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Moving a Shape behind a Slit: Partial Shape Representations
in Inferior Temporal Cortex
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Current models of object recognition are based on spatial representations build from object features that are simultaneously
present in the retinal image. However, one can recognize an object when it moves behind a static occlude, and only a small
fragment of its shape is visible through a slit at a given moment in time. Such anorthoscopic perception requires spatiotem-
poral integration of the successively presented shape parts during slit-viewing. Human fMRI studies suggested that ventral
visual stream areas represent whole shapes formed through temporal integration during anorthoscopic perception. To exam-
ine the time course of shape-selective responses during slit-viewing, we recorded the responses of single inferior temporal
(IT) neurons of rhesus monkeys to moving shapes that were only partially visible through a static narrow slit. The IT neu-
rons signaled shape identity by their response when that was cumulated across the duration of the shape presentation. Their
shape preference during slit-viewing equaled that for static, whole-shape presentations. However, when analyzing their
responses at a finer time scale, we showed that the IT neurons responded to particular shape fragments that were revealed
by the slit. We found no evidence for temporal integration of slit-views that result in a whole-shape representation, even
when the monkey was matching slit-views of a shape to static whole-shape presentations. These data suggest that, although
the temporally integrated response of macaque IT neurons can signal shape identity in slit-viewing conditions, the spatiotem-
poral integration needed for the formation of a whole-shape percept occurs in other areas, perhaps downstream to IT.
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One recognizes an object when it moves behind a static occluder and only a small fragment of its shape is visible through a
static slit at a given moment in time. Such anorthoscopic perception requires spatiotemporal integration of the successively
presented partial shape parts. Human fMRI studies suggested that ventral visual stream areas represent shapes formed
through temporal integration. We recorded the responses of inferior temporal (IT) cortical neurons of macaques during slit-
viewing conditions. Although the temporally summated response of macaque IT neurons could signal shape identity under
slit-viewing conditions, we found no evidence for a whole-shape representation using analyses at a finer time scale. Thus, the
spatiotemporal integration needed for anorthoscopic perception does not occur within IT. /

Introduction spatial integration of local stimulus features. However, one can rec-

Current models of the ventral visual stream (Kriegeskorte, 2015; ~ ©0gnize an object when it moves behind a static occlude, and only a
Yamins and DiCarlo, 2016; Kar et al,, 2019) are based on spatial §maﬂ part of its sha.pe 1 w§1ble at a given moment in time (e, see-
representations of an object’s image. For instance, the activation of ~ 182 dog walk behind a slightly open door) (Parks, 1965; Rock and

units of convolutional neural network models depends on the Sigman, 1973). Psy{chophysmal stucpes shqwed that the perception
of a complete moving figure when it only is revealed, one tiny part
at a time, through a static slit (anorthoscopic perception [AP]) is
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al., 2014; Orlov and Zohary, 2018). In particular, these fMRI
studies suggested that, among other areas (e.g., hMT/V5), the lat-
eral occipital complex (LOC) area, a key area of the human ven-
tral visual stream, is more active when through a narrow slit a
whole object is perceived than when it is seen as isolated shape
fragments. One recent fMRI study (Orlov and Zohary, 2018) pre-
sented nonfamiliar shapes that moved behind either a vertically
or horizontally oriented narrow slit. Using multivoxel pattern
analysis, they found that the pattern of activation in LOC
encoded the shape of the object when it was moving behind the
narrow slit. This suggested to the authors that LOC represents a
whole-shape percept based on the temporal integration of the
slit-views.

These intriguing fMRI data cannot answer the question of
how LOC neurons respond in the slit-viewing condition because
of the limited temporal resolution of fMRI. If the neurons per-
form a temporal integration of the partially occluded moving
shapes, the response selectivity should increase over successive
views. On the other hand, the hemodynamic response in the slit-
viewing condition might result from different neurons, each
responding to different shape features that are revealed during a
few consecutive slit-views. If fragments of different shapes excite
different neurons, then the pattern of activity across neurons,
temporally integrated by the slow hemodynamic response func-
tion (HRE), will differ among shapes, yielding decoding of shape
identity from the slit-viewing condition. Orlov and Zohary
(2018) also used a condition in which the slit-views were pre-
sented in random order; and for this condition, no significant
shape decoding was possible in LOC. However, the 60 Hz frame
rate in that random condition will have produced flicker and
strong forward-backward masking of individual slit-views.
Hence, dissociation of slit-viewing representations of shape frag-
ments from temporally integrated whole-shape representations
is difficult with that control.

To examine the time course of the responses during AP, we
recorded single neurons of the macaque inferior temporal (IT)
cortex during slit-viewing of shapes. Macaque IT is assumed to
be the homolog of human LOC (Denys et al., 2004). To increase
the effectiveness of the shapes in driving selective activity, we
performed recordings in and close to an fMRI-defined body
patch of the anterior superior temporal sulcus (ASB) (Kumar et
al., 2019), using silhouettes of animals, known to produce strong
selective responses in that patch (Bao et al., 2020). The shapes
were presented statically or when moving behind a static narrow
vertical or horizontal slit. Analysis of single-unit and population
responses showed that the IT neurons responded selectively to
shape fragments during slit-viewing but did not temporally inte-
grate the shape, even when the monkey was matching static
whole shapes to shapes presented during slit-viewing.

Materials and Methods

Subjects

Three male rhesus monkeys (Macaca mulatta; MG, MB, and MT) were
implanted with an MR-compatible headpost and a recording chamber
targeting ASB, using surgical procedures under full anesthesia as
described previously (Popivanov et al., 2014). Animal care and experi-
mental procedures complied with the National, European, and National
Institute of Health guidelines and were approved by the Ethical
Committee of the KU Leuven Medical School.

fMRI body patch localizer

The monkeys were scanned on a 3T Siemens Trio scanner following
published standard procedures (Vanduffel et al., 2001). Functional MR
images were acquired using a custom-made 8-channel monkey coil
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(Ekstrom et al., 2008) and a gradient-echo single-shot EPI sequence (for
more details, see Popivanov et al., 2012). In Monkeys MB and MT, we
used the block design procedure of Popivanov et al. (2012), showing 20
images of monkey bodies, monkey faces, objects, mammals, birds, and
fruits/vegetables while the subjects were performing a passive fixation
(PF) task for a juice reward. ASB is the most anterior body patch in the
superior temporal sulcus, defined by the contrast monkey bodies minus
objects (for further details, see Kumar et al., 2019) . The fMRI data of
Monkey MG were obtained in the context of previous studies (Taubert
et al., 2015; Vinken et al., 2018). This monkey was scanned during PF
with stimuli of different classes that were identical to those used by Tsao
et al. (2003). The contrast to define ASB was bodies (without heads)
minus faces, fruits, tools, and hands. The fMRI maps were coregistered
with an anatomic MRI of each monkey, and these images were used to
position recording chambers and guide tube locations. Further details
about the procedure used to target fMRI-defined body patches can be
found in our previous publications (Popivanov et al., 2014; Kumar et al.,
2019).

Electrophysiological recordings

Standard single-unit recordings were performed with epoxylite-insulated
tungsten microelectrodes (FHC; in situ measured impedance of ~1 m())
using techniques as described previously (Sawamura et al., 2006). Briefly,
the electrode was lowered with a Narishige microdrive into the brain
using a stainless-steel guide tube that was fixed in a standard Crist grid
positioned within the recording chamber. After amplification and filter-
ing between 540 Hz and 6kHz, spikes of a single unit were isolated
online using a custom amplitude- and time-based discriminator. The re-
cording grid locations were defined so that the electrode targeted ASB or
neighboring sites in the left hemisphere. We used the body patch local-
izer to increase the frequency of finding neurons that responded strongly
and selectively to the used shapes. Previous studies showed that ASB
neurons respond well to images of four-legged animals (Kumar et al.,
2019; Bao et al., 2020) and ASB is strongly activated by silhouettes of ani-
mals (Bao et al,, 2020). Thus, by using silhouettes of animals as shapes
and by targeting ASB and surrounding sites as recording locations, we
aimed to increase the efficiency of the recordings.

The position of one eye was continuously tracked using an infrared
video-based tracking system (SR Research EyeLink; sampling rate
1kHz). Stimuli were displayed on a CRT display (Philips Brilliance 202
P4; 1024 x 768 screen resolution; 75 Hz vertical refresh rate) at a dis-
tance of 57 cm from the monkey’s eyes. The onset and offset of the stim-
uli were signaled using a photodiode, detecting luminance changes of a
small square in the corner of the display (but invisible to the monkey),
placed in the same frame as the stimulus events. A digital signal process-
ing-based computer system developed in-house controlled stimulus
presentation, event timing, and juice delivery while sampling the photo-
diode signal, vertical and horizontal eye positions, spikes, and behavioral
events. Time stamps of the recorded spikes, eye positions, bandpass-fil-
tered electrode signal (sampling rate 40kHz), stimulus, and behavioral
events were stored for offline analyses. Isolation of the single units was
checked offline using the spike-sorting software of the Spike2 analysis
package.

Stimuli and tasks

Silhouettes. For the single-unit recordings in the PF task (Monkeys
MG, MT, and MB), the stimulus set consisted of 70 black silhouettes of
animals (for examples, see Fig. 1A). The shapes were presented on a gray
background. Both the vertical and horizontal extent of the shapes was
fixed to 4.8° (i.e., their bounding box was a square). The equal shape size
ensured that, for moving shapes behind a slit, the duration during which
the shape fragments were visible was constant among all the shapes and
motion directions. For the behavioral training and subsequent testing
(Monkey MQG), we introduced a new stimulus set of 90 silhouettes of ani-
mals, all having equal size.

Search test. The trial started with the onset of a small red square (size
0.2°) on top of a 15° sized square that consisted of visual noise, presented
on the gray background of the display. The static noise was created by
randomly positioning white and black pixels (“salt and pepper” noise;
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Figure 1. Stimuli and tasks. A, Examples of shapes used in the electrophysiological experiments. B, Coronal MRI sections showing the location of the body patch ASB (indicated by the oval
outline) in Monkey MG. The fMRI activations of the body patch localizer are shown in hot colors (threshold t > 5). C, Slit-viewing test during PF. Following a 300 ms fixation period, an empty
horizontal gray slit (€7), a vertical gray slit (€2), or a gray square aperture that included a static shape (€3) was presented in the noise background. The static shape configuration was pre-
sented for 1333 ms, equal to the duration of the slit. After 480 ms of empty slit presentation, shape passed behind the slit. The movie displaying the shape fragments lasted 773 ms. After the
presentation of the shape, the empty slit remained present for another 80 ms. A red fixation target was present during the entire trial on top of the stimuli. Its continuous fixation resulted in a
fluid reward at the end of the trial. The shape fragments, presented in the first 4 frames (75 Hz frame rate) of a vertical slit condition in which the shape moved leftwards (RL condition) are
shown to the right. Below it, we show shape fragments of the corresponding “random” condition. In that condition, each of 9 shape fragments was presented for 6 frames (80 ms), except the
first and the last one, which were presented for 2 frames. Below the slit-view examples of the random condition, the spatially concatenated shape parts that were presented during this
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pixel size=0.03°). The monkeys had to fixate the red target for 250 ms.
Then, the shape was presented for 350 ms on the noise background, cen-
tered behind the fixation target. The monkey had to continue fixation
during the stimulus presentation and for a period of 108 ms after stimu-
lus offset. Continuous fixation within a fixation window of 2° x 2° was
rewarded with a drop of juice. The 70 shapes were shown in a pseudo-
random order for at least five unaborted trials each. All neurons were
tested using this procedure, and the neuron was examined in further
tests when a response was notable in the online peristimulus time histo-
grams (PSTHs) for at least one of the shapes. Based on the responses to
the individual shapes, we selected a shape that produced the highest
response (“best”), a shape for which there was no or a weak response
(“worst” shape), and, for most recordings, also a shape that produced a
response intermediate (“medium”) between the best and worst shape.

Slit-viewing test during PF. The shapes that were presented in this
test were those selected during the preceding search test for the neuron
under investigation. These shapes were presented under three conditions
(see Fig. 1C): (1) static shape, (2) slit-viewing with the original shape,
and (3) slit-viewing with randomly ordered shape parts. The trial started
with the onset of the fixation target on the top of the previously
described static noise background. Following a 300 ms fixation period,
either an empty gray slit (width = 0.48° length =7.2°) or a gray square
aperture (size=5.3°) that included a static shape was presented in the
noise background (see Fig. 1C). The static shape configuration was pre-
sented for 1333 ms, equal to the duration of the slit. In the slit-viewing
conditions, the shape became visible in the slit aperture after 480 ms of
empty slit presentation. The movie displaying the shape fragments lasted
773 ms (see Fig. 1C). After the presentation of the successive shape parts,
the empty slit remained present for another 80 ms. The fixation target
was present during the entire trial on top of the stimuli, and its continu-
ous fixation (fixation window size =2° x 2°) resulted in a fluid reward at
the end of the trial.

The shape fragments shown in the slit depended on the condition. In
the slit-viewing with original shape conditions (“original” condition),
one of the selected shapes was moving smoothly behind the slit with a
speed of 6.2°/s. The slit was oriented either vertical or horizontal and
presented at an eccentricity of 2° in the contralateral visual field (cen-
tered on the horizontal meridian) or below the fixation target (centered
on the vertical meridian), respectively. In the case of the vertically ori-
ented slit, the shape was either moving leftward or rightward. In the case
of the horizontally oriented slit, the shape was moving upward or
downward.

The speed and duration of the motion were highly similar to that
used in a previous human fMRI study (Orlov and Zohary, 2018). These
authors did not use a noise background, but we included it to have addi-
tional occlusion cues. In our conditions, the shape is perceived as mov-
ing behind the noise background, becoming partially visible through the
static slit aperture. Another difference between our display and that of
the human fMRI study (Orlov and Zohary, 2018) is that we had separate
trials for the two motion directions, instead of a presentation of the two
motion directions immediately after each other in a single trial. Unlike
in the human fMRI study (Orlov and Zohary, 2018), in which the whole
shapes were presented only after the slit-viewing conditions, we

«—

random condition are shown with the first presented fragment to the left. D, DMS test. After
300 ms of fixation of the red fixation target, on top of a square noise background, the sample
stimulus was presented. This could be a slit-viewing movie with identical parameters as in
the PF task: 480 ms of empty slit presentation, followed by a display of the shape fragments
for 773 ms and the empty slit for 80 ms. An actual shape fragment of a single frame is
shown for the horizontal and vertical slit presentation. The sample stimulus could also be a
presentation of the whole shape (not illustrated). Then, the background noise pattem with-
out slit was presented for 53 ms after which two shapes were presented simultaneously. The
shapes were presented above and below the fixation target. One of the two shapes corre-
sponded to the one shown as sample stimulus, and the monkey was required to make a sac-
cade to the stimulus that matched the sample stimulus. The match and nonmatch stimuli
stayed on the screen until the monkey made a saccade to one of the stimuli or for maximally
4 5. Only correct responses were rewarded with a fluid reward.
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presented the whole shapes in the search task before the slit-viewing
tasks and interleaved them with the slit-viewing conditions. This could
only have increased the percept of the shape during slit-viewing. The
presentation of the empty slit, well before the shape became visible,
aimed to reduce potential neural responses to the onset of the slit itself
by the time of shape onset. The Orlov and Zohary (2018) study used
novel, unfamiliar shapes, while our shapes were familiar to the monkey
since these were presented repeatedly while searching for neurons.
However, which shape was presented during slit-viewing on a particular
trial was unpredictable.

In the slit-viewing with randomly ordered shape fragments condi-
tions (“random” condition), we presented frames from the slit-viewing
with original shape conditions in a pseudo-random order (see Fig. 1C).
The order of the shape parts was random, except that fragments that fol-
lowed each other in the original slit-viewing condition were not allowed
to be sequential in the random condition. However, we made two
changes to the random-order conditions used in a previous human
fMRI study (Orlov and Zohary, 2018). First, we presented only frames
with nonoverlapping shape segments, and these were presented for 6
successive frames (80 ms) each. The latter reduced the contribution of
forward and backward masking (Kovacs et al., 1995a) to the responses to
the partial shape views in these random conditions, which are expected
to have a strong impact when using a random ordering of the frames at
the original frame rate, as in the human fMRI study (Orlov and Zohary,
2018). Thus, we presented 9 fragments in random order for 6 frames
each, and these were preceded and followed by two frames of the start
and end fragments, respectively, of the corresponding slit-viewing with
original shape condition (see Fig. 1C). The total duration equaled that of
the original slit-viewing condition. Second, the order of the frames was
fixed across trials, allowing us to average across trials the responses using
short time bins. The shape fragments of the random condition are a sub-
set of those shown in the single frames of the original slit-viewing condi-
tion since the partial shape sections of successive frames in the latter
condition partially overlapped because of the smooth motion of the
shape. To control for the partial overlap of the shape fragments in the
original slit-viewing and the random condition, we also made recordings
in a subset of neurons with a third kind of display in which the same
fragments that were presented in the random condition were shown in
their correct order. This yielded a similar percept as in the corresponding
original slit-viewing conditions, except for some minor jumps across the
6 frames long presentations. We denote these displays as “jumping” dis-
plays. Thus, in the random and jumping conditions, the same shape
fragments were presented through the aperture but in a different order.

The different conditions were presented interleaved in random order
for at least 10 trials each.

Snapshot test. In this test, we measured the responses to static pre-
sentations of individual shape fragments. Thus, we presented the 11 slit-
view displays (shape part together with background noise pattern) of the
random (and jumping) conditions separately in different trials with an
intertrial interval of at least 133 ms. During a trial, the monkey was
required to fixate for 300 ms, followed by a presentation of the empty slit
for 480 ms, after which the shape fragment was displayed for 80 ms.
Then, the monkey needed to continue fixation for another 300 ms to
obtain the juice reward. The individual snapshots were presented in a
randomly interleaved fashion for at least 5 trials each. The snapshot test
was preceded by the search task to select two shapes with high
responses.

Delayed matching to sample (DMS) test. This test was used in
Monkey MG for both behavior and single-unit recordings (see Fig. 1D).
A trial started with the onset of the fixation target on top of a square
noise background (size = 20°). After 300 ms of fixation, the sample stim-
ulus was presented. This could be a slit-viewing movie with identical pa-
rameters as in the PF task. Following the last shape fragment, the empty
slit remained present for 80 ms. The sample stimulus could also be a pre-
sentation of the whole shape (duration 1333 ms) as in the PF test. Then
the background noise pattern without slit was presented for 53 ms after
which two shapes were presented. The shapes were shown above and
below the fixation target at an eccentricity of 4.6°. One of the two shapes
corresponded to the one shown as sample stimulus, and the monkey was
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required to make a saccadic eye movement to the shape that matched
the sample stimulus. The match and nonmatch stimuli stayed on the
screen for 4 s or until the monkey made a saccade to one of the stimuli.
Correct responses were rewarded with a fluid reward.

The monkey was trained extensively in this task with a large variety
of 60 shapes. After this training, we presented old and novel shapes (30)
as sample stimuli. The match and nonmatch stimuli could be novel, old
and novel, or both old. Using a subset of stimuli (10 old, 10 novel
shapes), sample stimuli could be slit-view presentations of either moving
shapes or randomly ordered snapshots of the slit-views as in the random
PF condition. The different tested combinations of sample, match, and
nonmatch stimuli will be described in Results.

After the behavioral testing, we recorded single neurons when the
monkey was performing the DMS task. For each neuron, we selected
three shapes using the search test. The three shapes were presented either
as static whole shapes or during slit-viewing. The nonmatch stimuli were
other shapes from the search test. To assess whether the execution of the
task or the extensive training influenced the responses of the neuron,
we also recorded neurons using the PF test. The latter recording phase
(post-DMS) was performed after finishing the recording period during
which the animal performed the DMS task.

Data analysis

Responsiveness and selectivity. Because we searched for neurons
using static, whole shapes with the search test, all neurons responded
well to at least the best static shape condition of the subsequent slit-view-
ing test. We assessed significant responses of each neuron to the original
slit-viewing conditions of the slit-viewing test using a three-way Split-
Plot ANOVA with the repeated-measures factor “epoch” (9 levels corre-
sponding to 9 windows of 100 ms each, starting 100 ms before motion
onset) and between-trial factors “shape” (three levels: best, medium, and
worst) and “motion direction” (four levels: leftward [RL], rightward
[LR], upward [DU], and downward [UD]). We used windows of 100 ms
for the factor “epoch” since we noted during the recordings that the neu-
rons responded during a limited period of the movie, and we wished to
capture such modulation of the response during the slit-viewing movie.
Neurons that showed a significant effect (p < 0.05) of the factor “epoch”
or an interaction of the factors “shape” and “epoch” were considered to
show a significant response to the slit-viewing stimuli.

For each neuron that showed a significant excitatory response (<5%
of the significant neurons showed inhibition during the slit-viewing pe-
riod), we computed the mean response, across trials, during the slit-
viewing period, using a window of 800ms that started 50ms after
motion onset. For each monkey and the data pooled across monkeys, we
then performed a three-way repeated-measures ANOVA using the
responses of each neuron with as repeated factors “shape” (best, me-
dium, worst), “direction” (LR, RL, UD, DU), and “slit-viewing condi-
tion” (slit-viewing of the original shape [“original”], slit-viewing with
randomly ordered views [“random”]). To assess the significance of the
repeated factors and their interaction, we applied sphericity correction
using the Greenhouse-Geisser method. A similar analysis was performed
for the neurons that were tested with the jumping displays. In that analy-
sis, the factor “slit-viewing condition” had three levels, being “original,”
“random,” and “jumping.”

To quantify the extent to which shape and motion direction were
encoded in a separable manner, we computed for each responsive neu-
ron a “Separability Index.” This index compares the responses to the 3
shape x 4 motion direction combinations of the “original” condition to
responses predicted under the assumption that the response to each
combination results from independent tuning along the shape and
motion direction dimensions. We followed a previously published pro-
cedure (Mysore et al,, 2010) to compute this index. The mean firing
rates, computed in the 800-ms-long window and averaged over trials, for
the 12 stimuli were tabulated in a 3 x 4 response matrix (M) with m and
n corresponding to the 3 shapes and the 4 motion directions, respec-
tively. We then computed the singular value decomposition (M = USV")
of the response matrix. The predicted response was the product of the
first columns of U and V of the singular value decomposition. The
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Separability Index equals the squared Pearson correlation (1*) between
the actual and predicted responses.

We used two motion axes, horizontal and vertical, and two motion
directions for each axis. To quantify the effect of motion direction,
within and across axes, we computed “Direction Indices.” We took the
responses (800 ms analysis window) to the best shape in the “original”
slit-viewing condition and determined the best motion direction using
the mean responses computed over half of the trials. Then, for the
responses in the remaining half of the trials, we computed the Direction
index as follows:

Direction Index = (Response best direction—Response direction i)/

(Response best direction+Response direction i),

with motion direction i being either the direction opposite to the best
direction along the same axis or the two directions of the orthogonal
axis. Thus, we computed three Direction Indices for each responsive
neuron: one for opposite directions along the same axis and two for
directions along the axis orthogonal to the “best” axis. The index can
range in principle from —1 to 1, but negative values indicate conceptu-
ally an absence of direction selectivity (as a value of zero), since
responses higher than those to the best direction, measured in other tri-
als, will reflect noise (trial-to-trial variability).

Time course and responses to shape-fragments. The neurons
responded only during a limited phase of the slit-viewing movie. To
quantify the breadth of the response phase of a single neuron, we esti-
mated the duration of the response at half-height. This estimation was
performed for the “original” slit-viewing condition that produced the
maximum response. First, to reduce noise, we smoothed the mean
response (bin of 1ms), averaged across trials, using a Gaussian kernel
with an SD of 10 ms. Then, we defined the “peak duration” as the period
during which the smoothed response was at least half the smoothed
peak response. We used the peak duration metric to compare the dura-
tion of the response phase among monkeys and between the PF and
DMS tasks in Monkey MG.

To uncover the slit-views to which the neuron responded in the
“original” slit-viewing condition, we applied for each motion direction
the following procedure, akin to reverse correlation. We binned the
mean responses in bins of 75 ms and then assigned each binned response
to the shape part that was presented 70 ms before the start of that bin.
Doing so, we obtained a vector of the responses to the shape fragments
during slit-viewing and that for each of the four directions. These vectors
were then visualized on an image depicting the spatially concatenated
slit-views. Further quantification was accomplished by binning the ele-
ments of the vector in 11 bins, corresponding to the shape fragments
that were presented in the snapshot test.

The responses obtained in the snapshot test were computed using an
analysis window of 350 ms that started 50 ms after stimulus onset. The
responses to the 11 shape fragments obtained from the snapshot test
were then correlated with the responses to the same fragments as esti-
mated from the slit-viewing presentation (see reverse correlation proce-
dure above).

Decoding of shape identity. We decoded the shape identity from the
responses of the neurons in the “original” slit-viewing and static presen-
tation conditions. We performed the decoding on the data pooled across
monkeys. For decoding, we used the Neural Decoding Toolbox (Meyers,
2013) and linear Support Vector Machines as classifiers. For each neu-
ron, 10 trials of the 15 conditions (original slit-viewing conditions [12]
and the responses for static stimuli [best, medium, and worst]) were
used in the analysis. We made pseudo-population responses by concate-
nating single-trial responses of the successively recorded neurons in a
vector. Thus, each vector represented the response of the population of
neurons on a trial. The responses of each neuron were z-normalized
across stimulus conditions so that each neuron contributed equally. The
classifier was trained using fivefold cross-validation to control for over-
fitting. The reported classification accuracies are all based on zero-one
loss function results. SDs of classification scores were calculated across
50 cross-validated resamplings of the pseudo-population vectors. To test
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whether the decoding results were above chance, a permutation test
(1000 permutations) with shuffled condition labels was used.

We performed two types of decoding analyses: one using the
response averaged in the 800-ms-long window and a second one using
shorter 100 ms bins. In both analyses, we trained the classifier for one
stimulus condition (e.g,, slit-viewing LR) and then tested the classifica-
tion accuracy of that classifier for the independent test trials of that con-
dition and the other conditions (e.g., static whole shape, RL, UD, DU).
The latter tested whether shape classification tolerated a change of the
viewing condition. In the case of the short bin decodings, we trained and
tested the classifier for all possible combinations of training and testing
bins, ranging from —200 until 1000 ms relative to motion, or static stim-
ulus onset. This analysis allowed an assessment of the temporal specific-
ity of shape encoding during slit-viewing.

Behavioral performance in DMS task. We included only unaborted
trials in which the monkey made a saccade to one of the two test stimuli.
Percent correct responses were computed for all trials of a test condition,
as will be specified in Results. CIs (95%) of percent correct were com-
puted using the Binomial distribution: https://www.graphpad.com/
quickealcs/confIntervall/.

Eye movements. Eye positions along the horizontal and vertical
dimensions were analyzed separately for each of the motion directions
during slit-viewing. Before averaging, we subtracted for each trial the
mean eye position in a 20-0 ms period before motion onset from the eye
positions measured after motion onset. For each monkey, we averaged
the baseline-subtracted eye positions per shape and motion direction for
the original slit-viewing conditions. CIs (95%) were computed for each
time point with bootstrap resampling.

Experimental design and statistical analysis. We used both paramet-
ric (ANOVA) and nonparametric tests. The factors and design of the
ANOVA are described above and in the corresponding Results sections.
Parametric tests were used only when no nonparametric, distribution-
free tests were available. ANOVAs were performed using the R statistical
software package and nonparametric tests, except noted otherwise, were
performed using MATLAB functions.

Results

We examined the responses of IT neurons to silhouettes of ani-
mals that were moving behind a static narrow slit in an opaque
occluder (Fig. 1). The 0.48° wide slit was presented at 2° eccen-
tricity, to avoid smooth pursuit of the moving shape fragments.
It was oriented either horizontal or vertical, and only 10% of the
shape was visible during a single frame of the movie. Initially, we
recorded the responses of well-isolated single units during slit-
viewing when 3 monkeys were performing a PF task. After this
series of recordings, we trained 1 monkey in a DMS task and
assessed whether he was able to match the partial views of a mov-
ing shape, passed behind the slit, with the static unoccluded pre-
sentation of the same shape. We also recorded responses of
single units of the same patch when the monkey was performing
the DMS task using slit views as sample stimuli. After these
recordings, we again measured the responses of single neurons
during slit-viewing in the PF task in the same monkey that was
tested in the DMS task.

Responses and selectivity in PF task

We examined the responses of single body patch neurons (ASB;
Fig. 1B) to slit-viewing using three equally sized silhouette shapes
of animals. For every single neuron, we selected the three shapes
using the responses to 70 shapes that were presented in a search
test (see Materials and Methods). One of them, labeled “best,”
produced the largest response of the 70 shapes, a second one, the
“worst “shape, no or the weakest response, and the third shape,
the “medium” one, a response in-between the best and worst
shape. These three shapes were presented when moving behind
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the narrow slit in either one of two directions for each of 2 slit
orientations (Fig. 1) during PF. In the same test, we also pre-
sented the same three shapes without motion in a large aperture
of the occluding surface on a gray background.

We recorded the responses of 196 IT neurons, responsive to
static whole shapes, in the slit-viewing test. We assessed for each
neuron whether it responded significantly in at least one of the
slit-viewing conditions with a three-way Split-Plot ANOVA with
a repeated-measures factor “epoch” (9 levels corresponding to 9
windows of 100 ms each, starting 100 ms before motion onset;
see Materials and Methods) and between-trial factors “shape”
(best, medium, and worst) and “motion direction.” The very
large majority of the neurons showed a significant effect of the
factor “epoch” in each of the 3 monkeys with an excitatory
response during slit-viewing [MG: 87% (N=108); MT: 100%
(N=63); MB: 100% (N=25)]. Also, the responses of most of
these neurons were modulated by shape [MG: 63% (N=108);
MT: 89% (N=63); MB: 72% (N=25)] or motion direction
[((MG: 69% (N=98); MT: 89% (N=63); MB: 80% (N =25)].

Figure 2 shows the responses of a responsive single neuron to
the slit-viewing conditions and the static shape presentations. As
expected from the preceding Search test, the neuron produced
the largest response to the selected best static shape, no response
to the selected worst static shape, and an intermediate response
to the medium static shape. In the slit-viewing conditions, this
neuron did not respond to the slit-onset itself, which occurred
480 ms before the shape started to move. The neuron responded
when the best shape was moving along the horizontal axis
behind the slit, while it showed less response when the same
shape was moving along the vertical axis. The neuron showed
less, if any, response to the medium and worst shapes when these
were presented during slit-viewing. Thus, for the horizontal axis
slit-viewing conditions, the shape preference fitted that of the
whole-shape presentation. The neuron responded only during a
brief period of slit-viewing for a particular direction, which was a
common finding in our sample of neurons. The timing of this re-
sponsive period differed between the two horizontal directions.
The parts that were presented at the beginning of one motion
direction occurred at the end of the other direction for the same
slit orientation. There was no evidence of temporal integration of
the responses during the slit-viewing, which was typical for our
sample of neurons.

We also tested the same neuron in slit-viewing conditions in
which fragments of the same shapes were presented successively
but in random order (Fig. 1; see Materials and Methods). This
impaired both the perception of smooth motion and the shape.
The (random) order of the shape segments was fixed across the
trials of the same condition, allowing the computation of PSTHs.
The responses in the random slit-viewing conditions are shown
in the bluish-shaded panels of Figure 2. This neuron showed
overall weaker responses in the random control than in the origi-
nal slit-viewing conditions, but the strongest response was pres-
ent for the best shape, horizontal LR random condition.

Other neurons responded with similar peak firing rates in
original and random slit-viewing conditions. One example (Fig.
3A) of such neurons responded for the vertical motion slit-view-
ing conditions of the best and medium shape. It also responded
for those directions in the random conditions of the medium
(but not best) shape. The neuron of Figure 3B responded in the
horizontal slit-viewing conditions of the best shape, and this for
both original and random slit-viewing conditions. As for the
neuron of Figure 2, both neurons responded during a brief pe-
riod of the slit-viewing movie, and this for both the original and
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Example neuron recorded in the slit-viewing test during PF. Responses to static whole-shape presentations are shown for the best, medium, and worst shape in the left column

PSTHs. Full red line indicates shape onset. The four right columns represent the responses in the slit-viewing conditions. From left to right: rightward motion, leftward motion, upward motion,
and downward motion of the shape behind the slit. The first, third, and fifth rows represent the PSTHs for the original slit-viewing conditions for the best, medium, and worst shape, respec-
tively. The second, fourth, and sixth rows (blue shading) correspond to the random slit-viewing conditions. Full red line and 0 indicate the onset of the slit. Stippled red lines indicate the period
in which the shape fragments were visible through the slit. Bin width is 50 ms. This neuron was recorded in Monkey MG.

random conditions. Figure 3C shows a neuron that responded
somewhat longer during the slit-viewing, but the period during
which it responded during slit-viewing depended on motion
direction and it showed strong selectivity for the motion axis.
None of the neurons in Figure 3 showed evidence of temporal
integration of the responses during slit-viewing.

Different neurons responded to different periods of the slit-
viewing movies, and those periods also differed between motion
directions. Thus, there was substantial heterogeneity among sin-
gle units of the response profiles for the different slit-viewing
conditions. However, when averaging the responses of our sam-
ple of responsive neurons (N = 185), after normalization of the
responses of individual neurons by their maximum firing rate
across all conditions (including the static shape and random slit-
viewing conditions), we observed a consistent increase in the
response shortly after motion onset, which lasted as long as
shape fragments were presented in the slit (Fig. 4A). The popula-
tion responses showed no evidence of temporal integration of
the activity during slit-viewing. Indeed, there was no consistent
buildup of the response during slit-viewing for the best shape (e.
g., LR direction for the best shape). Also, the response dropped
to baseline after the last shape part was presented, which conflicts
with the hypothetical presence of a whole-shape signal after tem-
poral integration during slit-viewing.

The response during slit-viewing was greater for the best
compared with the worst shape, with an intermediate response
for the medium shape. The best, medium, and worst shapes were
defined based on the response to static presentations of the
whole shape. Thus, the shape preference of the population
response was invariant to the viewing conditions, although the
responses to the static presentations of the whole shapes were
markedly greater than the average responses during slit-viewing

of the same shapes (Fig. 4A). The responses for the random con-
ditions tended to be smaller than those for the original slit-view-
ing conditions; but even for the random conditions, the
population responses were larger for the best compared with the
worst shape conditions.

To assess the statistical significance of the effect of shape and
the difference between random and original slit-viewing condi-
tions, we computed for each neuron the response for each slit-
viewing condition (3 shapes x 4 directions x random vs original
conditions) using an analysis window of 800ms that started
50 ms after motion onset (the duration of slit-viewing of the
shape was 773 ms). We performed a three-way repeated-meas-
ures ANOVA of the responses of the 185 neurons with repeated
factors shape, motion direction, and original versus random slit-
viewing conditions. The factor shape was highly significant
(F176,664.5 = 116.97; p=1.8 X 107% Greenhouse-Geisser (sphe-
ricity)-corrected): the mean response for both the original and
random conditions was the largest for the best shape (defined
using static whole-shape presentations), intermediate for the me-
dium shape, and the smallest for the worst shape (Fig. 4B). This
difference in mean responses across the shape was significant in
each monkey. There was a significant effect of motion direction
(F15828)=5.13; p=12 x 10~ % Greenhouse-Geisser-corrected)
with on average stronger responses for the horizontal axis (verti-
cal slit) than vertical axis directions (horizontal slit; Fig. 4B).
However, this effect was absent in Monkey MT. Furthermore,
the factor motion axis is confounded with a difference in visual
field location of the slits; hence, this effect is difficult to interpret.
Mean responses were significantly greater for the original com-
pared with the random slit-viewing conditions (F; 134 =51.69;
p=1.6 x 107"%; Fig. 4B), and this effect was significant in each
monkey.
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Figure 3.  Three example neurons recorded in the slit-viewing test during PF. The neurons were recorded in Monkey MT (4), Monkey MB (B), and Monkey MG (€). Same conventions as in
Figure 2.
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Population responses in the slit-viewing test during PF. A, Left column, Population PSTHs of the response to the best (blue), medium (green), and worst (red) static, whole-shape

presentations. Other four columns, The responses in the slit-viewing conditions, with motion directions being rightward (LR), leftward (RL), upward (DU), and downward (UD) from left to right
(as in Figs. 2 and 3). The responses to the original and random slit-viewing conditions are shown in bold and light blue color, respectively. Bands indicate SEM. We normalized the responses of
each neuron by its maximum firing rate (bin width 10 ms) across all conditions. Normalized responses of the 185 neurons of the 3 monkeys were averaged. Note the different y axes for the
static and slit-viewing conditions. Other conventions as in Figures 2 and 3. B, Mean firing rate of the 185 neurons (3 monkeys) in each of the slit-viewing conditions, for the best, medium, and
worst shape. Responses are shown per motion direction and for the original (o) and random (r) slit-viewing condition. Error bars indicate SEM. The mean firing rate (in spikes/s) was computed
using an analysis window of 800 ms, starting 50 ms after the shape became visible through the slit. ¢, Mean firing rate of the 126 neurons (3 monkeys) that were tested during PF of the origi-
nal (o), jumping (j), and random (r) slit-viewing conditions. Responses were sorted per motion direction, shape, and viewing condition. Same conventions as in B.

In the original slit-viewing conditions, the visible portions of
the shape partially overlapped in successive frames because of
the smooth motion of the shape. However, in the random condi-
tion, we presented only distinct shape fragments; thus, there was
only a partial overlap between the shape parts presented in the
original slit-viewing and random conditions. Furthermore, there
was no smooth motion in the random condition. To control for
these differences, we tested a subset of 126 responsive neurons in
the 3 monkeys (MG: N=38; MT: N=63; MB: N=25) with a
third set of conditions in which the shape fragments were the
same as in the random condition but were shown in the same

order as in the corresponding original condition (“jumping con-
ditions”). As in the random conditions, each shape part was pre-
sented for 80ms in these jumping conditions. The mean
responses in the jumping condition were in-between those of the
original and random condition (Fig. 4C), and this trend was
observed in each monkey. Performing a three-way repeated-
measures ANOVA of the responses in the random and jumping
conditions of the 126 neurons with repeated factors shape,
motion direction, and jumping versus random conditions
showed a significant effect of the latter factor (F; ;25 =9.08; p =
3.12 x 107°). At a superficial level, the greater response to the
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jumping compared with the random order condition might be
taken as evidence that there is temporal integration of a shape
during slit-viewing. However, based on the data we will present
below, we prefer an alternative interpretation following the ob-
servation that spatially neighboring fragments of a natural shape
can contain similar features to which a neuron responds. The lat-
ter will result in a longer and stronger response to those succes-
sive views, similar to the effect on the response of increasing
stimulus duration. When, as in the random condition, these
shape features are shown temporally further apart, interleaved
with other shape parts, responses are expected to be smaller.

Decoding of shape identity from responses in slit-viewing
conditions

A human fMRI study (Orlov and Zohary, 2018) showed that
shape identity could be decoded from the multivariate BOLD
response in LOC during slit-viewing. Importantly, they reported
generalization of classification across slit orientations and for
slit-viewing and the static whole-shape presentations. The hemo-
dynamic response is sluggish, integrating neural activity across
time. Although single IT neurons showed no evidence of tempo-
ral integration of the whole shape during slit-viewing, the shape
preference of the average population response during slit-view-
ing, temporally integrated by averaging in the 800 ms analysis
window, was the same as for the static shape presentations (Fig.
4). This suggests that it is possible to decode shape identity from
the slit-viewing response and that there is a generalization of
shape identity classification across slit-viewing conditions and
for the static and slit-view presentations. We examined this by
training a linear classifier (Support Vector Machines; see
Materials and Methods) to classify shape using as input single-
trial pseudo-population response vectors that consisted of the
single-trial responses, averaged in the 800 ms window, of the
recorded neurons. We trained the classifier using the data of one
of the five conditions (static, LR, RL, UD, and DU slit-viewing)
and then tested classification for the same, trained, condition
(fivefold cross-validation) or the untrained four other conditions
(cross-condition classification).

When testing and training were performed using data of the
same condition, classification of shape identity was close to or at
the ceiling level (Fig. 5A-E, hatched bars) for both static (S) and
slit-viewing conditions. This demonstrates that shape identity
can be decoded reliably from the temporally integrated responses
of the recorded sample of neurons during slit-viewing. For cross-
condition classification (Fig. 5A-E, blue bars), the amount of
generalization of classification depended on the trained and
tested conditions. We observed excellent generalization across
orthogonal motion directions of the slit-viewing conditions (e.g.,
train LR, test RL). The classification scores dropped to ~60%
correct but were still significantly above chance (33.3%), when
trained and tested motion axes differed (e.g., train LR, test UD),
except when training LR and testing DU (Fig. 5B). This demon-
strates the generalization of shape classification across slit orien-
tation when integrating the responses across time. Training the
classifier with the responses recorded during slit-viewing, we
obtained also well above-chance classification of the static shape
(Fig. 5B-E). Indeed, the cross-condition test classification scores
for the whole shape were similar to those obtained when trained
and tested slit orientations were orthogonal. However, training
the classifier with the responses to the static whole shape yielded
chance classification scores when testing slit-view responses (Fig.
5A). Such asymmetry of cross-condition classification has been
observed before when conditions differ markedly in response
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strength and signal-to-noise ratio (Van den Hurk and Op de
Beeck, 2019), as is also the case here (Fig. 4A4). Modeling, using
linear Support Vector Machines, has demonstrated that having a
low signal-to-noise ratio condition A and a high SNR condition
B results in better generalization when testing B after training A
than vice versa (Van den Hurk and Op de Beeck, 2019). Also,
when only a subset of the informative neurons in condition 2
contains an informative signal for the classifier in condition 1,
generalization will be better when training condition 1 and test-
ing 2 than vice versa (Van den Hurk and Op de Beeck, 2019).
Also, when only a subset of the informative neurons in
Condition 2 contains an informative signal for the classifier in
Condition 1, generalization will be better when training
Condition 1 and Testing 2 than vice versa (Van den Hurk and
Op de Beeck, 2019). Both factors can explain the asymmetry in
generalization performance seen in our data since shape selectiv-
ity of the single neurons was more robust for the static whole
shape presentation compared with the slit-viewing conditions.

In sum, the cross-condition classification data show evidence
for generalization across motion direction, slit orientation, and
whole-shape versus slit-view presentations when integrating the
response throughout the slit-viewing period. These results of
monkey IT single-unit data are in line with the generalization of
shape identity classification obtained for BOLD activation pat-
terns in human LOC (Orlov and Zohary, 2018). Since the BOLD
HRF causes integration of the neural responses across time, it
can produce similar results as we obtained here by temporal inte-
gration of the spiking activity of single neurons. However, the
underlying dynamics of the stimulus representation during slit-
viewing are lost when temporally integrating neural responses.
To capture the dynamics of the shape representation during slit-
viewing, we decoded shape identity with classifiers that were
trained and tested with brief 100 ms analysis windows. We per-
formed classification of shape identity for different training and
testing periods, and this when trained and tested conditions were
identical or differed. Figure 5F shows the classification scores for
all possible training-testing time combinations (cross-temporal
decoding), starting 200ms before motion onset and ending
227 ms after motion offset, and this for all the 25 possible combi-
nations of the trained and tested stimulus conditions. When
trained and tested conditions were identical (panels along the
[top] left to the right diagonal in Fig. 5F), the classification accu-
racy dropped markedly when training and testing differed by
>200 ms for all slit-viewing conditions. This is clearly shown
by the reddish left diagonal band in the cross-temporal
decoding plots. This temporally specific code contrasted
with the more stationary one for the static, whole-shape pre-
sentations. Importantly, the cross-temporal decoding plots
for opponent trained and tested motion directions showed
also a clear diagonal band but from right to left. Thus, the
generalization of shape classification across opponent
motion directions is highly temporally specific. The mirror
symmetry of the cross-temporal decoding plots for identical
versus opponent trained and tested motion directions sug-
gests that the neurons responded to shape fragments (“effec-
tive shape fragments”) that were visible at a particular
moment of the slit-viewing: an effective shape fragment that
is visible; for example, at the beginning of the slit-viewing for
one motion direction (e.g., LR) will be visible at the end of
the slit-viewing for the opponent motion direction (e.g., RL).
When trained and tested conditions consisted of different
motion axes (horizontal vs vertical), there will not be a corre-
lation of effective shape fragments across time between the
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axes, which results in more diffuse, less organized cross-tem-
poral decoding plots for the cross-axis classifications. Also,
the overall classification accuracy for cross-axis generaliza-
tion will be less than for same axis motion direction general-
ization since effective shape fragments may not be present
for both axes in some single neurons. This is likely because
the shapes were asymmetric. Temporal a-specific decoding
was present when the slit-view conditions served as training
data and the responses to the static whole-shape presenta-
tions were tested. This is expected since the effective shape
fragments are present during the entire duration of the static
presentation of the shape. There was only a weak generaliza-
tion from static presentation to slit-views (Fig. 5F, top row
panels), which agrees with the generalization data for the
800-ms-long analysis window (Fig. 5A).

Responses to shape fragments during slit-viewing and static
presentation
The cross-temporal decoding analysis (Fig. 5F) suggests that the
responses during slit-viewing are driven by effective shape frag-
ments that become briefly visible. This would imply that the neu-
rons respond to the thin shape strip that is visible through the
narrow slit. We tested this directly by presenting 11 snapshots of
the slit-viewing movie to a sample of neurons (in 2 monkeys)
that were also tested during slit-viewing. The snapshots were pre-
sented briefly for 80ms, each preceded and succeeded by the
background noise pattern with the empty slit (see Materials and
Methods). An example neuron tested in this snapshot test is
shown in Figure 6B. It responded selectively to shape features
related to the arms of an ape silhouette. To relate the responses
in the snapshot test to those obtained during slit-viewing, we
used a method akin to reverse correlation to compute the
responses to individual shape fragments during slit-viewing (see
Materials and Methods). This procedure yields a response for
each frame of the slit-viewing movie, which can be visualized as
a shape response plot in which the response to an individual
shape fragment is indicated by a color code. This is illustrated for
the same neuron in Figure 6A for both horizontal motion direc-
tions. This neuron responded for two brief periods during slit-
viewing for both motion directions. Considering the typical
response latency of IT neurons, the neuron responded during
slit-viewing to parts of the arm of the ape silhouette. As shown in
Figure 6B, the effective shape fragments obtained using reverse
correlation of the slit-view data of each motion direction corre-
sponded to those revealed by the snapshot test. When comparing
the snapshot responses with the reverse-correlated slit-viewing
responses, we reversed the plotted order of the fragments of one
of the motion directions, so that shape fragments corresponded
in the shape response plots of the two motion directions. Other
examples of shape response plots for both motion directions and
the corresponding snapshot test plots are shown in Figure 6D.
To quantify the correspondence between the responses dur-
ing slit-viewing and in the snapshot test, we binned the responses
of the shape response plots for the slit-viewing conditions in 11
bins and computed for each motion direction the Pearson corre-
lation coefficient between the thus obtained responses for the slit-
viewing and those of the snapshot test. For the neuron of Figure
6B, the correlation coefficients were close to 1, demonstrating the
excellent fit between the responses to shape fragments during slit-
viewing and in the snapshot test. We computed this correlation
for all the snapshot test: slit-viewing combinations for which there
was a significant response during slit-viewing (significance tested
with ANOVA). A total of 45 and 15 neurons were tested in
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Monkey MG and Monkey MT, respectively; and in 33 neurons,
we had snapshot tests for both motion axes. Figure 6C shows the
distribution of the correlation coefficients for each monkey sepa-
rately, which was shifted toward positive values. The median
correlation coefficients were significantly >0 in each monkey
(Wilcoxon test; MG: median=0.48; p=9. 9 x 10~ *; MT:
median = 0.40; p=1.6 x 10~ "), indicating that responses dur-
ing slit-viewing and the static snapshot test are related. Thus,
the observation that the single units responded during only
brief periods of the slit-viewing can be explained by selective
responses to effective shape fragments that were revealed by
the slit during these moments.

Behavioral assessment of shape discrimination during slit-
viewing: DMS task

The single-unit IT data reported above showed no evidence of
temporal integration of the whole shape during slit-viewing. This
raises the question of whether macaques perceive a shape during
slit-viewing, as humans do. To examine this, we trained Monkey
MG after the above-reported recordings in a DMS task in which
he had to match a shape, presented during slit-viewing, and a
static presentation of the same shape (Fig. 1D). Trials in which
the sample stimulus was a whole shape were interleaved with
slit-viewing samples. After training with a pool of 60 shapes, the
monkey was tested with various combinations of the match and
nonmatch stimuli, including novel shapes that were not used
during the training period. Figure 7A summarizes the perform-
ance of the monkey for combinations of novel and old stimuli,
presented either as sample or test stimuli. The old and novel
stimulus sets consisted of 10 shapes each, and stimuli were ran-
domly interleaved across trials. The number of sample presenta-
tions of a particular shape varied between 8 and 11. Although the
DMS performance was greater when the sample stimulus was a
static whole shape (82% correct: 95% CI = 77-88), the behavioral
performance (70% correct; CI=67-73) when the sample shape
was presented during slit-viewing was well above chance (50%
correct). There was no evidence of a difference in the perform-
ance between the novel and familiar, old shapes. Performance
was highly similar for vertical (mean = 69%; CI = 62-75) and hor-
izontal slit orientations (mean =70%; CI=63-76). Analyzing the
performance for first trial presentations of a shape during slit-
viewing also showed above-chance performance (67% correct;
CI=61-72), demonstrating that the above-chance performance
for the slit-viewing sample conditions did not result from paired-
associate learning of shape fragment samples and whole-shape
match stimuli.

One could argue that the monkey used isolated shape frag-
ments but no integrated whole-shape percept to match the slit-
views and whole shapes. To examine this possibility, we pre-
sented trials in which the shape fragments were presented either
in their correct order or in random order, as in our random slit-
viewing conditions in the single-unit recording experiment. The
original whole shape and a whole “random” shape, which was a
spatial concatenation of the shape parts following the order of
the random slit-views (as in Fig. 1C), served as the match and
nonmatch stimuli. We reasoned that, if isolated shape features
were driving the performance of the monkey, the monkey should
show poor performance when having to choose between these
match and nonmatch stimuli since both contained the same
shape fragments as the sample stimulus. When the sample stimu-
lus was an original slit-view, the performance of the monkey was
67% correct (CI=63-70), which was well above chance level.
This suggests that the monkey is not merely relying on isolated
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bottom panels). Same conventions as in B.

shape fragments when matching slit-views and test stimuli.
When the sample stimulus was a random slit-viewing stimulus,
the performance of the monkey dropped to 46% (CI=43-50),
which was statistically not different from chance. However, when
the random stimulus configuration was shown as a static shape
and the match and nonmatch stimuli were original and random

«—

normalized firing rate for 11 bins of the shape response plots for each of the two motion
directions presented in A and the snapshot condition. We reversed the order of the shape
segments of the RL slit-viewing condition (yellow) to have corresponding shape parts in the
different vertical slit conditions (LR slit-viewing [red] and snapshot [blue] test conditions).
The responses were normalized by the maximum response for each condition separately, and
Pearson correlation coefficient (r) was calculated between the binned responses of the slit-
viewing conditions and the snapshot condition. ¢, Distribution of the Pearson correlation
coefficient between the binned responses to the shape fragments during slit-viewing and in
the snapshot test. Data of the 2 monkeys are shown separately. Colored triangles represent
the medians. The number of observations (n) corresponds to slit-viewing direction-shape
combinations. D, Shape response plots for two opponent motion directions of the slit-view-
ing and corresponding snapshot tests for other example neurons (rows) recorded in Monkeys
MG and MT. The same conventions as in B. Examples of vertical (top two rows) and horizon-
tal (bottom two rows) slit orientations are shown for each monkey.

whole-shape configurations, the performance was 74% (CI=67-
80), which was highly similar to the performance when the origi-
nal, whole shape was the sample stimulus (73%; CI=66-79).
Thus, although the monkey was able to match original and
random whole-shape configurations, he was unable to match
random-slit views. Such poor performance was also present
when the random slit-views served as sample stimuli and both
match and nonmatch stimuli were random shape configurations
(mean =54% correct; CI =49-59). We attribute the chance per-
formance for random slit-view samples to the difficulty of tem-
porally integrating the randomly ordered shape parts, because of
the large spatiotemporal discontinuities between successive frag-
ments, into a single shape percept. These behavioral data support
the presence of anorthoscopic shape perception in our slit-view-
ing conditions in macaques.

Single-unit responses during slit-viewing in DMS and PF
tasks

To examine the possibility that temporal shape integration dur-
ing slit-viewing at the IT single-unit level would occur when the
monkey is attending the stimulus, we recorded 20 responsive
neurons while Monkey MG was performing the DMS task using
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slit-views and static whole shapes as sample stimuli. The sample
stimuli in the DMS task were three shapes that were selected
anew for each neuron based on the responses in the search test
in which 70 shapes were presented during PF. After the record-
ings during the DMS task, we also recorded an additional 20 re-
sponsive neurons in Monkey MG while he was performing the
same slit-viewing test with PF as before the DMS training. To

compare quantitively the three samples of neurons, those
recorded during PF, while performing the DMS task, and during
post-DMS PF, we computed five response property indices for
each neuron using data for the original shape slit-viewing condi-
tions. The first three indices quantified the effect of motion
direction on the responses during slit-viewing of the best shape.
The first of these Direction Indices compared the response to the
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best motion direction and its opponent direction for the same
motion axis (see Materials and Methods). For each neuron, its
best direction was determined in independent trials, explaining
the presence of negative Direction Indices. For the three samples
of neurons of MG, the median Direction Indices for same axis
directions were low (Fig. 8B) and similar to those obtained in the
other 2 monkeys during PF (Fig. 8A). The low median values
(~0.1, or a 22% difference) agree with the finding that the
responses during slit-viewing are driven by effective shape frag-
ments, which are identical for the two directions of the same
axis. However, for all five samples, the same axis Direction
Index was positive, and significantly greater than zero in
each monkey (MG: p=1.2 x 10" % MT: p=3.7 x 10 *; MB:
p=5.8 x 107° Wilcoxon test), showing an albeit weak
influence of motion direction on the responses. This agrees
with previous studies that showed stimulation history
effects on IT responses (see Discussion).

The other Direction Indices compared the best direction and
the two directions along the orthogonal motion axis. For each
neuron, we computed two such indices, one for each orthogonal
motion direction, and these were pooled in the analyses. Since
effective shape fragments for the two slit orientations can drive a
neuron to a different extent, we expected the Direction Indices
for different axes to be greater than for Direction Indices of the
same motion axes, which was indeed the case for each of the 3
monkeys (Fig. 8C). Importantly, this also was the case after train-
ing and during the DMS task in Monkey MG (Fig. 8D). Indeed,
the median Direction Index for orthogonal axes was significantly
smaller in the PF task before than after the DMS training (p=
0.0017; Wilcoxon rank sum test; data of DMS and post-DMS
tasks pooled), which is opposite to what one would expect when
training or DMS task execution would have improved temporal
shape integration that generalized across slit orientation.

We also quantified for each neuron the period during which
the neuron responded during slit-viewing by measuring the du-
ration of its response at half-height (see Materials and Methods).
This peak duration estimation was performed for the slit-viewing
condition that produced the maximum response of the neuron.
One would predict longer peak durations after DMS training
or during DMS task performance when this increased tem-
poral shape integration. However, the opposite trend was
present (Fig. 8F; PF vs DMS: p=0.0035; PF vs post-DMS:
p=0.0018; Wilcoxon rank sum test), suggesting that tempo-
ral shape integration did not increase during or after the
DMS task. The median peak durations during the DMS task
and post-DMS in Monkey MG are similar to those obtained
during the PF task in the other 2 monkeys (Fig. 8E).

To assess the extent to which shape and motion direction
were encoded in a separable manner, we computed for each neu-
ron the Separability Index (see Materials and Methods). A high
Separability Index indicates that one can predict the responses in
a slit-viewing condition by knowing the responses to the shape,
irrespectively of motion direction, and to the motion direction,
irrespectively of shape. High separability will ensure invariant
decoding of the shape, irrespectively of motion direction (Li et
al., 2009). The Separability Indices were computed after integrat-
ing the responses during slit-viewing using the 800 ms analysis
window. We found that the median Separability Index was sig-
nificantly greater when the monkey was performing the DMS
task compared with the PF before the training (p=5.3 x 107
Wilcoxon rank sum test; Fig. 8G). This was not because of
the difference between the two tasks, since the neurons
recorded post-training during PF showed also a greater
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median Separability Index than the sample of neurons
recorded before the DMS training (p=7.9 x 10~ * Wilcoxon
rank sum test; Fig. 8G). One possible explanation for the
increased Separability Index after DMS training is that the
shape selectivity of the neurons was greater post-training. To
address this possibility, we computed for each neuron a
Shape Selectivity Index, being the response to the best static
whole shape minus the response to the worst static whole
shape, divided by the sum of the responses to both shapes.
The median Shape Selectivity Index was indeed significantly
greater after (median index during DMS task: 0.71; post-
DMS: 0.9) compared with before DMS training (median:
0.57; p =1.2 x 10~ Wilcoxon rank sum test; data of DMS
and post-DMS tasks pooled). Thus, the shape selectivity was
higher for the sample of neurons recorded after the DMS
training, which can explain their higher Separability Indices.

Eye movements

Analysis of the eye movements during slit-viewing showed a
rather stable fixation for the different motion directions in each
monkey while performing the PF task (Fig. 7B-D). Monkey MG
showed somewhat higher variability in eye positions during the
slit-view presentations of the DMS task (Fig. 7D, middle), but
there was no evidence of smooth pursuit of the motion of the
shape.

Discussion

We recorded the responses of body patch (ASB) neurons to mov-
ing shapes that were only partially visible through a static narrow
slit. Although only a small fragment of the shape was revealed
through the slit at a single moment in time, the population of IT
neurons signaled shape identity by their response when that was
cumulated across the viewing period. The shape preference for
the slit-viewing conditions was the same as for static whole-shape
presentations. However, by analyzing the responses on a finer
time scale and comparing responses between motion directions,
we showed that IT neurons responded to particular shape
features that were visible through the slit. Furthermore, the
responses during slit-viewing were predicted by the responses of
the same neuron to static presentations of shape fragments as
revealed through the slit. In this IT body patch, we found no evi-
dence for temporal integration of the sequentially revealed shape
parts into a coherent shape representation, neither at the single
unit nor the population response level. Qualitatively identical
response patterns were present when a monkey was matching
slit-views of a shape to static whole-shape presentations and thus
attending the slit-views. These data suggest that, although the
temporally integrated response of macaque IT neurons can sig-
nal shape identity under slit-viewing, the temporal integration
needed for the formation of a whole-shape percept occurs in
other areas, perhaps downstream to IT.

The following observations led to the conclusion that single
IT neurons responded to partial shape views but did not inte-
grate the whole shape, during slit-viewing. First, single IT neu-
rons responded only during particular periods of the slit-viewing
movie, and these corresponded to periods in which effective
shape fragments were displayed as determined in an independent
test with static snapshots of the movie. Second, shape decoding
during slit-viewing was restricted in time and generalized across
opposite motion directions for the different periods in which the
same shape fragment was presented for the two directions.
Third, the generalization of shape decoding was less across axes
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than across directions of the same axis, which is expected when
the neurons respond to shape fragments because shape features
overlap less for different slit orientations. However, whole-shape
representations are expected to be invariant to slit orientation.
Furthermore, shape selectivity did not consistently increase dur-
ing slit-viewing. Fourth, the average shape preference was the
same for the random and original slit-viewing conditions, support-
ing the conclusion that the neurons represent shape fragments.

The response to the slit-views could differ, albeit weakly,
between opposite motion directions, although shape fragments
were equal for the two directions. This is not surprising since the
response to a particular shape fragment will also be determined
by the response selectivity of the neuron for preceding shape fea-
tures, which will differ between directions. Indeed, responses of
IT neurons depend on stimulation history and preceding stimuli,
for example, adaptation (Vogels, 2016) and shape sequence
effects as observed for forward versus backward walking sequen-
ces (Vangeneugden et al,, 2011). Although these effects of pre-
ceding stimulation history and the motion direction sensitivity
found in the present study show that IT neurons show temporal
integration of preceding and current stimulation, this should be
distinguished from temporal integration of dynamic partial
shape views for the formation of a whole-shape percept during
slit-viewing. The latter requires temporal integration and mainte-
nance of shape information across slit-views, taking into account
the relative location of the shape fragments based on the velocity
of the features in the slit during stimulation (Ogmen and
Herzog, 2016). Our results are in line with previous estimates of
a temporal integration duration of 100-120 ms in the macaque
rostral STS for visual action sequences (Singer and Sheinberg,
2010; Vangeneugden et al., 2011), which is shorter than required
for integration of slit-views into a whole-shape percept.

Although the recorded neurons did not temporally integrate
the slit-views, a linear classifier could classify the shapes when it
had as input the responses averaged over the whole slit-viewing
period. Furthermore, for this averaged response, a generalization
of shape classification occurred across motion directions, across
motion axes, and for static whole-shape and slit-view presenta-
tions. These results agree with a human fMRI study in which
generalization of shape classification across slit-viewing axes and
for static whole shape was shown with multivoxel pattern analy-
sis in ventral stream visual areas (Orlov and Zohary, 2018).
Because of the temporally coarse hemodynamic response, the
BOLD response amounts to using a long window in which
responses will be temporally integrated, similar to what we did
when averaging the responses over the slit-viewing period.
However, our results show that such generalization of classifica-
tion using the integrated response cannot be used as evidence for
a temporally integrated whole-shape representation at the level
of single neurons. In contrast to the presence of shape selectivity
in the random slit-viewing conditions in our macaque data, clas-
sification of shape based on random slit-view presentations was
at chance level in the human fMRI study (Orlov and Zohary,
2018). However, they randomized the frames at a 60 Hz rate in
their random condition. This amounts to a rapid serial presenta-
tion of randomly ordered shape fragments at 60 Hz. In macaque
STS, such rapid serial presentation decreases stimulus-selective
responses (Keysers et al., 2005; De Baene et al., 2007) because of
forward and backward masking, and we expect the same reduc-
tion in human ventral stream areas. This may explain why shape
classification with multivoxel pattern analysis of LOC activations
was at chance level in the random slit-viewing conditions (Orlov
and Zohary, 2018). As noted above, moving shapes can produce
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stronger responses because of the similarity of the nearby stimu-
lus features during slit-viewing.

One behavioral study suggested poor spatiotemporal integra-
tion during slit-viewing in apes compared with humans (Imura
and Tomonaga, 2013), but such quantitative interspecies com-
parisons are difficult to interpret since nonperceptual, cognitive
differences between species can affect visual task performance.
What that study did show is that chimpanzees perform better
than the chance level when matching dynamic slit-views to static
whole-shape outlines. We found a similar result here in a maca-
que, suggesting that nonhuman primates show AP. This also
suggests that the lack of a temporally integrated whole-shape rep-
resentation at the level of macaque IT neurons during slit-view-
ing is not because monkeys do not show AP. The single-unit
properties were similar when the monkey was performing
matching of slit-views and thus attending the slit-view presenta-
tions. This observation, together with the presence of fMRI acti-
vations in LOC during the performance of an orthogonal task
during slit-viewing (Yin et al., 2002), suggests that the use of a PF
task in most of our recordings cannot explain the lack of tempo-
ral whole-shape integration for the IT responses.

In addition, there is no reason to assume that our findings
depended on the choice of recording from the body patch ASB
since Orlov and Zohary (2018) reported whole-shape representa-
tions during slit-viewing in the large expanse of LOC and even
face/body-selective regions, and AP is present for animal shapes
(Parks, 1965). IT neurons remain shape-selective under condi-
tions in which a static or moving pattern occludes partially a
shape (Kovacs et al., 1995b). Multiple fragments of the shape are
presented simultaneously in such occlusion displays; and thus,
no temporal integration is required to obtain shape completion.
Selective responses to face or body parts were reported in other
studies posterior to ASB when only small fragments of a stimulus
were presented (Bubbles) to assess the feature selectivity of poste-
rior face (Issa and Dicarlo, 2012) and body patch neurons
(Popivanov et al.,, 2016). Unlike in the present study, no whole-
face or body percept is present in such reduced displays.

Although our findings suggest that single IT neurons do not
form whole-shape representations during slit-viewing, their
responses, integrated across slit-viewing, contain sufficient in-
formation for shape identification. This begs the question of
where such temporal integration occurs and even whether IT
plays a role in building a whole-shape representation during slit-
viewing. Psychophysical studies show that AP depends on the
estimation of shape velocity (Morgan et al., 1982; Shimojo and
Richards, 1986), which may imply the contribution of dorsal vis-
ual areas in the formation of a shape percept during slit-viewing.
Indeed, human fMRI studies showed dorsal visual area (e.g.,
hMT/V5) activations during slit-viewing, although these were
less than in ventral areas (Yin et al.,, 2002; Orlov and Zohary,
2018). An area that underlies spatiotemporal shape integration dur-
ing slit-viewing needs to be able to maintain and update shape in-
formation during viewing in “nonretinotopic” memory (Ogmen
and Herzog, 2016), which requires temporal integration with a long
time constant. Because temporal integration constants increase
along the cortical hierarchy (Hasson et al., 2008; Murray et al., 2014;
Spitmaan et al., 2020), it is possible that higher-order regions, such
as the PFC or more anterior in temporal cortex than ASB, might
underlie whole-shape formation during slit-viewing, but testing this
requires further work. Finally, we note that current computational
models of the ventral visual stream (Kar et al., 2019) can accommo-
date the observed responses in macaque IT during slit-viewing.
However, to explain AP computational models of visual recognition
needs to be augmented.
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