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phylactic or even therapeutic effectiveness
among this class of anti-TSE agents is especially
promising.
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Mirror-Image Confusion in
Single Neurons of the Macaque

Inferotemporal Cortex
J. E. Rollenhagen and C. R. Olson*

Humans and animals confuse lateral mirror images, such as the letters “b” and "d,”

u "

more often than vertical mirror images, such as the letters “b” and “p.” Experiments
were performed to find a neural correlate of this phenomenon. Visually responsive
pattern-selective neurons in the inferotemporal cortex of macaque monkeys re-
sponded more similarly to members of a lateral mirror-image pair than to members
of a vertical mirror-image pair. The phenomenon developed within 20 milliseconds
of the onset of the visual response and persisted to its end. It occurred during
presentation of stimuli both at the fovea and in the periphery.

Behavioral tests in many species (including oc-
topus, pigeon, monkey, and human, both child
and adult) have demonstrated that confusion
between lateral mirror images is more common
than confusion between vertical mirror images
(I-5). Speculation about why this is so has
centered on two general ideas (6). The first idea
is based on the fact that lateral reversals usually
result from a change of viewpoint and thus
convey little information about the object
viewed (a tiger is equally threatening when seen
in right or left profile), whereas vertical rever-
sals usually do not result from a change of
viewpoint and thus do convey information about
the object (a tiger is less of a threat upside down
than right side up). If lateral reversals convey
little information, then brain resources dedicated
to representing them may have become relative-
ly limited, through an adaptive phylogenetic or
ontogenetic process. The second idea is that
confusion between lateral mirror images is an
accidental consequence of the bilateral symme-
try of the nervous system. To the degree that the
hemispheres are mirror images of each other
and interhemispheric pathways link correspond-
ing points, neurons in the left hemisphere acti-
vated by a “b” must be linked to neurons in the
right hemisphere activated by a “d,” with the
consequence that either stimulus will activate
both populations, giving rise to confusion.
Whichever account is correct, the question re-
mains as to where in the brain the neural corre-
late of mirror-image confusion resides. One can-
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didate is the inferotemporal cortex (IT), an area
critical for visual object recognition in both
monkeys and humans (7). Visually responsive
neurons in IT are selective for particular shapes
and for the orientations at which those shapes
are presented (8). We hypothesized that individ-
ual IT neurons would manifest lateral mirror-
image confusion by responding more similarly
to members of lateral mirror-image pairs than to
members of vertical mirror-image pairs.

We prepared two monkeys for microelec-
trode recording of single-neuron activity in IT
(9) (Fig. 1). During each recording session, the
monkey fixated on the center of a monitor while
a series of stimuli was presented at the fovea.
Initially, we presented images from a library of
28 white chiral shapes, each ~3° in height and
width, in order to find a shape that elicited a
strong response from the neuron. Having found
such a shape, we then carried out testing with
eight variants: the shape itself at orientations in
the viewing plane of 0°, 90°, 180°, and 270° and
its mirror image at the same four orientations. A

Fig. 1. Parasagittal magnetic resonance image
of the right hemisphere of monkey 1. Arrow
indicates the center of the recording zone. Also
visible are guide-tube tracks in overlying tissue
and a dark artifact from a titanium skull screw
above the parieto-occipital cortex.
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representative set of eight variants of one shape
is shown next to the histograms in Fig. 2, A
through H. The stimuli were presented on suc-
cessive trials in pseudorandom sequence until
~16 trials had been completed for each stimulus
10).

We collected data from 200 right-hemi-
sphere IT neurons (111 neurons in monkey 1
and 89 neurons in monkey 2). We observed
instances in which neuronal responses to two
members of a lateral mirror-image pair were
more similar than responses to members of a
vertical mirror-image pair. In the example
shown in Fig. 2, histograms representing re-
sponses to lateral mirror images are beside
each other, whereas histograms representing
responses to vertical mirror images are jux-
taposed vertically (panels A versus C, B ver-
sus D, E versus G, and F versus H).

We used a ¢ test to determine whether the
mean firing rate associated with two members
of a mirror-image pair was significantly differ-
ent (P < 0.05) during the period from 50 to 500
ms after onset of the stimulus. For each neuron,
this test was applied to four lateral and four

Fig. 2. (A through H)
Responses of a single
neuron in IT to eight
variants of the same
image presented at the
fovea. A stimulus ap-
peared 600 ms after
the attainment of cen-
tral fixation and re-
mained on for 600 ms.
Data were aligned on
the stimulus onset (ver-
tical line traversing his-
togram and rasters).
Vertical calibration bar,
100 spikes/s; tick marks
on the horizontal axis,
200 ms; histogram bin
width, 10 ms.
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vertical mirror-image pairs. We summarize the
results for all image pairs tested (800 lateral and
800 vertical pairs) and for all neurons tested
(200 neurons). The results in each case were not
significantly different between monkeys and
were therefore combined. Across image pairs,
instances of significant selectivity between ver-
tical mirror images were more numerous than
instances of significant selectivity between lat-
eral mirror images by a factor of 1.4 (Table 1,
foveal section, left). This effect was highly sig-
nificant (x2 test, P = 0.0004). Across neurons,
those selective between more vertical than lat-
eral mirror images (vertical > lateral) outnum-
bered those exhibiting the opposite pattern by a
factor of 1.8 (Fig. 3B, fovea, and Table 1, foveal
section, right). This effect was also highly sig-
nificant (x* test, P = 0.002). Thus, there was a
consistent tendency for IT neurons to confuse
lateral mirror images more often than vertical
mirror images (11).

To analyze the time course of this effect, we
analyzed data from 147 neurons (74 in monkey
1 and 73 in monkey 2) whose firing rate varied
significantly across the eight test stimuli (anal-
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ysis of variance, P < 0.05). For each neuron, for
each 20-ms epoch during the trial, we computed
the absolute difference between the mean firing
rates elicited by the two members of each mir-
ror-image pair. Then, we computed a vertical
discrimination index (the mean of the absolute
differences for the four vertical mirror-image
pairs) and a lateral discrimination index (the
mean of the absolute differences for the four
lateral mirror-image pairs). Finally, we comput-
ed the average, across all neurons, of the vertical
and lateral indices at each time point (Fig. 3A).
In each monkey, (i) the earliest increase in pop-
ulation activity elicited by the stimulus occurred
in the interval between 80 and 100 ms following
the onset of the stimulus, (ii) both discrimination
indices rose above baseline at this same time,
and (iii) the vertical index began to exceed the
lateral index in the interval from 100 to 120 ms
following stimulus onset. Because the vertical-
lateral difference developed later than the earli-
est visual response, we conclude that recurrent
activity in intrinsic or interareal circuits may
have contributed to this difference. From the
fact that it developed only ~20 ms later, we
conclude that the difference did not depend
critically on the monkey’s behavioral responses
to the stimuli.

We next asked whether lateral mirror-image
confusion is specific to images at the fovea or
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Fig. 3. (A) Vertical and lateral mirror-image dis-
crimination indices, as a function of time during
the trial, for stimuli presented at the fovea (mean
across 147 neurons). Curves smoothed according
to the formula Y, = 025Y,_, + 05Y, +
0.25Y, , , where Y, is instantaneous firing rate. (B)
Neurons that were most sensitive to vertical mir-
ror inversion (V > L) outnumbered those that
were most sensitive to lateral mirror inversion
(L > V), regardless of the visual field location at
which stimuli were presented (4.8° left, fovea, or
4.8° right).
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Table 1. Significant differences in neuronal activity during the presentation of members of mirror-image
pairs. Image-pair summary is based on eight comparisons (four lateral and four vertical) from each
neuron. In the neuronal summary, each cell was categorized according to the results of eight image-pair
comparisons of its data. If activity differed significantly between more lateral pairs than vertical pairs, it
contributed to the lateral > vertical count and vice versa.

By image pair By neuron
Subject Lateral Vertical
Lateral Vertical > vertical > lateral
Foveal
Monkey 1 90/444 147/444 17/111 42/111
Monkey 2 117/356 139/356 25/89 34/89
Total 207/800 286/800 42/200 76/200
Ipsilateral
Monkey 1 29/132 56/132 6/33 18/33
Monkey 2 16/96 15/96 3/24 2/24
Total 45/228 71/228 9/57 20/57
Contralateral
Monkey 1 40/132 70/132 3/33 20/33
Monkey 2 29/96 35/96 4/24 7/24
Total 69/228 105/228 7/57 27/57

occurs with peripheral presentation as well. We
analyzed data from 57 neurons monitored dur-
ing presentation of images 4.8° to the right or
left of fixation, with all other aspects of the
testing procedure the same as before. All of
these neurons were also studied under condi-
tions of foveal presentation in a separate block
of trials. Results from the two monkeys were not
significantly different and were thus combined
for statistical analysis. Instances of significant
selectivity between members of a pair (assessed
by a ¢ test as described above) were fewer in the
ipsilateral visual field (116 out of 456 pairs) than
in the contralateral visual field (174 out of 456
pairs) or at the fovea (168 out of 456 pairs), and
this. difference was significant (x? test, P <
0.01). However, there was no difference across
the visual field with respect to lateral mirror-
image confusion. Instances of significant selec-
tivity between vertical mirror images outnum-
bered instances of significant selectivity be-
tween lateral mirror images in both the ipsilat-
eral and contralateral visual field, reproducing
the pattern obtained with foveal presentation
(Fig. 3B and Table 1). At both locations, the
difference in the percentages was significant (x?
test, P < 0.05), and at neither location did this
measure deviate significantly from the measure
obtained with foveal presentation (/2). Thus, the
tendency for IT neurons to confuse lateral mir-
ror images is independent of visual field loca-
tion within the tested range.

In all cases where a neuron significantly
discriminated between members of a mirror-
image pair in both hemifields, we asked whether
the pattern of preference was the same or re-
versed across hemifields. In 36 out of 42 cases
involving a vertical pair, the same member was
preferred in both hemifields. In 10 out of 13
cases involving a lateral pair, different members
were preferred. The frequency of “reversed”
preference was significantly greater for lateral
pairs as compared to vertical pairs (x? test, P =

0.00001); however, the tendency for “reversed”
instances to outnumber “identical” instances fell
short of significance for lateral mirror-image
pairs considered alone. Thus, although our re-
sults suggest that neurons prefer opposite mem-
bers of a lateral mirror-image pair in opposite
hemifields, they leave open the possibility that
the preferences are simply uncorrelated across
hemifields (13, 14).

Our study demonstrates that neurons in IT
respond more similarly to lateral than to vertical
mirror images. Previous studies, although
showing that IT neurons are selective for image
orientation in the viewing plane (15) or in depth
(16), have not systematically compared re-
sponses to lateral and vertical mirror-image
pairs (/7). Because the pattern of confusion
exhibited by IT neurons parallels the pattern
observed in studies of perception, it is reason-
able to speculate that this neuronal phenome-
non is a direct correlate of lateral mirror-image
confusion as observed in perception (/8).
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