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SUMMARY

Computing behaviorally relevant representations of three-dimensional (3D) motion from two-dimensional
(2D) retinal signals is critical for survival. To ascertain where and how the primate visual system performs
this computation, we recorded from the macaque middle temporal (MT) area and its downstream target,
the fundus of the superior temporal sulcus (area FST). Area MT is a key site of 2D motion processing, but
its role in 3D motion processing is controversial. The functions of FST remain highly underexplored. To distin-
guish representations of 3D motion from those of 2D retinal motion, we contrast responses to multiple motion
cues during a motion discrimination task. The results reveal a hierarchical transformation whereby many FST
but not MT neurons are selective for 3D motion. Modeling results further show how generalized, cue-invariant
representations of 3D motion in FST may be created by selectively integrating the output of 2D motion selec-

tive MT neurons.

INTRODUCTION

The neural computation of three-dimensional (3D) motion is
essential for functions such as capturing prey or avoiding pred-
ators. Although 3D visual processing shaped the evolution of the
primate brain," current understanding of 3D motion processing
remains surprisingly limited compared with that of two-dimen-
sional (2D) retinal-motion processing.>™ In part, this reflects
that distinct cues signal 2D versus 3D motion, with 3D motion
computations depending critically on the relationship between
retinal-motion signals sensed by the two eyes.”™®

The inherent covariation of an object’s motion in the world and
the corresponding retinal projections makes dissociating 3D
from 2D representations challenging. The macaque middle tem-
poral (MT) area fundamentally contributes to the processing of
2D retinal motion.® Some early studies implicated MT in the pro-
cessing of 3D motion,'®"" but other work suggested that the
apparent 3D selectivity was explained by lower-level selectivity
for 2D motion, speed, and horizontal disparity.'® Subsequent
studies supported the possibility of selectivity for stereoscopi-
cally defined 3D motion in MT,"®"'* whereas other work isolated
that selectivity to the neighboring fundus of the superior tempo-
ral sulcus (area FST)."® Thus, the site of 3D-motion processing
and the specific role of MT remains controversial.

Computational work has further suggested that the interaction
of 2D direction selectivity and ocular dominance (OD) in MT may
form the basis of a “non-canonical” mechanism for encoding
and decoding 3D motion.'®"” However, the ability to decode infor-
mation from a population of neurons does not imply that those neu-

rons explicitly represent that information. For instance, the infor-
mation required to decode facial expression is present in the
primary visual cortex (V1),'® but V1 neurons do not represent facial
expression. Indeed, 2D direction selectivity and OD are common
properties of early visual system neurons. If these criteria were suf-
ficient to define 3D motion selectivity, then 2D direction selective
retinal ganglion cells would also need to be classified as 3D selec-
tive. These observations suggest that more stringent criteria are
required to define 3D motion selectivity.

To clarify the contributions of MT and FST to motion process-
ing, we contrasted neuronal responses to a set of stimuli de-
signed to unambiguously distinguish 3D from 2D selectivity.®
For the vast majority of MT neurons, apparent 3D direction pref-
erences switched depending on which eye viewed the stimuli.
When both eyes saw the stimuli, the responses typically followed
those of the dominant eye. These findings were readily explained
by a combination of 2D direction selectivity and OD. In contrast,
the 3D direction preferences of FST neurons were often indepen-
dent of which eye saw the stimulus and the class of motion cue.
Moreover, the sensitivity of 3D motion selective FST neurons
predicted the behavioral sensitivity of the monkeys in a toward
or away object motion discrimination task. Modeling results
further showed how generalized, cue-invariant 3D motion selec-
tivity could be achieved by selectively integrating the output of
2D retinal-motion selective neurons. The findings collectively
reveal that MT is largely specialized for processing 2D retinal mo-
tion whereas FST contains a prominent representation of 3D mo-
tion, and show how behaviorally relevant motion representations
can be computed from ambiguous retinal signals.
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Figure 1. Three-dimensional-motion stimuli,
discrimination task, and predictions

(A) The stimulus was a 3D volume with dots that
moved toward (cyan arrow) or away (orange arrow)
from the monkey’s cyclopean eye.

(B) On each trial, the monkey fixated for 300 ms
before a 3D motion stimulus appeared for 1 s.
The perceived direction of motion was indicated
by a downward (“toward”) or upward (“away”)
saccade. Stimuli were always presented within the
neuron’s receptive field (RF).

(C) Screen-projected vector fields depicting
the left- and right-eye signals for each cue con-
dition (combined, black; left-eye perspective,
blue; right-eye perspective, green; stereoscopic,
magenta). Note that the 3D motion stimuli pro-
duced opposite net 2D retinal motions in the two
eyes.
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(D) Predicted responses for 2D retinal-motion selective neurons. Left- and right-eye perspective cue responses are negatively correlated. Combined-cue and

stereoscopic cue responses follow the dominant eye responses.

(E) Predicted responses for 3D motion selective neurons. Preferences are the same across cue conditions.

RESULTS

Differentiating 3D from 2D motion selectivity
Distinguishing genuine 3D motion selectivity from 2D retinal-mo-
tion selectivity is challenging because the two signals neces-
sarily covary. To this end, we developed a set of 3D motion stim-
uli consisting of dots that moved toward or away from the
monkey’s “cyclopean eye” (the midpoint between the two
eyes) within a spatially confined volume®® (STAR Methods; Fig-
ure 1A). In contrast to previous studies that assessed 3D motion
selectivity in anesthetized or passively fixating monkeys, %'~
we measured neuronal responses to these stimuli as the mon-
keys performed a toward or away motion discrimination task in
which motion coherence was varied (Figure 1B). On each ftrial,
the direction of motion was reported as either “toward” or
“away.” The stimulus set included four conditions across which
different visual cues signaled the direction of 3D motion: distinct
left-eye and right-eye perspective cues (optic flow/looming), ste-
reoscopic cues, and all cues combined (combined-cues)
(Figure 1C).

For motion toward or away from the cyclopean eye, projective
geometry maximizes the velocity differences between the left-
and the right-eye retinal signals, such that the net 2D retinal mo-
tions are equal and opposite in the two eyes. Leveraging this
geometric property, we compared neuronal responses across
the four cue conditions to distinguish 2D retinal-motion selec-
tivity (Figure 1D) from 3D motion selectivity (Figure 1E), as the
following example illustrates. Consider a neuron that responds
more strongly to toward than to away motion in the combined-
cue and stereoscopic cue conditions (i.e., binocular viewing con-
ditions), as measured in previous studies.'®'* These responses
could reflect either: (1) genuine 3D motion selectivity or (2) a
combination of 2D retinal-motion selectivity and OD. In partic-
ular, a 2D selective neuron with OD will preferentially respond
to 3D motion that results in the dominant eye seeing the
preferred 2D motion. In this example, a rightward motion selec-
tive neuron with left-eye OD will respond best to toward motion
during binocular viewing (Figure 1D). Thus, responses to com-
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bined-cue and/or stereoscopic cue stimuli alone cannot distin-
guish 3D from 2D motion selectivity.

These alternatives can instead be distinguished by also
considering responses to left- and right-eye perspective cues
(i.e., monocular viewing conditions). Most notably, for 2D selec-
tive neurons, apparent 3D motion preferences will be opposite
for these conditions (Figure 1D). In addition, for 2D selective neu-
rons with strong OD, responses to combined-cue and stereo-
scopic cue stimuli will positively (negatively) correlate with the
dominant (non-dominant) eye’s perspective cue responses.
For those with weak OD, responses to the binocular conditions
will show little-to-no preference for either toward or away mo-
tion. In stark contrast, the preferences of 3D selective neurons
will be cue invariant (Figure 1E). These predictions provide
rigorous criteria for classifying neurons as selective for 2D retinal
motion or 3D motion.

Localization of MT and FST

To investigate the hierarchical transformation of visual motion,
we recorded from 358 MT (monkey J, n = 193; monkey C, n =
165) and 534 FST (monkey J, n = 317; monkey C, n = 217) neu-
rons in two male rhesus macaques using laminar array probes
with either four or eight tetrodes (Figure 2A). While the functional
and anatomical organization of MT is well documented,’ little is
known about FST. We therefore first identified MT, where recep-
tive fields (RFs) are organized along a peripheral-to-foveal visual
field representation moving anterior to posterior'® (Figure 2B,
left). We then localized FST, which is anteroventral to MT. At
the boundary, RFs became larger and showed a coarse reversal
in retinotopy. Moving farther anterior, they increased in size with
substantial variability?®? (Figure 2B, right). We also observed
that RF size increased more slowly as a function of eccentricity
in MT (type Il regression slope = 0.82) than FST (slope = 1.15),
as indicated by a linear mixed-effects model, which showed a
significant interaction between area and eccentricity (monkey
as a random effect, p = 4.80 x 10~%). Importantly, the eccentric-
ities at which the stimuli were presented did not significantly
differ for the two areas (Wilcoxon rank sum, p = 0.17). The areas
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Figure 2. Localization of MT and FST
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(A) Sagittal MRI sections from monkey J (left) and monkey C (right) showing MRI-based estimates of MT (orange), FST (purple), and the dorsal medial superior
temporal (MSTd) area (teal) for reference. Blue and green dots show approximate recording locations in MT and FST, respectively. Recording sites were projected
along the medial-lateral axis onto individual sections. A schematic of a laminar probe with four tetrodes and example spike waveforms is shown to the right.
(B) MT neurons (left) had smaller RFs, whose area increased at a slower rate with eccentricity compared with FST neurons (right). Type Il regression lines (solid
black) and identity lines (dashed black) are shown for reference. Points are colored according to the anterior-posterior (A-P) location of the recording site
(normalized for each monkey). The representation of the visual field in MT progressed from posterior (larger peripheral RFs; cyan) to anterior (smaller foveal RFs;
magenta). A coarse reversal occurred in FST, where posterior RFs were more foveal (magenta) and anterior RFs were more peripheral (yellow).

(C) Distribution of visual response latencies in MT (orange) and FST (purple). See also Figure S1.

were further distinguished by their visual response latencies,
which were significantly shorter in MT (median = 55 ms) than in
FST (median = 64 ms; Wilcoxon rank sum, p = 4.19 x 10~%; Fig-
ure 2C). There was not a difference, however, in whether the neu-
rons preferred 2D motion presented at a slower (4.2°/s) or faster
(12.6°/s) speed. For neurons tested at both speeds, the propor-
tions that preferred the slow speed were similar in the two areas
(MT, 24%, n = 40/165; FST, 31%, n = 162/523) and not signifi-
cantly different (chi-squared test, p = 0.10). Last, differences in
saccade-related activity during an overlap saccade task also
distinguished the areas (Figure S1A; STAR Methods). In MT,
only a small proportion of neurons showed increases in activity
leading up to the saccade (n = 35/358, 10%; Figure S1B). The
prevalence of saccade-related activity in FST was nearly double
that in MT (n = 98/534, 18%) and the modulation was more pro-
nounced (Figure S1C). Thus, multiple physiological properties
distinguished the areas and provide systematic criteria for local-
izing FST.

MT and FST respond differently to 3D motion

To identify neurons that were putatively selective for 3D motion,
we performed two-way ANOVAs over motion direction and
coherence on the responses to the combined-cue stimuli, which
include all of the 3D-motion cues and elicit the most precise es-
timates of 3D motion® (Figure 1C). The proportions of neurons
with statistically significant tuning (p < 0.05 for the main effect
of direction) were similar in MT (54%, n = 194/358) and FST
(58%, n = 309/534) and aligned well with previous reports of to-
ward and away selectivity in MT."*'* We additionally quantified
the strength of toward and away selectivity using an asymmetry
index (Al) that compared responses to toward versus away mo-
tion across coherences for each neuron and cue condition
(STAR Methods). The Al was previously used to quantify 3D mo-
tion selectivity in MT,"* with positive values indicating a toward
preference and negative values indicating an away preference.
Based on the combined-cue Als, a larger proportion of tuned
neurons preferred toward rather than away motion (MT, 77%,
n = 149/194; FST, 69%, n = 213/309; chi-squared test, both
p < 2.82 x 10~ ). This tendency was also observed in most of

the isolated cue conditions (Figure S2) and may reflect the impor-
tance of detecting objects moving directly toward the head (see
discussion). All subsequent analyses were performed using neu-
rons with significant tuning in the combined-cue condition to test
if that tuning reflected genuine 3D motion selectivity or lower-
level 2D retinal-motion selectivity.

Although a large proportion of neurons showed significant
selectivity in the combined-cue condition, such responses are
insufficient to distinguish 3D motion selectivity from 2D retinal-mo-
tion selectivity (Figures 1D and 1E). Instead, comparisons must be
made across cue conditions. Example responses to each of the
four cue conditions are shown for four MT neurons in
Figures 3A-3D and four FST neurons in Figures 3E-3H. Following
the 2D retinal-motion predictions, most MT neurons (Figures 3A-
3C) had: (1) negatively correlated left- and right-eye perspective
cue responses and (2) combined-cue and stereoscopic cue re-
sponses that followed the dominant eye’s perspective cue re-
sponses. A few MT neurons had responses that followed the 3D
motion predictions (Figure 3D). In contrast, many FST neurons
(Figures 3E-3G) had cue-invariant direction preferences, as pre-
dicted for 3D motion selectivity. The responses of other FST neu-
rons followed the 2D motion predictions (Figure 3H). To test if 2D
retinal-motion signals are transformed into a representation of
3D motion across an MT-to-FST hierarchy, the next section quan-
tifies the prevalence of 2D and 3D selectivity in each area.

Prevalent 3D-motion selectivity in FST but not MT

To determine the prevalence of 2D and 3D motion selectivity in
MT and FST, we classified the neurons based on their responses
to left- and right-eye perspective cues. For this analysis, neurons
were required to show statistically significant tuning in
both perspective cue conditions (MT, 55%, n = 106/194; FST,
51%, n = 157/309). To classify the neurons, we computed
Z-transformed partial correlation coefficients?>?* based on the
predictions outlined in Figures 1D and 1E (STAR Methods). For
each neuron, we first computed the correlation between the
left- and right-eye perspective cue tuning curves aligned relative
to the direction of 3D motion (as in Figure 3). This 3D motion cor-
relation is positive for 3D selective neurons and negative for 2D
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Figure 3. Example MT and FST responses to 3D motion

(A-C) Example MT neurons whose responses imply 2D retinal-motion selectivity (cf., Figure 1D). In (C), note that weak ocular dominance was associated with
attenuated combined-cue and stereoscopic cue peak responses, consistent with motion opponency. Asymmetry index (Al) values for each cue condition are

listed as insets.

(D) A rare MT neuron whose responses were consistent with 3D selectivity (cf., Figure 1E).

(E-G) Example FST neurons whose responses imply 3D motion selectivity.

(H) An FST neuron whose responses imply 2D retinal-motion selectivity. See also Figure S2.

selective neurons. We then aligned the tuning curves relative to
the net direction of 2D retinal motion (i.e., in 2D retinal coordi-
nates) by reflecting one of them about the 0% motion coherence
and computed a 2D retinal-motion correlation. This correlation is
negative for 3D selective neurons and positive for 2D selective
neurons. Last, we Z-transformed the 2D (Z,p) and 3D (Z3p) mo-
tion correlations, allowing for the statistical classification of 2D
versus 3D motion selectivity (Figure 4).

A majority of MT neurons were statistically classified as 2D
retinal-motion selective (n = 80/106; 75%), while a minority
were classified as 3D selective (n = 9/106; 8%). The predomi-
nance of 2D selectivity in MT was further evident in the distribu-
tion of classifications (Figure 4A, diagonal histogram), which had
no indication of having multiple modes (Hartigan’s dip test, p =
0.93). In stark contrast, the proportions of FST neurons that
were classified as 2D (n = 66/157; 42%) or 3D (n = 58/157;
37%) selective were quite similar. Moreover, the distribution of
classifications was bimodal (Hartigan’s dip test, p = 4.6 X
1073), consistent with separate subpopulations of 2D and 3D se-
lective neurons. This possibility was further supported by distinct
time courses of Zzp—Z,p (Figure S3). After controlling for area, we
found that 2D and 3D selective neurons had similar visual
response latencies (linear mixed-effects model predicting la-
tency from motion selectivity classification, area, and their inter-
action with monkey as a random effect; classification main ef-
fect, p = 0.81; area main effect, p = 7.68 x 10~8; interaction,
p = 0.49). At least within FST (note the limited statistical power
for MT), this may suggest that 2D motion and 3D motion are pro-
cessed in parallel. These analyses revealed a hierarchical trans-

4 Cell Reports 42, 113524, December 26, 2023

formation from 2D to 3D motion selectivity between MT and FST
that is reminiscent of the transformation of component to pattern
motion selectivity between V1 and MT.?*

Our predictions further included that 2D retinal-motion selec-
tive neurons should have responses to binocular (combined-
cue and stereoscopic cue) 3D motion stimuli that positively asso-
ciate with the dominant eye’s perspective cue responses and
negatively associate with those of the non-dominant eye. Impor-
tantly, the strength of OD is expected to moderate this relation-
ship, such that it will be strongest for neurons with strong OD and
weakest for neurons with weak OD, since neither eye can be reli-
ably defined as dominant. To test these predictions, we quanti-
fied OD using a monocularity index (STAR Methods). We then
used logistic regression to determine if the combined-cue and
stereoscopic cue direction preferences (toward or away) of 2D
selective neurons were predicted by the dominant (or non-domi-
nant) eye perspective cue Al, log-transformed OD magnitude,
and their interaction (Figure S4, top row). As predicted, the com-
bined-cue preferences were positively associated with the domi-
nant eye perspective cue Als (MT, b =8.05, p=1.7 x 1074 FST,
b =9.68, p = 2.6 x 1073, and the magnitude of the effect
increased with stronger OD in both MT (interaction, b = 1.43,
p = 8.3 x 1073 and FST (interaction, b = 2.43, p = 2.6 x 1079).
Importantly, the combined-cue preferences were negatively
associated with the non-dominant eye perspective cue Als
(MT, b = —8.67, p=5.9 x 107%, FST, b = —12.96, p = 1.3 X
1074, and the magnitude of the effect again increased with
stronger OD in both MT (interaction, b = —1.69, p = 2.4 X
107%) and FST (interaction, b = —3.41, p = 5.3 x 10~%). For the
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Figure 4. Classification of 2D and 3D motion selectivity based on
responses to eye-specific perspective cues

(A) Classification of motion selectivity in MT. Statistical boundaries demarcate
regions defining neurons as 2D retinal-motion selective (red region and points),
3D motion selective (blue region and points), or unclassified (white region with
black points). Most MT neurons were 2D retinal-motion selective. The diagonal
histogram shows the distribution of classifications.

(B) Same as (A), but for FST. Approximately equal proportions of FST neurons
were selective for 2D and 3D motion. Note the bimodal distribution of classi-
fications. See also Figures S3 and S4.

stereoscopic cue stimuli, the MT results were similar, such that
the stereoscopic cue preferences were positively associated
with the dominant eye perspective cue Als (b = 8.3, p = 3.3 x
1073; interaction, b = 1.34, p = 0.06) and negatively associated
with the non-dominant eye perspective cue Als (b = —9.43,
p = 1.6 x 1073 interaction, b = —1.61, p = 0.028). For FST, the
stereoscopic cue results followed similar trends but were not sig-
nificant for the dominant eye (b = 2.55, p = 0.26; interaction, b =
0.21, p = 0.80) or non-dominant eye (b = —2.66, p = 0.26; inter-
action, b = —0.22, p = 0.80), further distinguishing the two areas.

Last, for 3D selective neurons in both areas, the combined-cue
and stereoscopic cue Als were positively associated with both
eyes’ perspective cue responses, as predicted (Figure S4, bot-
tom row). These results collectively imply that MT is largely
specialized for processing 2D retinal motion, whereas FST con-
tains a prominent representation of 3D motion.

No systematic relationship between 3D motion and
saccade direction selectivity

Having found greater prevalence of 3D motion selectivity as well
as saccade direction selectivity in FST than in MT, we consid-
ered if there was a connection between the two properties. We
first observed that relatively few neurons with combined-cue
tuning also had saccade direction selectivity (MT, n = 21/194;
FST, n = 58/309). Second, for neurons with both combined-
cue tuning and saccade direction selectivity, the preferences
were congruent (e.g., toward motion and downward saccades)
with roughly the same frequency as they were opposite (MT,
n = 9/21; FST, n = 37/58 were congruent). Third, neurons with
congruent preferences were rarely classified as 3D selective
(MT, n = 0/9; FST, n = 5/37). Last, for all neurons with saccade
direction selectivity (MT, n = 35; FST, n = 98), we recomputed
the Al for each cue condition using a shorter analysis window
(750 ms) to remove potential saccade signals (Figure S1). The re-
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computed Als were nearly identical to those from the full 1 s win-
dow (Pearson correlation; MT, r > 0.98; FST, r > 0.97 across all
four cue conditions). These results collectively indicate that there
was no systematic relationship between 3D motion and saccade
direction selectivity.

Robust linear decoding of 3D motion from FST, but not
MT

We next assessed whether the hierarchical transformation of vi-
sual motion signals between MT and FST served to simplify the
decoding of 3D motion. Intuitively, the conjunction of select com-
binations of MT neuronal responses could be used to infer 3D mo-
tion. For example, toward motion can be inferred from the simul-
taneous activation of a leftward selective MT neuron with right OD
and a rightward selective MT neuron with left OD. However, this
would require the decoder to possess explicit knowledge of
utrocular (eye of origin) information. Indeed, previous work pro-
posed that MT is the site of 3D motion decoding through a non-
canonical mechanism that incorporated 2D motion selectivity
and OD.'® However, the above findings suggest that hierarchical
computations performed across MT and FST might generalize,
and therefore simplify, the decoding of 3D motion.?®

To test this possibility and highlight the challenges of decoding
3D motion from MT, we trained linear decoders (Fisher’s linear
discriminant) to classify toward and away motion. Separate de-
coders were trained for MT and FST using the 2D and 3D motion
selective subpopulations. To relate our findings to previous
work, which emphasized the role of OD in 3D-motion process-
ing,'%'®17:2% each neuron’s OD (monocularity index) was used
to reassign the perspective cue conditions as dominant and
non-dominant eye perspective cues. Training was performed us-
ing the combined-cue data and all motion coherences (STAR
Methods), and we evaluated the performance of the decoders
across cue conditions and motion coherences.

We first examined the MT results. For both the 2D (Figure 5A,
top row) and the 3D (Figure 5A, bottom row) motion selective
neurons, the performance of the decoders was consistently
above chance and generally increased with motion coherence
for the combined- (black curve), stereoscopic- (magenta curve),
and dominant-eye-perspective- (yellow curve) cues. However, it
is essential to emphasize that this pattern would be expected
regardless of whether the neurons encoded 2D or 3D motion.
The critical results to consider are instead how the decoders per-
formed with the non-dominant eye perspective cues. For the 2D
selective MT neurons, this performance was consistently below
chance and became systematically worse with increasing mo-
tion coherence (cyan curve; Figure 5A, top row). This systematic
confusion of toward and away motion indicates that the decoder
extracted the net direction of 2D retinal motion. Even for the 3D
selective MT neurons, performance was near chance for the
non-dominant eye perspective cues (cyan curve; Figure 5A, bot-
tom row). These results imply that if 3D motion was decoded
from MT, then the decoding weights would need to dynamically
change to reflect whether the left eye, right eye, or both eyes
happened to be open; otherwise, opposite directions of 3D mo-
tion would be confused.

We next tested if FST could support generalized, cue-invariant
decoding of 3D motion based on a fixed set of decoding weights.
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Figure 5. Linear decoding of 3D motion direction from MT and FST
(A) Decoding performance with 2D (top) and 3D (bottom) selective MT neurons
as a function of motion coherence. Decoders were trained on the combined-
cue responses and tested on the combined-cue (black), stereoscopic cue
(magenta), dominant eye perspective cue (yellow), and non-dominant eye
perspective cue (cyan) responses. Error bars are 95% confidence intervals.

(B) Same as (A), but for FST. Generalized, cue-invariant decoding of 3D motion
was achieved only with 3D motion selective FST neurons. See also Figure S5.

Not surprisingly, the decoding of toward versus away motion
from 2D selective FST neurons was qualitatively similar to that
in MT. In particular, the direction of motion tended to be misclas-
sified for the non-dominant eye perspective cues (Figure 5B, top
row). However, when decoding from the 3D selective FST neu-
rons, performance was consistently above chance and generally
increased with coherence in each condition (Figure 5B, bottom
row). Most critically, performance was highly similar for the
dominant and non-dominant eye perspective cues, despite the
stimuli having equal and opposite net retinal motions. The finding
that cue-invariant decoding was most readily achieved with 3D
selective FST neurons was further highlighted by decoding re-
sults using the full neuronal populations (Figure S5). These re-
sults thus substantiate that a hierarchical transformation of mo-
tion signals occurs across MT and FST and reveal that the
transformation generalizes decoding by allowing 3D motion to
be extracted using a single set of weights, regardless of the
defining visual cues or which eye was open.

Last, reductions in decoding performance were apparent in
the stereoscopic cue condition at high coherences for the 3D se-
lective MT and both FST subpopulations. Similar effects were
observed in single-neuron responses (Figure 3) and neurometric
analyses presented in the next section. These observations may
collectively reflect that FST neurons are often sensitive to more
complex retinal velocity patterns than 2D translations®” and
that the 3D selective neurons in particular were sensitive to pat-
terns of optic flow that naturally occur with 3D motion but which
were absent in the stereoscopic cue condition (see discussion).
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3D selective neurons account for behavioral sensitivity
to 3D motion

The experiments additionally allowed for the direct comparison
of behavioral and neuronal sensitivity to 3D motion. To this
end, we quantified the monkeys’ behavioral sensitivity for each
cue condition by fitting psychometric functions to the proportion
of toward reports at each motion coherence.® We similarly quan-
tified how well an ideal observer could discriminate toward from
away motion using single-neuron responses by calculating neu-
rometric sensitivities for each condition (STAR Methods).?®*°
Using these measures, we compared the behavioral sensitivities
to the neurometric sensitivities of 2Dand 3D selective neurons in
MT and FST.

Median psychometric functions across recording sessions
and neurometric functions across neurons are shown for each
cue condition in Figure 6A. As expected from previous behav-
ioral studies,”*® behavioral sensitivity in the combined-cue condi-
tion was greater than in any of the isolated cue conditions (linear
mixed-effects model predicting log-transformed sensitivities
with condition, eccentricity, and brain area as main effects and
monkey as a random effect; p = 1.3 x 107%%). Across the isolated
cue conditions, behavioral sensitivity to the two eyes’ perspec-
tive cues was relatively similar (analogous linear mixed-
effects model comparing left- and right-eye perspective cues;
p = 0.07), and the monkeys were somewhat more sensitive to
stereoscopic cues than perspective cues (analogous model
comparing stereoscopic cues with both perspective cues;
p = 5.3 x 107°). There was no significant effect of area (p >
0.48 for all models), indicating that behavioral performance
was similar across the MT and FST recording sessions. These
findings reflect the known perceptual integration of perspective
and stereoscopic cues to 3D motion.

The pattern of behavioral sensitivity across the four cue condi-
tions was markedly different from the neurometric sensitivities of
2D selective MT and FST neurons (Figure 6A, cf., column 1 to col-
umns 2 and 3). Most notably, neurometric sensitivities in the
perspective cue conditions (i.e., during monocular viewing) ex-
ceeded those in the combined-cue and stereoscopic cue condi-
tions (i.e., during binocular viewing; p < 2.2 x 107'%; linear
mixed-effects models predicting log-transformed sensitivities
with condition as a main effect and monkey as a random effect).
Indeed, on individual sessions, the behavioral and neurometric
sensitivities were typically negatively correlated across the four
cue conditions (MT, mean = —0.33; FST, mean = —0.14; both
means significantly less than O, t test, p < 0.021). Thus, the sensi-
tivities of 2D selective neurons did not account for the behavioral
performance of the monkeys (Figure 6B, first two columns).
Instead, the lower neurometric sensitivities in the binocular viewing
conditions were consistent with 2D motion opponency? %~ that
reduced the overall response modulation when the two eyes saw
opposite net 2D directions (e.g., see Figure 3C).

We next compared the behavioral sensitivities to the neuro-
metric sensitivities of the 3D selective neurons. Similar to the
monkeys, 3D selective neurons were most sensitive in the com-
bined-cue condition (linear mixed-effects models predicting log-
transformed sensitivities with condition as a main effect and
monkey as a random effect; MT, p = 0.035; FST, p = 3.9 x
1077). Neurometric sensitivities in the two perspective cue
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Figure 6. Behavioral and neuronal sensitivity
to 3D motion

(A) Median psychometric and neurometric curves
for each area (MT and FST) and subpopulation (2D
and 3D).

(B) Distributions of Pearson correlation coefficients

comparing simultaneously measured behavioral
and neurometric sensitivities for each cue condi-
tion (arranged in columns following A).
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conditions were similar (analogous model comparing left- and
right-eye perspective cues; MT, p = 0.67; FST, p = 0.83). Sensi-
tivities to the perspective and stereoscopic cues were also
similar (analogous model comparing stereoscopic cues with
both perspective cues; MT, p = 0.95; FST, p = 0.42) (Figure 6A,
columns 4 and 5). On individual sessions, the behavioral and
neurometric sensitivities were typically positively correlated
across the four cue conditions (MT, mean = 0.39; FST, mean =
0.39; both means significantly greater than 0, t test, p < 0.011)
(Figure 6B, last two columns). In the stereoscopic cue condition,
3D selective FST neurons showed reductions in discriminability
at the highest coherences, consistent with the decoding results
(Figure 5). While a similar effect was not behaviorally apparent,
note that the behavior saturated at comparatively lower coher-
ences (Figure 6A, first column), consistent with a ceiling effect
in the relationship between neuronal response amplitude and in-
ferred motion direction.*** Overall, these results indicate that
the behavioral sensitivities were best explained by the responses
of 3D selective neurons and most strongly associated with FST
due to the cross-area difference in prevalence of 3D selectivity.

The pattern of neurometric sensitivities across the cue condi-
tions further distinguished 2D and 3D selective neurons. For 2D
selective neurons, larger sensitivities were associated with
monocular over binocular viewing conditions, consistent with
motion opponency (which is commonplace in V1 and MT%%'
but perhaps less so in FST?"). In contrast, for 3D selective neu-
rons, larger sensitivities were associated with the presence of
multiple motion cues (as opposed to monocular versus binocular
viewing), which is consistent with the theoretical principles of
neuronal cue integration®**® and the perceptual integration of
3D motion cues.”® To further explore these observations, we
ran linear mixed-effects models to test if the strength of 3D
versus 2D selectivity on a continuum (Z3p—Zop) was predictable
from the log-transformed neurometric sensitivity in each cue
condition, area, and their interaction. Consistent with 2D motion
opponency, stronger 2D selectivity was associated with greater
left- and right-eye perspective cue (i.e., monocular viewing) sen-
sitivities in both areas (sensitivity main effects, p < 3.5 x 1074
interactions, p > 0.12). The relationships were qualitatively
different for the combined- and stereoscopic cue conditions.
Stronger 3D selectivity was associated with greater combined-
cue sensitivity in both areas and the effect was much larger in
FST (b =1.28) thanin MT (b = 0.12) (interaction, p = 0.02), consis-

- -0.5 1
Correlation Coefficient

tent with FST containing a more balanced
representation of 2D and 3D motion than
MT, where neurons were predominantly
2D selective. Last, there was no signifi-
cant association between Z3p—Z,p and stereoscopic cue sensi-
tivity in either area (sensitivity main effects and interactions, p >
0.10). This may reflect that the two measures quantify sensitivity
to qualitatively different 3D motion cues and further suggests
that processing at the level of 2D selective neurons fundamen-
tally limits sensitivity to stereoscopic cues to 3D motion.

- -0.5 0. 1
Correlation Coefficient

Hierarchical model of 3D motion computation

The above findings revealed a hierarchical transformation be-
tween MT and FST that generalized the decoding of 3D motion.
A potential mechanism for computing 3D motion is to integrate
the output of 2D retinal-motion selective neurons with different
direction preferences and ODs.?®° In that case, interocular 2D
direction preference differences should be larger for 3D than
for 2D selective neurons. To test this possibility, we compared
the 2D direction preferences of individual neurons measured
separately for the left and right eyes (|A2D]|). As predicted for
this mechanism, interocular differences in 2D direction prefer-
ences were significantly larger for 3D (MT, median = 39.81°,
n = 9; FST, median = 37.25°, n = 58) than for 2D (MT, median =
6.36°, n = 80; FST, median = 6.50°, n = 66) selective neurons (Wil-
coxon rank sum, p = 2.8 x 10719 (Figure S6). Consistent with the
greater prevalence of 3D selectivity in FST than in MT, |A2D|
values were significantly larger in FST than in MT (FST, median =
15.67°,n=157; MT, median =7.14°, n = 106; Wilcoxon rank sum,
p=2.6 x 10~%). These results thus confirmed that larger interoc-
ular 2D direction preference differences were indeed associated
with 3D motion selectivity.

Given these empirical results, we used computational
modeling to explore if integrating the output of neurons with
different 2D retinal-motion direction preferences and ODs could
broadly account for 3D motion selectivity spanning the space of
3D motion directions (STAR Methods). The first layer simulated a
population of 2D retinal-motion selective units that were either
left- or right-eye dominant (equal proportions) and jointly tuned
for 2D direction and speed. The incorporation of speed tuning
was necessary to enable the computation of 3D motion trajec-
tories whose two retinal projections differ in both direction and
speed. The tuning properties of the units were identical for the
two eyes, except for an amplitude difference because of OD.
The second layer simulated a population of units that linearly in-
tegrated the output of pairs of first-layer, 2D selective units, fol-
lowed by an expansive non-linearity (Figure 7A).
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Figure 7. Hierarchical model of 3D motion encoding

(A) Model schematic. The first layer included two populations of 2D direction
selective units with left- (blue) or right- (green) eye ocular dominance. Pairs of
first-layer units with different 2D direction preferences and ODs were linearly
combined followed by an expansive non-linearity (inset) in the second layer to
create 3D selective units (black).

(B) Directions of motion. Directions were sampled across eight azimuths (red)
and seven elevations (blue), for a total of 42 unique trajectories.

(C) Responses of a second-layer unit that preferred away motion, plotted using
an equal-area Lambert projection. Yellow hues indicate higher firing rates and
blue hues indicate lower firing rates. The preference for away motion was in-
dependent of whether the left eye (left image), the right eye (middle image), or
both eyes (right image) were visually stimulated, and therefore the unit was cue
invariant. See also Figures S6 and S7.

We then assessed if the model was sufficient to build a popu-
lation of units whose preferences spanned the space of 3D direc-
tions (Figure 7B) and whether that selectivity was cue invariant.
The 3D direction tuning curve of a second-layer unit tuned for
away motion is shown in Figure 7C. Importantly, the 3D direction
preference was the same regardless of whether the left, the right,
or both eyes were visually stimulated. This was not unique to
away (or toward) preferring units. Across the second layer, the
preferences spanned the space of 3D directions and were cue
invariant (Figure S7). Thus, the integration of 2D retinal-motion
selective units with different ODs was sufficient to create a pop-
ulation of 3D selective units whose preferences spanned the
space of 3D directions.

DISCUSSION

Transforming ambiguous 2D retinal signals into behaviorally rele-
vant representations of 3D motion is an essential function of the
visual system.* While the hierarchical organization of MT and
FST has long been anatomically known,*”*® the functional
significance of the pathway has remained challenging to
discern.?"*”*° Here we discovered that 2D retinal-motion sig-
nals are transformed across MT and FST into a robust represen-
tation of 3D motion. Importantly, we showed that the transforma-
tion generalizes the decoding of motion signals, such that a
single decoder could extract the direction of 3D motion irrespec-
tive of the defining cues or which eye was open. Last, we showed
how the transformation could be implemented through a linear-
non-linear cascade.
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Previous reports came to opposite conclusions regarding
whether MT represents 3D'%'* or 2D'? motion. Multiple lines of
evidence in the current study converged to indicate that 3D
motion selectivity is rare in MT. First, for the vast majority of
MT neurons, the apparent 3D direction preference was opposite
for left- and right-eye perspective cue stimuli, indicating that the
responses were driven by the net direction of 2D retinal motion.
Second, responses to 3D motion in the binocular viewing condi-
tions were well explained by lower-level properties of 2D direc-
tion selectivity and OD. Third, our results showed that decoding
3D motion from MT would require highly dynamic utrocular (eye
of origin) information, but monkeys do not use such information
to discriminate 3D motion.? In the absence of utrocular informa-
tion, decoding 3D motion from MT would result in systematic
confusions of toward and away motion, depending on whether
one eye (or the other) was closed. While motion-in-depth confu-
sions have been observed in human psychophysics,**? they
are distinct from the current findings. Specifically, confusions
in decoding 3D motion from MT were associated with non-domi-
nant eye perspective cues, whereas confusions in human
perceptual data occurred in low-contrast binocular viewing con-
ditions. Fourth, the neurometric sensitivities of MT neurons were
consistently larger in the monocular viewing conditions than in
the binocular viewing conditions. This finding is consistent with
2D retinal-motion opponency, in which opposing dichoptic mo-
tion signals during the binocular presentation of toward/away
motion suppressed neuronal responses. As such, the responses
of MT neurons did not account for the behavioral sensitivity of the
monkeys, which was greater in the combined-cue condition than
the isolated cue conditions.

Previous work suggested that an interaction between 2D di-
rection selectivity and OD supports non-canonical encoding/de-
coding of 3D motion in MT."® Although these physiological prop-
erties are consistent with our results, the model would be highly
inefficient, since the decoder would not generalize across visual
cues or viewing conditions. The model also has untenable impli-
cations. In particular, if the mechanism was sufficient for defining
3D motion selectivity, then it would also be necessary to classify
2D motion selective retinal ganglion cells as 3D selective, since
they too will selectively respond to toward or away motion as a
simple consequence of projective geometry. Thus, a more parsi-
monious conclusion is that MT is largely specialized for 2D
retinal-motion processing'®'***%* and that the persistence of
OD in MT enables downstream computations that support
robust 3D motion processing.

Our finding of 3D motion selectivity in FST is consistent with a
recent neuroimaging study that suggested that neurons in the
area encode stereomotion.’ Interestingly, we found roughly
equal proportions of 2D and 3D motion selective neurons in
FST. This finding is consistent with the area containing a broad
representation of 3D motion, since 2D directions are a subset
of the larger space of 3D directions. Moreover, the behavioral
sensitivity of the monkeys across the four cue conditions was
best explained by the neurometric sensitivities of 3D selective
FST neurons—the same neurons whose responses could be lin-
early decoded to provide a generalized, cue-invariant readout of
3D motion. Indeed, only the sensitivity of the 3D selective neu-
rons reflected the number of visual cues signaling 3D motion,
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implying cue integration consistent with the animal’s behavior.
This starkly contrasts with the 2D selective neurons, whose
sensitivity reflected whether the viewing conditions were monoc-
ular (more sensitive) or binocular (less sensitive), consistent with
2D motion opponency. These findings collectively suggest that
FST is a prominent site of 3D motion processing, which may sup-
port the integration of 3D motion cues in a statistically optimal
fashion.®

How might the 2D-to-3D transformation of visual motion sig-
nals be accomplished across MT and FST? Theoretical work
suggests that 3D motion selectivity may arise, in part, through in-
terocular differences in 2D direction preferences.?®° In line with
this, FST neurons showed larger differences in interocular 2D di-
rection preferences than MT neurons. Although the experiments
only tested 3D motion trajectories that intersected the cyclopean
eye, our simulations showed that a mechanism based on inter-
ocular differences in 2D direction and speed tuning could sup-
port a population of units representing the full span of 3D direc-
tions. It will be interesting for future work to characterize the
distribution of 3D directions represented by FST and relate that
distribution to the natural scene statistics of 3D motion. Howev-
er, doing so will also require the natural scene statistics of 3D
motion to be characterized. The current findings suggest that
motions toward the monkey will be overrepresented, which
may imply that the distribution will reflect a combination of scene
statistics and the behavioral relevance of specific trajectories.
Interestingly, we found that, although MT was largely specialized
for 2D motion processing, neurons with significant combined-
cue tuning tended to have 2D direction preferences and ODs
consistent with toward motion (rightward motion + left OD,
n = 67; leftward motion + right OD, n = 57) as opposed to
away motion (leftward motion and left OD, n = 33; rightward mo-
tion + right OD, n = 37). This may have contributed to the finding
that more downstream 3D selective FST neurons preferred
toward rather than away motion.

Previous computational work demonstrated that 3D motion
selectivity could be achieved by integrating the output of
units with opposite horizontal direction preferences and
ODs.'® 72636 We extended that work to show that a population
of units whose direction preferences spanned the space of 3D
motion could be created using a cascade model in which 2D mo-
tion selective units with OD were selectively integrated. This was
achieved by allowing the integrated units to have different 2D di-
rection (not just opposite) preferences, speed preferences, and
ODs. Importantly, we found that these properties were sufficient
to generalize the creation of 3D direction selectivity. The model
did not explore, however, if this selectivity was also shaped by
computations such as motion opponency, earlier stages of
binocular integration, or divisive normalization. These computa-
tions are widely implicated in the hierarchical processing of
retinal motion as well as motion in depth.'”*¢ They may also
be important to build selectivity for eye-specific optic flow pat-
terns (see limitations of the study), which may speculatively
lead to reduced responses to high-coherence stereoscopic
cue stimuli that lack natural perspective cues. Exploring these
computations in the context of 3D motion processing is therefore
likely to further advance our understanding of how motion sig-
nals are transformed across the V1-MT-FST hierarchy.
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Although little is currently known about the role of FST in visual
processing, it has been linked to object recognition and segmen-
tation, attention, change detection, and structure-from-motion
processing.'>7:20:21:27:39.47.48 Taking this together with the pre-
sent findings and evidence of connections to visual areas in the
ventral pathway,***%*" it is conceivable that FST contributes to
the binding of object identity and 3D motion, enabling the
tracking of specific objects through space.” Interestingly, inacti-
vation of the superior colliculus (SC) was recently shown to
modulate FST’s activity and selectivity.>® In line with this, we
observed saccade-related activity in FST that preceded eye
movements in an overlap saccade task. Future work can deter-
mine whether that activity is associated with FST’s connection to
the SC and ascertain if it is functionally related to selective spatial
attention.

Several visual areas, in addition to FST, are known to contain
3D motion selective neurons.”'* Some of these areas, such
as MSTd, are strongly implicated in self-motion processing.
Compared with the large RFs of neurons in areas that support
self-motion processing, neurons in the lateral/ventral portion of
MST (MSTI/v) and FST have smaller RFs that may be more suit-
able for processing 3D object motion.*>*>" This possibility is
consistent with our finding that small (3° diameter) stimuli elicited
robust responses from FST neurons. The functional relationship
between FST and MSTI/v in object-motion processing and the
potential contributions of FST to self-motion processing are
important topics for future studies.

Limitations of the study

This study extends our understanding of the cortical areas and hi-
erarchical computations that contribute to visual motion process-
ing.” Previous work revealed hierarchical processing of 2D retinal
motion, in which component motion signals extracted at the level
of V1 were integrated to form pattern motion representations in
MT.?*°8 The current findings reveal a subsequent stage of motion
integration atthe level of FST that transforms 2D retinal motion into
abehaviorally relevant, cue-invariant representation of 3D motion.
While the current study demonstrated a functional association be-
tween FST and 3D motion processing, it did not test if FST causally
contributesto 3D perception. The experiments also only assessed
selectivity for motion toward and away from the cyclopean eye.
Knowledge of the shape and bandwidth of FST tuning curves
over the span of 3D directions can further constrain models that
capture the contributions of additional computations and areas
to 3D motion processing. Such information would also be valuable
for investigating the coordinate frame(s) in which FST neurons
represent 3D motion. Last, an intriguing possibility to explore is
that selectivity for eye-specific perspective cues to 3D motion (op-
tic flow) is achieved computationally through non-linear RF struc-
tures that are distinct for each eye.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by Ari Rosenberg (ari.rosenberg@wisc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Supporting neuronal data have been made available in a public repository (https://osf.io/qvts8/) as of the date of publication.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal preparation

Two male rhesus macaque monkeys (Macaca mulatta; Monkey J: 6.2 years of age, 8.4 kg in weight; Monkey C: 5.8 years, 9.0 kg) were
used in this study. All surgeries and experimental procedures were approved by the Institutional Animal Care and Use Committee at
the University of Wisconsin—-Madison (Protocol G005229) and were in accordance with NIH guidelines. A head-stabilizing Delrin ring
was surgically attached to the skull under general anesthesia.?®>4%'~5* After recovery, the monkeys were trained to sit in a primate
chair and fixate visual targets within 2° version and 1° vergence windows for liquid reward. Both monkeys previously participated in a
study which used the same stimuli and discrimination task to assess behavioral sensitivity to perspective and stereoscopic cues to
3D motion across the visual field.?

METHOD DETAILS

Behavioral control and stimulus presentation

Experimental control was performed using the REC-GUI software (RRID:SCR_019008).°° Stimuli were rear projected onto a polar-
ization preserving screen (Screen-Tech e.K.) using a DLP LED projector (PROPixx; VPixx Technologies, Inc.) with a resolution of 1920
x 1080 pixels (58° x 35°) at 120 Hz. The screen was 57 cm from the monkey. Polarized glasses were worn. A phototransistor circuit
was used to confirm the synchronization of the left- and right-eye images, and to align neuronal responses to the stimulus onset. The
stimuli were created in MATLAB R2015a using Psychtoolbox 3°° and rendered with anti-aliasing using an NVIDIA 1080T graphics
card on a Linux workstation. Eye tracking was performed at 1,000 Hz (EyeLink 1000 plus, SR Research).

Visual stimuli

The 3D motion stimuli were previously described in detail.? Briefly, they depicted a volume with dots moving toward or away from the
cyclopean eye. Twenty-two dots, 11 light (113 cd/m?) and 11 dark (0.04 cd/m?), were initialized with pseudorandom x, y, and z po-
sitions within the volume. The volume was oriented toward the cyclopean eye, spanned +1° of horizontal disparity (~42.5 cm of
depth), and corresponded to a 3° diameter circular aperture on the screen. The background was gray (60 cd/m?). Seven motion
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coherences were used: 0,0.09, 0.18, 0.36, 0.45, 0.64, and 1 (0/22, 2/22, 4/22, 8/22,10/22, 14/22, and 22/22 signal/total dots, respec-
tively). Signal and noise dots were pseudorandomly assigned each stereoscopic frame-pair. Signal dots moved toward or away from
the monkey with an average retinal speed of ~4.2°/s while noise dots were reassigned to pseudorandom positions within the volume.
The signal dot speed approximately maximized perceptual sensitivity to 3D motion®®® (Figure S8).

Four 3D motion cue conditions were included: (1) combined-cue stimuli which contained perspective and stereoscopic cues, (2)
left-eye perspective cue stimuli, (3) right-eye perspective cue stimuli, and (4) stereoscopic cue stimuli. The perspective cues included
optic flow and changes in the retinal density and size of the visual elements. Due to the horizontal offset of the eyes, the optic flow
patterns for each eye had foci of expansion/contraction that were horizontally offset in opposite directions on the screen. Thus, the
perspective cues were eye-specific, and left- and right-eye stimuli had opposite net horizontal motion directions. The stereoscopic
cues included changing disparity and interocular velocity differences.®® Dot disparities were uniformly distributed throughout the
stimulus volume. It was therefore impossible to discriminate the direction of motion or account for neuronal selectivity to the stimuli
based on the distribution of instantaneous disparities, dot sizes, or dot density on the screen. Stimulus examples are provided in an
Extended Data Movie (https://osf.io/dsjza).

The 2D motion stimuli (22 dots, 11 light and 11 dark) were presented monocularly and binocularly within a 3° diameter circular aper-
ture at eight directions (0° to 315° in 45° steps). The horizontal (0° and 180°) monocular conditions were equivalent to monocular
views of the stereoscopic cue stimuli at 100% coherence. The 2D stimuli were presented at a speed of ~4.2°/s for all neurons, as
well as at 12.6°/s for 165 MT and 523 FST neurons.

Receptive field mapping

Initial receptive field (RF) estimates were obtained with hand-mapping techniques using random dot patches, drifting gratings, and/or
oriented bars. Based on the estimates, a rectangular region with ~400-600 square patches was defined to cover and extend beyond
the RF. Dark and light squares were flashed (150 ms duration) in an alternating sequence at pseudorandom locations during fixation
of atarget. A liquid reward was provided after every 20 flashes. If fixation was broken, the monkey was required to fixate the target for
300 ms before the sequence resumed. A single repetition was completed when light and dark squares had been flashed at each loca-
tion. At least four blocks were completed each session. Responses at each grid location were averaged over blocks (regardless of
brightness). A 2D Gaussian contour was fit to the average responses. The mean of the Gaussian was used as an estimate of the RF
center. The sigma values defined principal axes demarcating an ellipse used to calculate the RF area.

Behavioral tasks
We first measured 2D direction selectivity during passive fixation by pseudorandomly presenting eight directions of motion both
monocularly and binocularly and at either one or two speeds. The monkey received a liquid reward after every third stimulus.

The 3D motion stimuli were then presented as part of a toward/away motion discrimination task. The trial structure proceeded as
follows. First, a monkey acquired fixation on a red circular target (0.1°, 20.5 cd/m?) at the center of the screen and aligned with the
cyclopean eye. After 300 ms, a stimulus appeared for 1 s while fixation was maintained. The fixation target then disappeared and two
red choice targets (0.1°, 20.5 cd/m?) appeared 9° above/below the fixation target. The direction of motion was indicated as ‘toward’
or ‘away’ by making a saccade to the lower or upper target, respectively. A liquid reward was provided for correct responses. Re-
sponses to 0% coherence trials were rewarded pseudorandomly with 50% probability.

Interleaved with the 3D motion stimuli were presentations of monocular and binocular horizontal (0° and 180°) 2D motion, without
the choice component of the trial. Also interleaved were trials of an overlap saccade task. On each trial of that task, one of two
saccade targets was presented at locations corresponding to the choice targets in the motion discrimination task for 1 s while fixation
was maintained on a central fixation target. The fixation target then disappeared, and the monkey made an eye movement to the
saccade target for a liquid reward.

The inter-trial interval was 1.5 s. A trial was aborted without reward if fixation was broken before the end of the trial, or if a choice/
saccade was not made within 500 ms. Stimuli were presented in a block structure, with completion of one trial of each condition
required to finish the block. Aborted trials were reshuffled into the block until all were completed. The next block then began. A min-
imum of 5 blocks (mean = 6.2) of the 2D direction and 10 blocks (mean = 21.3) of the 3D motion discrimination/saccade tasks were
required for inclusion in the dataset.

Neuronal recordings
Areas MT and FST were identified based on anatomical and functional properties. The CARET software was used to register struc-
tural MRiIs to the F99 atlas®” and to estimate electrode trajectories. MT was distinguished from FST according to its well-established
topography, where RFs are organized along a peripheral to foveal visual field representation moving posterior to anterior.'® The RFs
became larger and less topographically organized when transitioning into FST, which is immediately anterior and ventral to MT.?%2?
Recordings were performed using linear array probes with four or eight tetrodes (NeuroNexus, Inc). Tetrodes were separated by
300 um. Electrodes within a tetrode were arranged in a diamond pattern and separated by 25 pum. Neuronal signals were sampled at
30 kHz and stored with eye movement and phototransistor traces sampled at 1 kHz (Scout Processor; Ripple, Inc). Tetrode record-
ings leverage that the amplitudes of recorded action potentials depend on the distance between the neuron and each channel to
provide additional waveform information for distinguishing neurons.®® Tetrode-based spike sorting was performed offline using
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the Klustakwik®® semi-automatic clustering algorithm in MClust 4.07° followed by manual refinement based on waveform, stability,
and refractory period violations in Offline Sorter (Plexon, Inc). As in previous work,>*%* all isolated units were verified by at least two
authors. Only neurons for which the stimulus was entirely within the RF were included: 193 MT and 317 FST neurons from the right
hemisphere of Monkey J (33 MT and 33 FST sessions); 165 MT and 217 FST neurons from the left hemisphere of Monkey C (12 MT
and 20 FST sessions).

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral data analysis

The ability to discriminate toward/away motion was quantified separately for each cue condition by calculating the proportion of
‘toward’ responses as a function of the directionally signed motion coherence.® The data were then fit with a cumulative Gaussian
using Psignifit 4 in MATLAB (Mathworks) to estimate the response bias (1) and sensitivity (¢ 1).”"

Visual response latency

The spike times of individual neurons were aligned to the stimulus onset using the phototransistor trace. Following previous work,*:%*
spikes were binned with 1 ms resolution and convolved with a double exponential function, which was averaged over all trials to
generate an average spike density function (SDF). The response latency was then defined as the first time point after stimulus onset
when the SDF significantly deviated from the average level of baseline activity (computed over all trials using the 150 ms of fixation
preceding the stimulus onsets) with maintained significance for at least 30 ms (ANOVA followed by Tukey’s HSD test, p < 0.05).

Saccade analysis

A saccade onset was defined as the first time point when the velocity of either eye was >150°/s. An ANOVA (p < 0.05) on mean re-
sponses during the 150 ms prior to saccade onsets in the overlap saccade task was used to determine whether a neuron had sig-
nificant saccade direction selectivity. For all neurons with significant selectivity, trials were grouped according to the preferred and
non-preferred saccade direction. For each trial, two SDFs were created aligned to either the saccade target onset or saccade onset.
The SDFs were then averaged across neurons to generate population time courses for the preferred and non-preferred saccade
directions.

Asymmetry Index (Al)
Neuronal selectivity for 3D motion was quantified for each cue condition using an Asymmetry Index (Al)'*:

Rriy — Rag

1
Asymmetry Index(Al) = — e T A
g v A=n ~ |Rro) — Raw|+0av)

(Equation 1)
where Ry and Ra;) are the mean responses to toward and away motion at the i " motion coherence, and oav() is the average stan-
dard deviation of toward and away responses at that coherence. Responses were computed over the full stimulus duration (1 s). The
Al quantifies the degree of asymmetry in the responses to toward versus away motion. Larger magnitudes indicate greater selectivity,
and positive (negative) values indicate toward (away) preferences. The statistical significance of toward/away selectivity was deter-
mined using a two-way ANOVA for direction and motion coherence (p < 0.05).

Monocularity Index
Tointerpret visual responses to the combined-cue and stereoscopic cue conditions in relation to monocular views of the same stimuli
and ocular dominance, we computed monocularity measures using the monocular trials:

Rmax - Lmax

Monocularity Index =
Y Rmax+Lmax

(Equation 2)
where Rmax and Lyqg, are the maximum responses during right- and left-eye visual stimulation, respectively. The dominant eye was
defined using the sign of the monocularity index, with positive values indicating right dominance and negative values indicating left
dominance.

2D motion analysis

Selectivity for 2D motion was quantified for each speed and viewing condition (left eye, right eye, or binocular) by performing ANOVAs
(p < 0.05) on mean firing rates calculated over the full stimulus duration (1 s). Direction preferences were estimated from von Mises fits
to the tuning curves.

Classification of 2D retinal-motion and 3D motion selectivity

To classify neurons as selective for 2D retinal motion or 3D motion, we computed partial correlations for each neuron in 2D retinal-
motion and 3D motion coordinates using the left- and right-eye perspective cue responses.
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Rp = ——7——— (Equation 3)
(1 —r3p)(1—rg)

Ray = rsp — lplm
D =
V(1 =r3p)(1=riy)

Here, rop is the correlation between the dominant- and non-dominant eyes’ perspective cue responses in 2D retinal-motion coor-
dinates and r3p is the correlation between the responses aligned relative to the direction of 3D motion (toward/away). The 2D retinal-
motion coordinates were obtained by reflecting the dominant eyes’ perspective cue responses about the 0% motion coherence.
Lastly, ry is the correlation between the dominant eye’s perspective cue responses in the two coordinate frames. The partial corre-
lation coefficients were then converted to Z-scores (Zop and Zsp) using Fisher’s r to Z transformation:

(Equation 4)

Zoo= 0.5 (720 ) /g7 (Equation 5)
Zap= 0.5In ( 1+As0 )\/df (Equation 6)
T~ R

Here, the degrees of freedom, df, were equal to the number of motion coherences (13) minus 3. For a neuron to be classified as 3D
(or 2D) selective, the difference between Zsp and Zop was required to exceed 1.28 (or vice versa), corresponding to P = 0.90, which is
a standard criterion used to classify pattern/component selectivity.”***"> Otherwise, the neuron remained unclassified.

Linear population decoding

We used Fisher’s Linear Discriminant to assess how well toward and away motion could be discriminated using the responses of
different neuronal subpopulations.”® For each decoder, we performed repeated random subsample cross-validation, where 20 trials
were sampled with replacement from each neuron’s response distribution to the combined-cue stimuli (balanced across motion co-
herences). Decoders were trained and tested on 50% of the sampled trials (balanced across motion coherences) using mean re-
sponses over the stimulus duration. This process was repeated 1,000 times and the generalization of each decoder tested using
a bootstrap across all cue conditions and motion coherences.

Neurometric sensitivity

A neurometric function was computed for each neuron and cue condition. Neuronal responses to each cue were grouped according
to the direction preference using the sign of the Al. For each motion coherence, an ROC curve was generated using the response
distributions to the preferred and anti-preferred motions, and the area under the curve provided the proportion of ‘preferred direction
reports’.?®2° The 0% motion coherence trials were compared using identical distributions and were thus always equal to 0.50. After
computing proportions for each coherence, a cumulative Gaussian was fit to estimate the neurometric sensitivity.

Hierarchical model of 3D motion encoding
A model was developed to explore the potential mechanisms underlying the 2D-to-3D visual motion transformation. We simulated
responses to 3D motion directions at all combinations of eight azimuths (0° to 315° in 45° steps) and seven elevations (linearly spaced
in the sine of the elevation), for a total of 42 unique directions. Each trajectory simulated motion at 80 cm/s (corresponding approx-
imately to the retinal speed in the experiments, ~4.2°/s) centered at a viewing distance of 57 cm. For each trajectory, we ray-traced
the corresponding left- and right-eye 2D velocities assuming an interocular difference of 3 cm.

The first layer included 84 units with 2D direction and speed tuning, and either left or right eye ocular dominance (in equal propor-
tions). The tuning function for each unit was described by:

R(6,s) = DC+G xOD xD(f) x V(s) (Equation 7)

where 6 is the 2D retinal-motion direction, s is the retinal speed, DC is an offset (5 Hz), G is the gain (30 Hz), and OD is the ocular
dominance (0.6 for the dominant eye and 0.4 for the non-dominant eye). The 2D direction tuning was described by a von Mises func-
tion: D(8) = e*°°s?~#=1] where the mean (u) and concentration (k) define the preference and bandwidth, respectively. The concen-
tration, «, was set to 7, corresponding to a tuning bandwidth of ~90°. The speed tuning was described by a log-Gaussian: V(s) =

S+Sg

2
- (S : )
exp| — % , Where s, is the preferred speed, sg is an offset parameter (0.33), and ¢ is the tuning bandwidth (1.16). The

values correspond to median values previously reported for MT”“. For units preferring upward or downward motion, the speed tuning
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bandwidth was decreased to 0.5 to produce similar 3D direction tuning bandwidths in the second layer. The velocity preferences of
the units were identical for the two eyes. Each unit was maximally responsive to the 2D retinal motion direction and speed corre-
sponding to one of the 42 simulated 3D motion directions, such that each left (right) eye dominant unit had preferences corresponding
to the left (right) eye projection of a specific 3D direction.

The second layer consisted of units that integrated the 2D selective responses of the first-layer units. There were two sets of
42 units (left-eye dominant or right-eye dominant; 84 units total) that linearly combined pairs of first-layer units, followed by an expan-
sive nonlinearity: R(6,s) = [ODXR.(6,s)+(1 — OD)xRR(ﬁ,s)]é, where 6 is the expansive nonlinearity (1.1) and units could be left-eye
(OD = 0.6) or right-eye (OD = 0.4) dominant. By integrating the output of pairs of first-layer units (R, and Rgr) whose preferences cor-
responded to the eye-specific 2D retinal motion projections of the 3D motion, each unit was maximally responsive to one of the 42 3D
directions. For example, a second-layer unit that preferred away motion integrated the output of a first-layer, left-eye dominant unit
that preferred leftward motion at ~4.2°/s and a first-layer, right-eye dominant unit that preferred rightward motion at ~4.2°/s.

Vergence control

We used a linear mixed effects model to test if small changes in vergence that did not violate the vergence window might have
affected our assessments of 3D selectivity. The analysis was performed on the combined-cue data since these stimuli had the largest
number of cues that could elicit changes in vergence. On each trial, we computed the mean vergence over the stimulus duration. For
each neuron with significant combined-cue tuning, we then tested if the combined-cue firing rate depended on main effects of motion
coherence, motion direction, and vergence. Note that this was the same test used to test for combined-cue selectivity, but with ver-
gence added as a covariate. Only 19/194 (9.8%) MT and 25/309 (8.1%) FST neurons showed a significant effect of vergence
(p < 0.05). Most importantly, the significance of the main effect of motion direction did not depend on whether vergence was included
as a covariate for all but 4 (2.1%) MT and 3 (1.0%) FST neurons. These findings are similar to those in previous reports®'#29:34.64.75
and imply that vergence signals did not account for 3D motion selectivity.
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Figure S1. Saccade-related activity during an overlap saccade task. Related to Figure 2.
(A) Each trial, the monkey fixated a central target for 300 ms before a saccade target appeared
either above or below the fixation target for 1 s. The saccade targets had the same locations as
the choice targets in the 3D motion discrimination task. When the fixation point disappeared, the
animal made a saccadic eye movement to the target.

(B) Mean spike density functions (preferred saccade direction: red; non-preferred direction: black)
for the 35 MT neurons with significant saccade direction selectivity. The left plot shows the time
courses aligned to the saccade target onset. The vertical black dashed line indicates when the
fixation point disappeared (go cue). The right plot shows the time courses aligned to the saccade
onset. The gray shaded region marks the time segment used to assess saccade selectivity.

(C) Same as B, but for the 98 FST neurons with saccade direction selectivity. Compared to MT,
FST showed more prominent response modulation beginning ~150 ms before the saccade onset.
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Figure S2. Distributions of toward/away selectivity for each cue condition. Related to
Figure 3.
(A) Distribution of Als in MT for each cue condition (combined-cue: black; left-eye perspective
cues: blue; right-eye perspective cues: green; stereoscopic cues: magenta; N = 358). Filled bars
indicate significant toward/away selectivity. Insets indicate the number of neurons with significant
toward (positive) or away (negative) selectivity. Arrows mark mean Als.
(B) Same as A, but for FST (N = 534). In both areas, more neurons preferred toward than away
motion.
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Figure S3. Time courses of 2D and 3D motion selectivity. Related to Figure 4.

(A) Time courses of Zsp — Zop averaged over all 2D selective MT (orange) and FST (purple)
neurons (50 ms sliding bins with 1 ms increments). The latency difference between the times
courses (cross-correlation peak: T = 11 ms) was consistent with the areas’ visual response
latencies (Figure 2C). Note that 2D selectivity was stronger in MT than FST throughout the
response.

(B) Same as A, but for 3D selective neurons. Statistical comparisons were not possible given the
small number of 3D selective MT neurons (N = 9), but it appears that 3D selectivity may have first
emerged in FST, pointing to a possible role for feedback in MT’s representation of 3D motion.
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Figure S4. Comparison of combined-cue and stereoscopic cue Als with dominant and non-
dominant eye perspective cue Als. Related to Figure 4.

(A) Combined-cue (black points) and stereoscopic cue (magenta points; neurons with significant
stereoscopic cue tuning only) Als versus dominant eye perspective cue Als for 2D (top) and 3D
(bottom) selective MT (left) and FST (right) neurons. Direction preferences were positively
associated. More opaque points indicate stronger ocular dominance (normalized for each area),
which moderated the strength of the relationships. As expected for 2D selective neurons (top row),
data points in the unanticipated quadrants (2 and 4) were generally associated with weak OD.
(B) Combined-cue and stereoscopic cue Als versus non-dominant eye perspective cue Als.
Direction preferences were negatively associated for 2D neurons (top) and positively associated
for 3D neurons (bottom). As expected for 2D selective neurons (top row), data points in the
unanticipated quadrants (1 and 3) were generally associated with weak OD.
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Figure S5. Linear decoding of 3D motion direction from the full populations. Related to
Figure 5.

(A) Decoding performance with all 2D and 3D selective MT neurons as a function of motion
coherence. Decoders were trained on the combined-cue responses and tested on the combined-
cue (black), stereoscopic cue (magenta), dominant eye perspective cue (yellow), and non-

dominant eye perspective cue (cyan) responses. Error bars are 95% confidence intervals.
(B) Same as A, but for FST.
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Figure S6. Interocular 2D direction preference differences. Related to Figure 7.
(A & B) Comparison of left- and right-eye 2D direction preferences in MT (A) and FST (B). Points
are colored according to the classification in Figure 4. Dashed black lines are identity lines.
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Figure S7. Responses of example units from the second layer. Related to Figure 7.
(A-F) Responses of six second-layer units to each 3D motion direction, plotted using an equal-
area Lambert projection. Yellow hues indicate higher firing rates and blue hues indicate lower
firing rates. The units had cue-invariant 3D direction preferences. These examples are a
representative subset of the population, with preferences in the northern hemisphere (A: upward
preference; B: up and to the left; C: up and to the right; D: leftward; E: rightward; F: toward).
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Figure S8. Behavioral sensitivity to 3D motion as a function of retinal speed. Related to
STAR Methods.

Sensitivity to combined-cue 3D motion decreased at retinal speeds higher than used in the

experiments (~4.2°/s).
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