack of asymmetry in P100 amplitude would be predicted
by a sensory-relay model of callosal function connecting ho-
mologous regions of Visual Areas 18 and 19. The asymmetry
in N160 amplitude would result if, in addition to the ex-
trastriate response, regions of Area 17 that are not callosally
connected were differentially stimulated by a unilateral input.
The increased response amplitude recorded from the directly
stimulated hemisphere would then reflect both of these com-
ponents.

Comparisons of our amplitude results with previous stud-
ies are difficult because of the myriad differences in stimulus
size, intensity, and duration among the experiments. Various
amplitude effects have been reported in experiments record-
ing occipitally derived EPs in response to hemifield stimuli.
Studies have reported no amplitude asymmetries for P100
or N160 (Andreassi et al., 1975; Novak, Wiznitzer, Kurtz-
berg, Giesser, & Vaughan, 1988 [N75-P100 only]), greater
peak amplitudes from the directly stimulated (contralateral)
hemisphere for P100 and N160 (Shagass, Amadeo, & Roe-
mer, 1976), greater ipsilateral P100 peak amplitude (e.g.,
Blumhardt, Barrett, Halliday, & Kriss, 1978), and greater
ipsilateral P100 amplitudes associated with greater contra-
lateral N160 amplitudes (e.g., Lines et al., 1984; Rugg, Lines,
& Milner, 1985).

EXPERIMENT 2

In Experiment 2, we compared EP measures of IHTT de-
rived from medial and from lateral occipital recording sites.
Previous studies (Rugg et al., 1984; Rugg, Lines, & Milner,
1985; Rugg, Milner, & Lines, 1985) have relied principally
on the lateral montage. Our initial findings (Experiment 1)
were based on medial occipital sites. The purpose of this
experiment was to directly compare recordings from these
two regions. We hypothesized that the medial sites may re-
flect more activity originating from the primary sensory cor-
tex than the more lateral sites that may reflect a greater pro-
portion of transcallosally interconnected secondary and ter-
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RVF

----L. HEM.
S0 ms —R. HEM.

Figure 2. Grand average wave forms from each of the four stim-
ulus~response conditions of Experiment 2 (left visual field stimulus
(LVF) and medial recording sites [MED], n = 11; LVF and lateral
recording sites [LAT], n = 10; right visual field [RVF] and MED, n
= 11; and RVF-LAT, n = 12. Medial sites were Ol and O2 and
lateral sites were O3 and O4, referenced to linked ears. All responses
were made with the left hand. L. HEM. = left hemisphere; R. HEM.
= right hemisphere.)

tiary processing areas. In addition, the greater distance
between the lateral sites might attenuate the confounding
effects of responses that did not originate in the hemisphere
underlying that electrode.

Method
Subjects

Twelve right-handed men with the same characteristics as de-
scribed in Experiment 1 were tested in this experiment. The data
recorded from Sites O1 and O2 from 6 of these subjects were included
in Experiment 1, and the remaining 6 subjects were new to the study.

Design

The task and stimuli were the same as in Experiment 1. However,
subjects responded only with the left hand in this study, forming
two task conditions (LVF-LH and RVF-LH) with recordings from
two regions, medial (Sites O1 and O2) and lateral (Sites O3 and O4).
The inclusion of an extra hand condition would have made the length
of the experiment impractical. In Experiment 1, we reported that all
interactions with hand were accounted for by responses made during
the right-hand condition. On the basis of these data, we chose to
include only the left-hand condition. The order of stimulus condi-
tions was counterbalanced with other experimental conditions that
are reported in additional experiments.

Electrophysiological Data Acquisition and Analysis

The details of electrophysiological recording were the same as
those described for Experiment 1, except for the addition of two
occipital recording sites (O3 and O4). These were located midway
between the standard EEG Recording Sites O1 and TS for the left
hemisphere and O2 and T6 for the right hemisphere (approximately
3 ¢m lateral to O1 and O2). All EEG data were stored on FM tape
(Hewlett-Packard 3968). Wave forms from Sites O1 and O2 were
derived on-line. Wave forms O3 and O4 were derived off-line. The
EOG artifact detection signal that was input on-line to the Teca
averager was also recorded on FM tape so that both on- and off-line
analyses contained the identical epochs. To check the effects of re-
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cording data on FM tape and of averaging on-line, we compared the
two types of data. Wave forms obtained on-line were indistinguish-
able from the same data analyzed off-line. Wave form quantification
procedures were the same as described in Experiment 1. No RT data
were analyzed for this or any subsequent experiment.

Results

The grand average wave forms for LVF and RVF condi-
tions for both occipital regions are shown in Figure 2. Wave
forms not showing clear P100 and N160 peaks or showing
excessive noise were excluded from the grand averages and
further analysis as before. Of the 96 recorded wave forms, 8
were eliminated. The number of subjects included in each
grand average was as follows: LVF-medial = 11, LVF-lateral
= 10, RVF-medial = 11 and RVF-ateral = 12. Note that
the wave forms at Sites O3 and O4 reveal larger latency
differences than the Site O1 and O2 recordings for both visual
fields, visible particularly in the P100 component.

Figure 3 displays the individual subject wave forms re-
corded from medial and lateral sites that were analyzed in
this experiment. The vertical bars indicate the position of
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Figure 3.
(MED) and lateral (LAT) sites that were analyzed in Experiment 2.
(These are the wave forms that comprise the grand averages dis-
played in Figure 2. The vertical bars indicate the position of the
cross-lag correlation window. LVF = left visual field; RVF = right
visual field; L. HEM. = left hemisphere; R. HEM. = right hemi-
sphere.)
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Table 8
P100 and N160 Peak Latencies by Visual Field, Region, and Hemisphere
Left hemisphere Right hemisphere
Latency 03 0l 02 04
P100
Left visual field
M = SD 116.9 + 6.8 116.8 + 6.8 110.6 + 8.4 106.9 + 9.0
n 10 11 10
Right visual field
M+ SD 105.5+ 7.0 111.8 + 10.0 1215 £ 8.0 1209 £ 8.2
n 11 10 10 11
N160
Left visual field
M £ SD 164.1 + 8.4 1578 £ 9.4 150.1 £ 8.6 149.8 £ 8.9
n 9 8 8 9
Right visual field
M+ SD 146.9 = 6.6 151.2 £ 8.0 159.1 £ 13.5 161.1 £ 14.5
n 12 11 12

Note. Means (£SD) are expressed in milliseconds for medial (O1 and O2) and lateral (O3 and O4)

occipital sites for each visual field.

the cross-lag correlation window. The wave forms from both
regions were quantified as described for Experiment 1, and
estimates of IHTT were obtained with the P100, N160, and
cross-lag correlation methods.

Peak Latency Data

P100 and N160 latency results. The mean P100 and N160
latencies for lateral and medial sites for both visual fields are
presented in Table 8. The expected pattern of shorter laten-
cies for the directly stimulated pathway was obtained with
each peak type for both regions and visual fields. These peak
latency data were examined separately for each peak type
with a three-way ANOvA with visual field, hemisphere, and
region as variables. The analysis of the P100 data revealed
a main effect for region, F(1, 11) = 16.72, p < .002, with
lateral sites yielding slightly shorter overall latencies: medial
P100 latency, M + SD = 116.2 + 6.1 ms; lateral P100
latency, M + SD = 113.2 + 6.4 ms.

As was found in Experiment 1, there was a highly signif-

Table 9

icant P100 Visual Field x Hemisphere interaction, £(1, 9)
= 46.35, p = .0001, with shorter latencies associated with
the directly stimulated pathway. A Visual Field x Region x
Hemisphere interaction, F(1, 7) = 8.85, p = .02, was also
found. For both hemispheres, directly stimulated lateral sites
yielded shorter latencies than directly stimulated medial sites.
This pattern was not obtained in recordings taken from the
indirectly stimulated lateral compared with medial sites. Sep-
arate two-way ANovas with visual field and hemisphere as
variables were computed for each region to decompose this
three-way interaction. The strength of the Visual Field x
Hemisphere interaction was much greater for the lateral com-
pared with the medial recording sites: medial Visual Field
x Hemisphere interaction, F(1, 8) = 12.72, p = .007; lateral
Visual Field x Hemisphere interaction, F(1, 8) = 94.77, p
< .0001.

The analysis of the N160 data also demonstrated a strong
Visual Field x Hemisphere interaction, F(1, 9) = 71.05, p
< .0001, with shorter latencies associated with the directly
stimulated pathway. Again, as seen in the P100 data, a Visual

P100 and N160 Evoked Potential Estimates of Interhemispheric Transfer Time by Visual

Field and Region Conditions

P100 data N160 data
Condition n M+ SD /] Effecte n M+ SD D Effect®
LVF-medial 12 6.0 + 8.7 .04 73 8 7.7 £ 8.3 .03 88
LVF-lateral 10 10.0 + 8.8 .006° 90 9 14.3 + 12.0 .006° 89
RVF-medial 10 9.7+9.8 0120 80 11 7.9 + 10.2 .03 91
RVF-lateral 12 154 + 8.8 .0002> 100 12 14.2 + 10.8 .0008> 100

Note. Means (+SD) and p values are from ¢ tests (for a difference from zero) of interhemispheric
transfer time estimates derived from P100 and N160 latency values for each visual field-region
condition. LVF = left visual field; RVF = right visual field.

*Percentage of subjects showing effects in the anatomically predicted direction. *Significant p values
at the Bonferroni-corrected alpha level.



1126

CLIFFORD D. SARON AND RICHARD J. DAVIDSON

Table 10
Lag Correlation Evoked Potential Estimates of Interhemispheric Transfer Time by Visual
Field and Region Conditions

Condition n Zr Mr Lag (ms) P Effect= (%)
LVF-medial 11 76 +.37 98 + .02 44+ 56 .03 81
LVF-lateral 10 .62 + .40 .96 + .03 9.1+£73 .004° 90
RVF-medial 9 .65 + .28 94 + .06 8.0+48 .001¢® 100
RVF-lateral 11 22+ .57 96 + .05 14.2 + 6.5 .0001® 100

Note. Mean (£SD) values of zero-lag correlation (Zr), maximum correlation (Mr), lag, and p values
of ¢ tests for a difference from zero for evoked potential estimates of IHTT (i.e., lag values) for each
stimulus-region condition based on a 40-ms window starting at 100 ms poststimulus. LVF = left
visual field; RVF = right visual field; medial and lateral refer to Sites O1 and O2 and O3 and 04,
respectively.

*Percentage of subjects showing IHTT values in the anatomically predicted direction. *Significant p

values at the Bonferroni-corrected alpha level.

Field x Region x Hemisphere interaction, F(1, 5) = 11.70,
p < .02, was found. For both visual fields, the latency dif-
ferences between the hemispheres were larger in lateral com-
pared with medial sites. Separate two-way ANOVAS with vi-
sual field and hemisphere as variables were again computed
for each region to decompose this three-way interaction. The
effect size for the Visual Field x Hemisphere interaction was
larger for the lateral compared with medial sites: medial Vi-
sual Field x Hemisphere, F(1, 6) = 24.88, p < .003; lateral
Visual Field x Hemisphere, F(1, 6) = 109.40, p < .0001.
P100 and N160 IHTT estimates. Estimates of IHTT were
computed separately from the P100 and N160 latency data
as in Experiment 1. We performed ¢ tests on the IHTT es-
timates for each of the visual field-region combinations to
test the significance of the difference from a mean of zero.
These estimates and their corresponding ¢ values are pre-
sented in Table 9. Note that for both peak types, laterally
derived IHTT estimates are longer than corresponding me-
dial sites. These IHTT estimates were further examined with
a two-way ANOVA with visual field and region as variables.
As expected from the results presented earlier, a main effect
for region was found for the P100-derived IHTT values, F(1,
11) =12.70, p = .004, with medially derived IHTT M = SD
=6.5 = 5.5 ms (n = 9) and lateral P100 IHTT M + SD =
11.1 = 3.5 ms (n = 9). This effect was in the same direction,
although marginal for the N160-derived IHTT values, F(1,
11) = 4.27, p = .06, with medial N160 IHTT = 9.3 + 4.9
ms, n =7, and lateral N160 IHTT = 14.4 £ 4.1 ms, n = 9.

Cross-Lag Correlation Data

The values from the cross-lag correlation procedure are
presented in Table 10. Both lateral and one medial lag es-
timate were significant at the Bonferroni-corrected alpha level.
An ANOVA with visual field (LVF vs. RVF) and region (medial
vs. lateral) as variables was performed on zero-lag correla-
tion, maximum correlation, and lag values. There was a main
effect for region on the zero-lag correlation (Zr), F(1, 11) =
7.93, p = .02. The zero-lag correlation values for the wave
forms recorded from medial sites were consistently higher
than those of the laterally recorded wave forms: medial Zr,
M + SD = .71 + .33; lateral Zr, M = SD = 41 + .53, The

relatively large zero-lag correlation in the medial compared
with the lateral recording sites is consistent with the sugges-
tion that the medial sites are more sensitive to activity in
both hemispheres compared with the lateral sites.

The ANovA on the lag values revealed a significant region
main effect, F(1, 11) =9.16, p=.01, with medial-site-derived
estimates of IHTT consistently shorter than those from the
lateral sites: medial (Sites O1 and O2) lag, M + SD=6.0 +
5.4 ms; lateral (Sites O3 and O4) lag, M + SD=11.8 + 7.2
ms. There was no main effect for visual field, F(1, 11) = 2.49,
p = .15. The Visual Field x Region interaction was signifi-
cant, F(1, 6) = 8.45, p < .03. This interaction is a function
of larger differences in IHTT between the two visual fields
for the lateral compared with the medial recordings, with
left-to-right hemisphere transfer (RVF IHTT) longer com-
pared with right-to-left hemisphere transfer (LVF IHTT).

Comparisons Among the Three EP Measures

Lag correlation and peak latency IHTT estimates. The
IHTT estimates obtained from the lag correlation procedure
and from the peak latency-difference method for both peak
types were compared by computing correlations between lag
correlation IHTT estimates and each type of peak-derived
IHTT estimate within each visual field-region condition.
Overall, P100 THTTs were correlated with lag correlation
results, and the N160 ITHTTs were not. Correlations between
THTT derived from P100 latencies and lag correlations ranged
from .42 to .90, with a mean of .63, whereas the correlations
between N160 and lag correlation IHTT ranged from —.22
to .37, with a mean of .01. These results reflect the fact that
window position of the lag correlation procedure was selected
to capture the P100 component of the wave forms and there-
fore should be more correlated with P100-derived IHTT
values.

P100 and N160 IHTT. THTT values derived from P100
and N160 peaks were directly compared with a two-way
ANova with visual field and peak type as variables. This
analysis was performed separately for each region. No main
effects or interactions were found for either region. These
results demonstrate that the overall estimates of [HTT ob-
tained from the two peak measures did not differ. Correla-



INTERHEMISPHERIC TRANSFER TIME

1127

Table 11
P100 and N160 Peak Amplitudes by Visual Field, Region, and Hemisphere
Left hemisphere Right hemisphere
Amplitude 03 01 02 04
P100
Left visual field
M+ SD 28+13 31 +1.3 35+1.8 40+23
n 10 11 11 10
Right visual field
M+ SD 2417 23+ 14 34+14 35+ 1.6
n 11 10 10 11
N160
Left visual field
M+ SD -3.1+25 -22x22 -3.3+33 —6.2+42
n 9 8 8 9
Right visual field
M+ SD —49 +2.6 -34+ 1.8 -21+18 ~29+26
n 12 11 11 12

Note. Means (£SD) are expressed in microvolts for medial (O1 and O2) and lateral (O3 and O4)

occipital sites for each visual field.

tions between P100 and N160 estimates of IHTT were per-
formed within each region-visual field condition to further
investigate the relation between these methods. Interestingly,
the two measures were not correlated. The correlations ranged
from —.35 to .35, with a mean of .11. These results suggest
that although mean IHTTs from both peak types did not
differ, they reflect different interhemispheric transfer pro-
cesses.

IHTT across conditions. To examine the relation be-
tween medially and laterally derived IHTT, correlations were
computed between regions for each visual field, separately
for each IHTT computation method. LVF P100 and N160
IHTT were highly correlated between regions (P100 LVF, r
=.93, p = .0001, n = 10; N160 LVF, r = .95, p = .0008, n
= 7). LVF lag correlation IHTT estimates were not as highly
correlated between regions (r = .46, n = 10). RVF [HTT
between regions were also positively correlated, with each
IHTT method yielding similar results (RVF IHTT: P100, r
= .64,p= .04, n=10; N160, r = .66, p = .03, n = 11; lag
correlation THTT: r = .66, p = .05, n = 9). These results
provide evidence that individual differences in IHTT are
preserved between regions and are a demonstration of the
reliability of wave form quantification procedures, particu-
larly the IHTT estimates based on peak detection.

The estimates of IHTT obtained in response to LVF stim-
ulation reflect the transfer of information from the right to
the left hemisphere. Conversely, IHTT values from RVF
stimulation reflect the transfer of information from the left
to the right hemisphere. The relation between speed of trans-
fer in each direction was investigated by computing corre-
lations between visual fields within a region, again separately
for each method of IHTT derivation. Significant negative
correlations for both peak types were obtained from lateral
sites. This finding suggests that faster transfer time in one
direction is associated with slower transfer in the opposite
direction (P100, r = —.69, p = .04, n = 9; N160, r = —.74,
p=.02, n=9). Comparisons of medially derived peak IHT Ts

were less negatively correlated between visual fields than
were the lateral data (P100, r= —.13, n=9; N160, r = —.56,
n= 7). Laterally derived lag correlation IHTT values showed
a slight negative relation (r = —.21, n = 9). Medial lag cor-
relation IHTT values were also negatively correlated between
visual fields (lag correlation, r = —.47, n = 8).

P100 and N160 Amplitude Data

Mean P100 and N 160 amplitude values are listed in Table
11. ANovas with visual field, region, and hemisphere as vari-
ables were used to examine these results. The analyses on
the P100 amplitude data revealed a main effect for hemi-
sphere, F(1, 11) = 7.8, p < .02. P100 amplitude recorded
over the right hemisphere is larger than the same peak re-
corded over the left hemisphere (left M + SD = 2.6 + 0.8
wV, n=8;right M £ SD = 3.5 £ 1.7 uV, n = 8). These
results must be qualified by a Region x Hemisphere inter-
action, F(1, 11)=7.48, p < .02. We computed ¢ tests between
regions across visual fields separately for each hemisphere
and between hemispheres across visual fields separately for
each region. Both hemisphere comparisons were significant:
medial left versus right hemisphere, #(8) = 2.25, p = .05;
lateral left versus right hemisphere, ¢(8) = 2.37, p = .05. The
difference in P100 amplitude between hemispheres for the
lateral region was larger than for the medial region (1.1 vs.
0.7 nV). The Visual Field x Hemisphere interaction was not
significant, a result consistent with the findings in Experi-
ment 1.

The N160 amplitude data demonstrated a strong main
effect for region, F(1, 11) = 18.24. Lateral sites (averaged
across visual field and hemisphere) produced larger N160
amplitudes than the medial sites produced (medial ampli-
tude, M = —3.1 pV, lateral amplitude, M = —4.3 uV). In
contrast to the P100 results, there was a strong Visual Field
x Hemisphere interaction for N160 amplitude, F(1, 9) =
23.60, p = .0009, with the directly stimulated hemisphere
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producing larger N160 components compared with the in-
directly stimulated hemisphere.

Discussion

Three important latency findings emerged from this ex-
periment: (a) Longer estimates of IHTT were obtained from
lateral compared with medial occipital recording sites; (b)
P100 and N160 IHTT values were not correlated, although
they did not differ; and (c) LVF and RVF IHTT values were
inversely correlated.

The pattern of longer laterally derived IHTT values was
consistent across all three methods of IHTT computation.
The only Rugg et al. study that reported P100 latency data
(Rugg, Lines, & Milner, 1985) obtained IHTT values from
lateral electrode placements nearly identical with ours (Rugg
study, LVF = 10 ms, RVF = 17 ms; our study, LVF = 10.0
ms, RVF = 15.4 ms). However, because no medial site data
were presented, a direct comparison between regions for this
study was not possible. Lines et al. (1984) reported N160-
based IHTT values for both medial and lateral sites. The
values they obtained in response to their “bright” stimuli
mirror our findings (Lines study, medial N160 IHTT = 7.2
ms, lateral = 12.05 ms; our study, medial N160 IHTT = 7.8
ms, lateral = 14.3 ms). This similarity is noteworthy because
the simple RT response requirement of Experiment 2 of the
Lines et al. study closely resembles ours. The no-go visual
EPs reported by Rugg et al. (1984) do not show occipital
region differences in N160 IHTT, which may be accounted
for by the effects of the choice RT procedure. No data are
presented for the go visual EPs, so inferences about the effects
of a motor response on IHTT in the same subjects cannot
be made from this study. Using a task identical to their 1984
study, Rugg, Milner, and Lines (1985) found longer N160
IHTT values recorded from lateral compared with medial
occipital sites.

We obtained a significant region effect for the zero-lag
correlation values, with lateral sites having lower initial cor-
relations compared with the medial sites. This increased sim-
ilarity between medially recorded wave form sections from
the two hemispheres is consistent with the possibility that
the response recorded at an individual medial site was subject
to influences arising in both hemispheres. Given the prox-
imity of our stimuli to the fovea, we expected that the major
sources of the EPs we recorded would be the occipital poles.
This source orientation could generate overlapping fields at
medial sites. The shorter estimates of IHTT from the medial
sites may be due to the general mixing of responses from
both hemispheres at each site. We expect that recording from
more lateral sites results in an attenuation of this mixing
effect and reflects responses generated primarily in one hemi-
sphere.

We know of no other study that has examined correlations
between P100 and N160 IHTT values. The uncorrelated
P100 and N160 IHTT values suggest a transfer of different
information. A precise interpretation of this finding is diffi-
cult due to our limited understanding of the time course and
synchronization of serial callosal transfers.

Arguably, the most interesting finding that emerged from
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this experiment was the inverse relation between LVF and
RVF IHTTs. This finding suggests that faster transfer time
in one direction is associated with slower transfer in the
opposite direction. The correlation between LVF and RVF
IHTT obtained from the lateral sites was —.69 for P100-
based estimates and —.74 for N160-based estimates. The
similarity of effect for both peak types is striking, considering
the absence of a relation between the two peak types within
a visual field, and may reflect the stability of this inverse
visual field IHTT relation. No other investigation has re-
ported correlations in IHTT between the visual fields with
either behavioral or electrophysiological methods.

In light of the lack of similar data, interpretations of these
findings are inherently speculative. However, both anatom-
ical and functional perspectives on the corpus callosum may
be useful in considering this phenomenon. Because research
has shown that the right occipital region is smaller than the
left (e.g., Kertesz et al., 1986) in right-handed subjects, we
would expect fewer projections from the left to the right
hemisphere because the number of axons is determined pri-
marily by target availability. This decreased number of pro-
jections might result in slower transfer time (see Marzi, 1986).
Note that the standing asymmetry between visual fields in
IHTT is seen in the lag correlation and P100 IHTT values,
but not in the N160 IHTT values. The lack of asymmetry
between visual fields in N160-derived IHTT may be a func-
tion of greater striate contribution to the N160 compared
with the P100 components, because the anatomical asym-
metry between occipital regions clearly extends beyond the
striate area (Kertesz et al., 1986).

In contrast with an anatomical view of this phenomenon,
changes in hemispheric activation may also need to be con-
sidered when interpreting these findings. Levy (1985), citing
evidence of increased arousal asymmetries in commissurot-
omized subjects compared with normal subjects points out
the crucial role of the corpus callosum in regulating the ac-
tivation levels of the two hemispheres. The relation between
activation level and speed of transfer is not clear, nor is the
relative impact of the activation of the initially stimulated
compared with the receiving hemisphere. Sergent (1983)
summarized evidence that the right hemisphere may perform
simple visual detection tasks better than the left hemisphere
(cf. Hellige & Webster, 1979). If the processing requirements
of our task (a simple visual detection) selectively activate the
right hemisphere, left-hemisphere activation may actually
decrease because of callosally mediated inhibitory influences
on the left hemisphere (Zaidel, 1986) from the activated right
hemisphere. This pattern of increased right- and decreased
left-hemisphere activation may account for the observed in-
verse relation in IHTT between visual fields.

Another feature of this experiment may also have affected
asymmetries in activation between the hemispheres. All re-
sponses were made with the left hand. This response re-
quirement presumably would result in greater activation of
the right instead of the left motor cortex independent of which
visual field was stimulated. If this asymmetry of tonic motor
cortex activation affected secondary visual processing areas,
then left-hemisphere inhibition could result from callosally
mediated inhibitory input from the activated right hemi-
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Table 12
P100 and N160 Peak Latencies by Visual Field, Hemisphere, and Stimulus-Presentation
Conditions
Blocked Mixed
Latency 03 04 03 04
P100
Left visual field
M+ SD 117.8 £5.6 104.8 + 10.9 121.1 £ 9.3 106.7 = 6.7
n 4 4 5 5
Right visual field
M+ SD 101.8 £ 7.2 1190 + 5.4 100.8 £ 11.1 1221 £93
n ) 5 6 6
N160
Left visual field
M+ SD 165.6 £ 15.3 146.1 + 8.6 167.9 + 21.5 144.5 £ 3.6
n 3 3 3 3
Right visual field
M+ SD 145.1 £ 6.0 154.8 + 15.7 148.1 £ 7.6 157.6 + 14.7
n 6 6 5 5

Note. Means (+SD) are expressed in milliseconds for blocked and mixed stimuli recorded from left-
and right-hemisphere lateral occipital sites (O3 and O4).

sphere. Of course, these possibilities are not mutually exclu-
sive; right-hemisphere specialization for the task and a left-
hand response requirement could act together to increase
right-hemisphere activation.

EXPERIMENT 3

In Experiment 3, we investigated the effects of randomly
presenting stimuli to the two visual fields and of blocking
them to one visual field at a time. Studies by Posner (e.g.,
Posner, Snyder, & Davidson, 1980) have demonstrated per-
formance advantages in simple hemifield luminance detec-
tion when subjects received cues indicating stimulus position
shortly before stimulus onset. This performance advantage
was hypothesized to be due to a shift in visual attention
independent of shifts in eye position. Although Posner et al.
(1980) found these effects weakened when stimulus location
was blocked, the pattern of effects was maintained. The as-
sumption in presenting stimuli randomly to the two visual
fields without location cuing is that attention is divided equally
between them (Hardyck, Chiarello, Dronkers, & Simpson,
1985). This experiment sought to examine whether atten-
tional biases to one hemispace arising from foreknowledge
of stimulus location would affect EP estimates of IHTT. The
experiment was designed only to investigate possible differ-
ences between blocked and random stimulus presentation
and was not intended as a general investigation of the effects
of attention on IHTT. Equipment limitations in earlier ex-
periments prevented our presenting stimuli randomly to the
two visual fields.

Method
Subjects

Six of the subjects from Experiment 2 participated in this exper-
iment. The data from the mixed conditions represented additional

trials that were run when the data reported for these subjects were
collected in Experiment 2.

Design

The stimuli were identical to those presented in the first two ex-
periments. All responses were made with the left hand. There were
three experimental conditions: RVF-blocked, RVF-and LVF-mixed,
and LVF-blocked. The order of these conditions was counterbal-
anced within subjects, and counterbalance order was randomized
among subjects. There were 100 stimuli in each blocked condition
and 200 stimuli in the mixed condition. Stimuli were presented in
sets of 100.

Procedure

The blocked trials were identical to those described for Experi-
ments 1 and 2. For the mixed trials, only one shutter opened for
each stimulus. In these conditions, both projector lamps were always
on, and Coulbourn digital logic randomly selected which visual field
was to receive a stimulus. The probability for a stimulus occurring
in one visual field was set at 50%.

FElectrophysiological Data Acquisition and Analysis

Considering the results of Experiment 2, which demonstrated
stronger results in the anatomically predicted directions for lateral
occipital sites, we chose to analyze only wave forms recorded from
Sites O3 and O4, referenced to linked ears, for this experiment.

Results
Peak Latency Data

P100 and N160 latency results. Table 12 presents the
mean P100 and N160 latencies for blocked and mixed stim-
ulus-presentation conditions obtained from lateral occipital
sites (O3 and O4) referenced to linked ears.
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Table 13
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P100 and N160 Evoked Potential Estimates of Interhemispheric Transfer Time by Visual

Field and Stimulus-Presentation Conditions

P100 N160
Effect® Effect
Condition n M+ SD P %) n M = SD )4 (%)
LVF-blocked 4 13.0 £ 133 .15 100 3 19.5 + 19.2 .22 67
LVF-mixed 5 144 + 6.7 .009® 100 3 223 +18.1 .16 100
RVF-blocked S 173 94 015 100 6 9.7 £ 11.1 .08 100
RVF-mixed 6 21.3 £ 9.1 .002> 100 5 9.5+9.2 .08 100

Note. Means (+SD) and p values are from ¢ tests (for a difference from zero) of interhemispheric
transfer time estimates derived from P100 and N160 latency values for each visual field—condition
combination. LVF = left visual field; RVF = right visual field; blocked = all stimuli presented to the
same visual field in a run of 100 stimuli; mixed = stimuli randomly presented to the two visual fields

across two blocks of 100 trials.

*Percentage of subjects showing effects in the anatomically predicted direction.

at the Bonferroni-corrected alpha level.

These peak latency data were examined with a three-way
ANoVA with visual field, hemisphere, and condition as vari-
ables. The only significant effect was the expected Visual
Field x Hemisphere interaction found for both P100 and
N160 latency values: P100 Visual Field x Hemisphere, F(1,
4)=43.57, p < .003; N160 Visual Field x Hemisphere, F(1,
4) = 13.48, p = .02.

P100 and N160 IHTT estimates. Estimates of IHTT and
t tests comparing the IHTT values to zero were computed
as in Experiments 1 and 2. These estimates and their cor-
responding ¢ values for P100- and N160-derived IHTT val-
ues are presented in Table 13. Note that only the P100 mixed
condition showed a significant difference from 0 ms at the
Bonferroni-corrected alpha level, although 100% of the sub-
jects showed P100 IHTT estimates in the anatomically pre-
dicted direction for every condition. The sample sizes for
N160 IHTT values were small due to the lack of clearly
defined N 160 peaks.

Cross-Lag Correlation Data

IHTT values were obtained from the cross-lag correlation
procedure as previously described. Four data points were
rejected because the lag values for subject—condition com-
binations were beyond the 30-ms maximum lag used in the
lag correlation procedure. These data revealed IHTTs in the
direction of anatomical prediction for 100% of the remaining
subjects for each condition.

An ANoOVA with visual field (LVF vs. RVF) and condition
(blocked vs. mixed) as variables was performed on zero-lag
correlation, maximum correlation, and lag values. There were
no main effects or interactions for any of the dependent vari-
ables.

P100 and N160 Amplitude Data

As was the case in Experiments 1 and 2, no P100 Visual
Field x Hemisphere interaction was obtained. However, this
interaction was obtained for N160 amplitude, F(1, 4) = 8.03,
p < .05, with larger responses recorded from the directly
stimulated hemisphere. No main effect for condition or in-

bSignificant p values

teractions with condition were obtained for the amplitude
data.

Discussion

These data indicate that there were no important differ-
ences between estimates of IHTT when stimulus location
was blocked and those resulting from random presentations.
This finding was obtained for all three methods of wave form
quantification. These results are consistent with a recent study
by Rugg, Milner, Lines, and Phalp (1987). In that study the
authors added an attention condition to the same basic par-
adigm they have used to investigate IHTT. Subjects were
asked to attend to one visual field and to detect only short-
duration “target” stimuli occurring in the attended visual
field. EPs were recorded to the nontarget stimuli, which were
more numerous and did not require a response. Although
the basic latency advantage for the directly stimulated hemi-
sphere was obtained, there was no difference between at-
tended and unattended conditions. The average ipsi- and
contralateral P100 latency difference (from lateral occipital
sites, collapsed across visual field) was 14.6 ms for the at-
tended condition and 14.2 ms for the unattended condition.
However, there was a main effect for attention on the am-
plitude of the P100. In another recent study, Neville and
Lawson (1987) demonstrated large differences in occipital
EPs as a function of directed attention. Their experiment
varied attention to one visual field while flash stimuli were
randomly presented to both visual fields during a movement-
detection task. P100 amplitudes and latencies were increased
in the attended condition compared with center-attended or
opposite visual field-attended conditions. An examination
of the P100 components by an enlargement of the published
grand average wave forms reveals latency advantages for the
direct projection for both visual fields in the attended con-
dition. The wave forms from the unattended condition do
not contain clearly visible P100 peaks.

Although neither of these studies sought to specifically
examine the effect of attention on EP estimates of IHTT,
they do suggest that attentional bias may affect EPs recorded
occipitally in response to hemiretinal stimuli, at least during
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a choice RT task. This hypothesis would argue for controlling
such bias by randomly varying stimulus location. In addition,
in the random-location condition, responses to stimuli from
both visual fields are closely spaced in time, and order effects
owing to marked changes in subjects’ state are minimized.
However, our data indicate that in the context of these mea-
sures with these stimuli, no differences were found between
blocked and mixed stimuli. It is important to note that the
purpose of this experiment was to examine specifically the
manipulation of stimulus-presentation method, not to test
the general effects of attentional biases on IHTT. Such effects
may be obtained in paradigms that require the detection of
particular stimulus features as has been shown in numerous
studies (e.g., Mangun & Hillyard, 1987).

EXPERIMENT 4

Experiment 4 had two purposes: (a) to compare EP esti-
mates of IHTT derived from linked-ears-referenced record-
ings with those obtained simultaneously with a mid—frontal
reference site and (b) to assess the effect of decreasing the
stimulus eccentricity from 2.8° to 1.8°.

Studies characterizing the visual EP have often used a mid-
frontal reference site (e.g., Blumhardt et al., 1978; Blumhardt
& Halliday, 1979; Halliday et al., 1979), whereas experiments
that use visual EPs to estimate IHTT have recorded with a
linked-ears reference (e.g. Rugg et al., 1984). In light of these
differences in recording montage, we wished to directly com-
pare IHTT estimates derived from recordings with each of
these two references.

The reduced eccentricity condition was included to test
whether more medial stimuli would yield more clearly de-
fined responses. As we noted earlier, the retinotopography
of the visual system results in more centrally located stimuli
activating regions of primary visual cortex nearer the occip-
ital poles. We included a less eccentric stimulus location to
maximize the likelihood that the areas of visual cortex re-
sponsible for transferring a representation of such a stimulus
between the hemispheres would be located on the lateral
convexity, that is, under the electrodes and not in the cal-
carine fissure. Because the EEG is most sensitive in recording
proximal radially oriented dipoles (Rose, Smith, & Sato,
1987), such a source orientation would be optimal to record
EPs separately from each hemisphere.

Method
Subjects

Six subjects who participated in Experiment 2 but not in Exper-
iment 3 were tested in this experiment. The linked-ears and larger
eccentricity stimuli (the outer condition) responses reported here
constitute a subset of the data that were reported in Experiment 2.

Design

Both reference electrode comparisons and the outer condition used
stimuli identical to those presented in Experiments 1 and 2. For the
inner condition, the angle to the medial edge of the stimuli decreased
from 2.8° to 1.8°. As in the previous two experiments, all responses
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were made with the left hand. There were four experimental con-
ditions: RVF-outer, RVF-inner, LVF-outer, and LVF-inner. The
order of these conditions was counterbalanced within subjects, and
counterbalance order was randomized among subjects. There were
100 stimuli in each condition, with stimulus location within a con-
dition blocked. All reference electrode comparisons were made on
EPs recorded from the outer stimulus (normal) location.

Electrophysiological Data Acquisition and Analysis

The overall methods for this experiment are the same as reported
in Experiment 2. Again, considering the results of Experiment 2, we
chose to analyze wave forms recorded from Sites O3 and O4 for this
experiment. The mid-frontal reference was placed midway between
Fz and Fpz sites. The mid-frontally referenced channels were re-
corded on additional Grass Model 7P5 EEG preamps and displayed
on a Grass Model 7 polygraph. These data were recorded on FM
tape for off-line analysis. EPs recorded with the linked-ears reference
site were averaged on-line.

Results
Reference Site Comparisons
Peak Latency Data

P100 and N160 latency results. The mean P100 and N160
latencies for the two reference sites obtained from Occipital
Sites O3 and O4 are presented in Table 14. The most notable
feature of these data was the small latency difference between
the hemispheres found for LVF frontally referenced P100s.
All other conditions and peaks revealed the expected latency
shifts.

These peak latency data were examined with a three-way
ANOVA with visual field, hemisphere, and reference (linked
ears vs. mid-frontal) as variables. A visual field main effect
for P100 latency was found, F(1, 5) = 25.5, p < .004. P100
latency values recorded in response to LVF were earlier com-
pared with RVF stimuli: LVF P100 latency, M + SD=111.8
+ 7.4 ms; RVF P100 latency, M + SD = 114.5 £ 6.3 ms.
There was no main effect for the hemisphere or reference
variable. The expected Visual Field x Hemisphere interac-
tion was obtained, F(1, 5) = 6.27, p = .05. In addition, there
was a significant Visual Field x Hemisphere x Reference
interaction, F(1, 3) = 11.24, p < .04. To examine the three-
way interaction in more detail, the P100 data from each
reference site were analyzed separately with two-way ANOVAS
with visual field and hemisphere as variables. The analysis
of the frontal reference data revealed a significant main effect
for visual field, F(1, 5) = 24.01, p < .02, but no Visual Field
x Hemisphere interaction, F(1, 5) = 0.13, p = .74. The
linked-ears reference site analysis also revealed a significant
main effect for visual field, F(1, 5) = 9.01, p = .03. However,
there was a strong Visual Field x Hemisphere interaction,
F(1, §5) = 40.51, p < .002. Two-tailed ¢ tests within each
visual field between hemispheres and within each hemisphere
between visual fields were performed to further examine this
interaction. All four comparisons were significant: LVF, #(5)
= 4.28, p < .008; RVF, #(5) = 3.82, p < .02; left hemisphere,
t(5) = 5.02, p = .004; and right hemisphere, (5) = 5.79, p
=.002.
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Table 14
P100 and N160 Peak Latencies by Visual Field, Hemisphere, and Reference Electrode
Linked ears Mid-frontal
Latency 03 04 03 04
P100
Left visual field
M+ SD 1162+ 7.9 108.3 + 8.3 107.2 £'11.1 110.7 £ 9.2
n 6 6 5 5
Right visual field
M+ SD 108.7 + 5.6 122.5 = 10.2 107.8 + 4.7 115.6 £ 12.9
n 6 6 4 4
N160
Left visual field
M+ SD 163.3 + 4.1 151.6 + 9.2 171.5 £ 10.1 1513+ 114
n 6 6 6 6
Right visual field
M+ SD 148.8 + 7.3 167.5 £ 11.0 146.2 = 11.1 173.1 £ 11.6
n 6 6 6 6

Note. Means (+.SD) are expressed in milliseconds for linked-ears and mid~frontal reference electrode
sites recorded from left- and right-hemisphere lateral occipital sites (O3 and O4) for each visual field.

No Visual Field main effect was found for the N160 peak
latency data. The Visual Field x Hemisphere interaction was
unusually strong, F(1, 5) = 226.63, p < .0001. The Visual
Field x Hemisphere x Reference Site interaction was also
significant, F(1, 5) = 10.79, p = .02. This three-way inter-
action was further analyzed as was done for the P100 data.
Separate two-way ANovas with visual field and hemisphere
as variables were performed on the N160 data for each ref-
erence site. In contrast to the P100 data, both analyses re-
vealed significant Visual Field x Hemisphere interactions.
However, the magnitude of the effect was greater for the
linked-ears reference site: linked ears N160 Visual Field x
Hemisphere, F(1, 5) = 248.01, p < .0001; frontal N160
Visual Field x Hemisphere, F(1, 5) = 99.73, p = .0002.
Two-tailed ¢ tests on these interactions revealed significant
differences for all comparisons for both reference sites.

PI100 and N160 IHTT estimates. Estimates of IHTT were
computed as in previous experiments. These estimates and
their corresponding p values from ¢ tests for a difference from
zero for both P100 and N160 IHTT are presented in Table

Table 15

15. Note that for the P100 values, only the linked-ears ref-
erence site provided P100 peak latency estimates of IHTT
that were significantly different from 0 ms, with results for
both visual fields significant at the Bonferroni-corrected al-
pha level. This effect of reference electrode was not present
for the N160 IHTT values. Overall, N160 data displayed
higher percentages of subjects with IHTTs in the anatomi-
cally predicted direction compared with the P100 data.

Cross-Lag Correlation Data

The results from the cross-lag correlation procedure for
both reference sites revealed that the RVF linked-ears con-
dition was the only condition that yielded lag values that
were significantly different from O ms at the Bonferroni-cor-
rected alpha level.

An ANova with visual field (LVF vs. RVF) and condition
(linked ears vs. mid-frontal) as variables was performed on
zero-lag correlation, maximum correlation, and lag values.
There were no main effects or interactions for any of the

P100 and N160 Evoked Potential Estimates of Interhemispheric Transfer Time by Visual

Field and Reference Electrode Conditions

P100 data N160 data
Effect Effect*
Condition n M x SD P (%) n M+ SD D (%)
LVF-ears 6 8.0+ 4.6 .008® 83 6 11.8 7.7 .014 100
LVF-frontal 5 -35x+7.0 32 40 6 20.1 £ 94 .003® 100
RVF—cars 6 13.9 + 8.9 0120 100 6 18.7 £ 9.1 .004® 100
RVF-frontal 4 7.8 +£12.8 31 75 6 26.8 £ 6.7 .0002° 100

Note. Means (+SD) and p values are from ¢ tests (for a difference from zero) of interhemispheric
transfer time estimates derived from P100 and N160 latency values for each visual field-reference
condition. LVF = left visual field; RVF = right visual field; ears = linked ears reference; frontal =
mid-frontal reference site. Wave forms were recorded from lateral occipital leads.

*Percentage of subjects showing effects in the anatomically predicted direction. *Significant p values

at the Bonferroni-corrected alpha level.
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Table 16
P100 and N160 Peak Latencies by Visual Field, Hemisphere, and Stimulus Position
Outer Inner
Latency 03 04 03 04
P100
Left visual field
M+ SD 116.3+7.9 108.2 £ 8.3 119.0 £ 9.3 109.8 + 8.1
n 6 6 5 S
Right visual field
M+ SD 108.7 £ 5.6 122.5 + 10.2 106.9 £ 11.0 120.0 + 2.6
n 6 6 5 5
N160
Left visual field
M+ SD 163.3 + 4.1 151.6 £ 9.3 160.6 + 7.3 146.6 + 5.8
n 6 6 5 5
Right visual field
M+ SD 148.8 + 7.3 167.4 £ 11.0 146.7 + 6.1 162.8 + 5.7
n 6 6 5 S

Note. Means (+SD) are expressed in milliseconds for inner (1.8°) and outer (2.8°) stimulus locations
recorded from left- and right-hemisphere outer occipital sites for each visual field.

dependent variables, indicating that there was no difference
in IHTT estimates between the two reference sites with this
method of wave form quantification.

P100 and N160 Amplitude Data

ANovas with visual field, hemisphere, and reference site
as variables were used to examine these data. The pattern of
findings was similar to that for previously reported results.
The Visual Field x Hemisphere interaction was only signif-
icant for N160 data, F(1, 5) = 17.3, p < .009. In addition,
a main effect for reference was found for the N160 amplitude
data, F(1, 5) = 7.92, p < .04, with the frontal reference
showing overall greater amplitude compared with the linked-
ears site (frontal N160, M = SD = —6.1 + 2.8 uV; linked-
ears N160, M + SD = —5.1 = 2.5 uV).

Effects of Stimulus Position

Based on the data reported earlier, stimulus position com-
parisons were made with the linked-ears reference data be-
cause only for this reference did high percentages of subjects
show IHTTs in the anatomically predicted directions for both
P100- and N160-derived estimates.

Peak Latency Data

P100 and N160 latency results. Table 16 presents the
mean P100 and N160 latency values for the two stimulus
locations obtained from Occipital Sites O3 and O4. The mean
latency values for both stimulus positions for both peak types
were in the anatomically predicted directions.

Each type of peak latency data was examined with a three-
way ANOVA with visual field, hemisphere, and location (inner
vs. outer) as variables. No main effect for location was found
for either peak type. A main effect for visual field was found

for the P100 latency data, F(1, 5) = 33.09, p = .002, with
LVF latency values shorter than RVF values (LVF, M =
110.8 ms; RVF, M = 114.9 ms), consistent with results re-
ported previously for the reference site comparisons. There
was no interaction of location with any other variable, in-
dicating that decreasing the eccentricity of the visual field
stimuli did not affect the morphology of EPs. As expected,
a strong Visual Field x Hemisphere interaction was obtained
for both peak types: P100, F(1, 5) = 26.27, p < .004; N160,
F(1, 5) = 233.52, p < .0001. Two-tailed ¢ tests within each
visual field between hemispheres and within each hemisphere
between visual fields, collapsed across stimulus position, were
performed to further examine these interactions. For the P100
values, only the left-hemisphere comparison failed to reach
significance. All of the N160 latency comparisons were sig-
nificant.

P100 and N160 IHTT estimates. P100 and N160 esti-
mates of IHTT and their corresponding p values from ¢ tests
for a difference from zero are presented in Table 17. For the
P100 IHTT estimates, only the outer stimulus locations
yielded estimates of IHTT that were significantly different
from O ms at the Bonferroni-corrected alpha level, suggesting
a more consistent pattern of results in the anatomically pre-
dicted direction for the outer stimulus location. This pattern
differed from the N160 IHTT estimates, all of which were
in the anatomically predicted direction. The LVF-inner and
RVF-outer conditions were significantly different from 0 ms
at the Bonferroni-corrected aipha level.

These IHTT estimates were further examined with two-
way ANOvAs with visual field and location as variables. No
main effects or interactions were found for either dependent
measure.

Cross-Lag Correlation Data

The data from 1 subject for the RVF-inner condition failed
to meet criterion for this procedure because the greatest com-
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Table 17
P100 and N160 Evoked Potential Estimates of Interhemispheric Transfer Time by Visual
Field and Stimulus Position Conditions

P100 N160
- Effects Effect*
Condition n M+ SD D (%) n M+ SD D (%)
LVF-inner 5 9.3+ 10.5 12 80 5 13.9 + 8.9 .001° 100
LVF-outer 6 8.0+ 4.6 .008> 83 6 11.8 + 7.7 .014 100
RVF-inner 5 13.1 £ 11.0 .06 100 5 16.2 + 9.8 .02 100
RVF-outer 6 13.9 + 8.9 .012» 100 6 18.7 + 9.2 .004> 100

Note. Means (£35D) and p values are from ¢ tests of interhemispheric transfer time estimates derived
from P100 and N160 latency values for inner (1.8°) and outer (2.8°) stimulus locations recorded from
left- and right-hemisphere lateral occipital sites for each visual field.

*Percentage of subjects showing effects in the anatomically predicted direction. *Significant p values

at the Bonferroni-corrected alpha level.

puted correlation was less than .75, and that was at the max-
imum lag value of 30 ms. All subjects had IHTTs in the
anatomically predicted direction in response to RVF stim-
ulation for both stimulus positions. LVF stimulation resulted
in 83% of IHTTs in the anatomically predicted direction,
again for both stimulus positions. An ANovaA with visual field
(LVF vs. RVF) and location (inner vs. outer) as variables
was performed on zero-lag correlation, maximum correla-
tion, and lag values. There were no main effects or interac-
tions for any of the dependent variables.

P100 and N160 Amplitude Data

Mean P100 and N160 amplitude values for each visual
field, hemisphere, and stimulus position condition were ex-
amined with ANOvAs with visual field, hemisphere, and stim-
ulus position as variables. Consistent with results reported
above, the only significant N160 amplitude finding was the
expected Visual Field x Hemisphere interaction, F(1, 5) =
15.20, p = .01, in the predicted directions, with contralateral
conditions resulting in larger amplitude peaks. The P100
amplitude data revealed a main effect for hemisphere, F(1,
5) = 10.72, with greater amplitudes found over the right
hemisphere (left, M + SD = 2.3 + 1.8 uV; right, M + SD
= 3.6 + 1.8 uV).

Discussion
Reference Electrode Comparison

The main finding from the simultaneous comparison of
reference electrode sites was that P100 measures were more
affected by the switch from a linked-ears to a mid—frontal
reference than either the N160 data or the results from the
lag correlation procedure. Frontally referenced P100 IHTT
estimates were less reliable and shorter. Only 40% of subjects
showed ITHTTs in the anatomically predicted direction for
the LVF-frontal condition compared with 83% for the linked-
ears reference. The lag correlation results demonstrate slight-
ly greater reliability for the linked-ears recordings. Surpris-
ingly, 100% of the subjects had N160-based IHTTs in the
anatomically predicted directions for both reference sites,
and frontally referenced responses were larger in amplitude.

The differential effect of reference site on P100 and N160
data supports the suggestion that these two components are
not generated in the same location (Maier et al., 1987), as
has been discussed. The greater N160 amplitude from fron-
tally referenced recordings may reflect the axial alignment of
the recording montage relative to components of this re-
sponse originating in striate cortex.

We chose to include the frontal reference site based on
previous work investigating the characteristics of visual EPs
to hemiretinal stimulation (e.g., Blumhardt, Barrett, & Hal-
liday, 1977; Halliday et al., 1979). Note that in a comparison
of IHTT estimates obtained from recordings referenced to
linked ears and a noncephalic site, Rugg, Lines, and Milner
(1985) found no evidence of any differences.

Effects of Stimulus Position

In the second part of this experiment, the smaller visual
angle conditions were included to maximize the likelihood
that the source generators of the EPs would be located near
the occipital poles and not more medially in the calcarine
fissure. Wider angle stimulation of the visual hemifields has
yielded the well-known paradoxical effect in which visual
EPs do not show the anatomically predicted amplitude asym-
metry (Barrett, Blumhardt, Halliday, Halliday, & Kriss, 1976).
Our data show that overall, there was little effect of eccen-
tricity on IHTT. The stimuli used in the original Barrett et
al. (1976) study were full semicircular hemifield stimuli that
extended from the midline to 16°. In subsequent work, Blum-
hardt et al. (1978) found that when these full hemifield stim-
uli are reduced to semicircular “scotomata,” the paradoxical
amplitude asymmetry disappears. Our stimuli more closely
resemble the scotomata stimuli because they did not extend
from the midline and were small in visual angle subtended.
Our data suggest that at least with the small-sized stimuli
used in this study, the degree of eccentricity within the range
tested does not affect EP estimates of IHTT.

GENERAL DISCUSSION

In this article we describe a method of estimating IHTT
from visual EPs that yields values that are in the anatomically
predicted direction and consistent with physiological esti-
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mates of transcallosal conduction time. The percentage of
the 15 unique subjects across all experiments (based on Sites
03 and O4 linked-ears wave forms, except Sites O1 and O2
for 3 subjects from Experiment 1, standard stimulus position
and left-hand response) showing IHTT estimates in the pre-
dicted direction and greater than 3 ms (chosen as a physio-
logically reasonable minimum value) for the three methods
of wave form quantification was as follows: lag correlation
data = 93% (LVF, 11 of 13 subjects; RVF, 14 of 14 subjects),
P100 data = 81% (LVF, 10 of 13 subjects; RVF, 12 of 14
subjects), and N160 data = 76% (LVF, 9 of 12 subjects; RVF,
12 of 15 subjects).

We consider these percentages to be acceptable. In fact,
they are higher than has been achieved with any other single-
session method for estimating IHTT. We recognize that a
measure of a basic process such as IHTT should result in
estimates that are in the direction of anatomical prediction
in 100% of the cases. However, the realization of this ideal
is mitigated by several important factors. Homan, Herman,
and Purdy (1987) have recently studied the relation between
underlying cerebral structures and the 10/20 system electrode
locations. Although in general the 10/20 system performed
well with respect to underlying cortical landmarks, there were
considerable individual variability and interhemispheric dif-
ferences in the location of homologous left- and right-sided
electrodes (see also Myslobodsky & Bar-Ziv, 1989). A second
source of noise is individual differences in retinotopic pro-
jections (e.g., Stensaas, Eddington, & Dobelle, 1974). Finally,
evoked-response latency jitter (Woody, 1967) may also con-
tribute to the appearance of IHTT estimates that are in the
direction opposite anatomical prediction. Each of these lim-
itations can be addressed, however. Recording from addi-
tional sites in conjunction with the use of source localization
methods (e.g., Thickbroom, Carroll, & Mastaglia, 1985;
Thickbroom, Mastaglia, Carroll, & Davies, 1984) will facil-
itate the precise localization of the sources for the P100 com-
ponent of the checkerboard-flash evoked response. Magne-
toencephalographic techniques also hold great promise for
the precise specification of the sources of evoked magnetic
fields (e.g., Beatty, Barth, Richer, & Johnson, 1986; Rose et
al., 1987). In addition to these methods, electrode placement
based on the individual neuroanatomy of a subject, obtained
by magnetic resonance imaging, would eliminate the vari-
ability associated with the disparity between bone landmarks
and the underlying cortical regions to which they nominally
refer. Latency correction procedures can be used to limit the
effects of latency jitter in broadening EP peaks and potentially
distorting the observed peak latency. When source localiza-
tion methods are combined with latency correction proce-
dures, we believe that the percentage of subjects showing
IHTT effects in the anatomically predicted direction in this
paradigm will approach 100%.

In the context of establishing a valid method to estimate
IHTT, we have several noteworthy findings bearing on the
specific details of the recording paradigm. In Experiment 1,
we found that the percentage of subjects showing IHTT in
the direction of anatomical prediction was greater for the EP
measures compared with the RT measures. The RT estimates
were in the predicted direction in 70% of the computations
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of IHTT, whereas the EP THTT estimates (based on the lag
correlation procedure) were in the anatomically predicted
direction in 94% of the computations. Correlations computed
between the EP and RT measures of IHTT showed no con-
sistent pattern of relation. This result suggests that they were
reflecting different processes. Manual RT measures of IHTT
in response to visual stimuli have been hypothesized to reflect
the transfer of information about the motor response (Milner
& Lines, 1982), whereas EP measures in response to similar
stimuli have been suggested to reflect the transfer of sensory
information (Lines et al.,, 1984). These previous reports in
conjunction with our findings underscore the complexity and
heterogeneity of interhemispheric transfer and indicate that
measures reflecting the transfer of different types of infor-
mation are not necessarily correlated.

In Experiment 2, we found that lateral occipital recording
sites (O3 and O4) yielded longer IHTT estimates compared
with medial recording sites (O1 and O2). In addition, lateral
sites were more often in the anatomically predicted direction,
and the zero-lag correlation for lateral leads was lower than
for the medial sites. Taken together, these findings suggest
that the medial leads may reflect activity from both hemi-
spheres (indexed by the high zero-lag correlation), which con-
sequently diminishes the latency difference between the wave
forms recorded from each hemisphere. In this paradigm,
therefore, the lateral occipital sites provide a better metric
of IHTT than the medial sites. In addition, we found an
inverse relation between transfer time in different directions.
Faster transfer time in one direction was associated with
slower transfer time in the opposite direction. In light of the
consistent difference in transfer time between the visual fields,
with RVF stimulation associated with slower transfer time
compared with LVF stimulation, the pattern of findings sug-
gests that slower transfer from the left to the right hemisphere
is associated with faster transfer from the right to the left
hemisphere. This effect held for P100 and N160 IHTT es-
timates, even though they were uncorrelated within a visual
field.

In the third experiment, we found that EP estimates of
IHTT obtained from presenting stimuli randomly to the two
visual fields did not differ from those obtained from stimuli
blocked to one visual field at a time. This finding suggests
that slight biases in visual attention introduced by blocking
stimuli to one visual field at a time do not systematically
influence IHTT estimates. Whether more explicit attentional
manipulations will affect IHTT estimates is not answered by
our data.

In the final experiment, we found that a linked-ears ref-
erence yielded IHTT estimates more consistent with ana-
tomical prediction compared with a mid-frontal reference
that was obtained simuitaneously for P100 and lag correla-
tion IHTT estimates. Although we obtained more valid re-
sults for these measures with the linked-ears reference, some
concern about the use of this reference has been expressed
in studies of electrophysiological asymmetries (e.g., David-
son, 1988; Nunez, 1981). Nunez (1981) argues that such a
reference will attenuate the magnitude of observed asym-
metry because linking the ears provides a low-resistive shunt
between the two sides of the head that artifactually forces
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the two sides to be at the same potential. Whether estimates
of IHTT can be improved by the use of references that do
not have this problem requires study in future research.

In the final experiment, we also found little difference be-
tween IHTT estimates derived in response to stimuli 2.8°
and 1.8° from central fixation. The difference between ec-
centricities may have been too small to reveal any difference
in IHTT estimates based on the visual EP. With larger dif-
ferences in eccentricity, IHTT differences may emerge.

EP estimates of IHTT were derived in three ways in each
of these studies: (a) latency differences between the P100
component in the response ipsilateral compared with con-
tralateral to the side of stimulation, (b) latency differences
between the N160 component in the response ipsilateral
compared with contralateral to the side of stimulation, and
(c) the cross-lag correlation between a section of the wave
form recorded from each hemisphere. The P100 and lag
correlation estimates were only moderately correlated, and
neither correlated with N160 IHTT estimates. In Experiment
1, the average correlation between P100 and lag correlation
estimates (across conditions) was .70, and in Experiment 2,
it was .62. These correlations are insufficiently high to con-
sider these methods interchangeable. Because the highest per-
centage of subjects show effects in the direction of anatomical
prediction when IHTT is computed with the cross-lag cor-
relation procedure, we recommend that this procedure be
used when a single index of visual transfer time is required.
However, the specific parameters of the cross-lag procedure,
such as window start position, window width, and inclusion
of multiple window start positions from which results are
then aggregated, must be systematically explored in future
research.

Overall, our findings indicate that valid measures of IHTT
can be obtained in response to brief hemiretinal exposures
of checkerboard-flash stimuli by estimating latency differ-
ences in the P100 and N160 regions of the visual evoked
response derived from lateral occipital recording locations
(O3 and 04), referenced to linked ears. These measures are
already proving useful in elucidating problems in interhemi-
spheric interaction in certain clinical disorders (e.g., David-
son, Saron, Leslie, & Reiner, 1985). Differences in IHTT
between certain clinical groups and normals rest on the as-
sumption that such measures show temporal stability. To
examine this question, we (Saron & Davidson, 1989) recently
assessed the test-retest stability of EP measures of IHTT in
a paradigm similar to the studies presented in this article.
Eighteen right-handed subjects were tested on two occasions
3 weeks apart. The mean P100 IHTT test-retest correlation
was .81, and the mean N160 IHTT test-retest correlation
was .87. These findings indicate that EP measures of IHTT
are stable. However, the simple stimuli and visual modality
of this paradigm probably restrict these assessments to the
functioning of the callosal splenium, through which almost
all visual transfer fibers course (Pandya & Seltzer, 1986).

The fact that fewer than 100% of subjects show effects in
the anatomically predicted direction is viewed as a product
of the limitations of existing recording and analysis proce-
dures, which are in principle possible to overcome.

CLIFFORD D. SARON AND RICHARD J. DAVIDSON
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