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Using fMRI and multivariate analyses we sought to understand the neural representations of articulated body
shape and local kinematics in biological motion. We show that in addition to a cortical network that includes
areas identified previously for biological motion perception, including the posterior superior temporal sulcus,
inferior frontal gyrus, and ventral body areas, the ventral lateral nucleus, a presumably motoric thalamic area is

fMRI sensitive to both form and kinematic information in biological motion. Our findings suggest that biological
motion perception is not achieved as an end-point of segregated cortical form and motion networks as often
suggested, but instead involves earlier parts in the visual system including a subcortical network.

Introduction 2004; Peelen et al., 2006; Saygin, 2007; Jastoff and Orban, 2009; Grosbas

The introduction of point-light motion displays (Johansson, 1973)
has helped reveal the exceptional efficiency with which the human visual
system can interpret animate (biological) motion devoid of other obvious
contextual cues (e.g., the shape of the agent). Of course, form information
is still readily available through the deformation of the motion pattern
itself, and indeed observers use such global structure-from-motion in-
formation to interpret biological motion (Troje, 2002). It is clear now,
however, that the global shape arising from deformation of the motion
pattern is not the only cue available to the observer. Extensive behavioral
data suggest that the visual system is also remarkably sensitive to local
kinematic information, and particularly responds to the gravitational
acceleration of the feet and the way they strike the ground (Beintema and
Lappe, 2002; Troje and Westhoff, 2006; Chang and Troje, 2009). We
refer to these two sources of information as “global” (structure from
motion) and “local” (kinematics of individual dots) cues.

Neuroimaging, neurophysiology, and neurostimulation studies have
identified a network of areas in the cortex that responds to biological
motion. Relevant areas include ventral extrastriate regions such as the
posterior superior temporal sulcus (pSTS), posterior inferotemporal sul-
cus (pITS), fusiform gyrus, extrastriate and fusiform body areas (EBA,
FBA), but also portions of the frontal and parietal cortex (Bonda et al.,
1996; Grossman and Blake, 2002; Peuskens et al., 2005; Saygin et al.,

et al., 2012; Thompson and Baccus, 2012; van Kemenade et al., 2012).
However, these studies have generally isolated the areas involved in the
perception of biological motion by contrasting an intact walker with one
that is spatially scrambled. This contrast addresses the effects of global
structure on the neural responses well, but since the kinematic infor-
mation conveyed by the individual local dots are the same between the
two stimuli, it is not appropriate to search for the neural representations
of local cues. Studies thus far that have tried to tease apart the separate
contributions of shape and kinematics have promisingly shown some
dissociation in terms of the cortical networks involved. Notably, the
dorsal cortex seems to be critical for the perception of kinematics, and the
ventral stream critical for the perception of shape (with information from
the two streams proposed to be integrated in the occipito-temporal cor-
tex) (Casile and Giese, 2005; Thompson et al., 2005; Jastoff and Orban,
2009; Vangeneugden et al., 2014; Gilaie-Dotan et al., 2015). While the
majority of these studies have reduced biological motion into point-light
representations, these same regions are implicated in more naturalistic
contexts. For example, videos and static images of bodies similarly elicit
responses in ventral body areas EBA and FBA (O'toole et al., 2014).
There is reason to believe that surveys of the brain regions relevant to
biological motion perception would benefit from moving beyond the
cortex, considering the roles of subcortical loci. The neural substrates
underlying the perception of local kinematics, in particular, has garnered
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much intrigue as it is posited that the relevant mechanisms are phylo-
genetically more primitive, and hence likely to involve older parts of the
visual system (Troje and Westhoff, 2006; Johnson, 2006). In light of a
growing body of developmental data showing that sensitivity to biolog-
ical motion is present early in development (Fox and McDaniel, 1982;
Bertenthal, 1996; Hirai and Hiraki, 2005; Méary et al., 2007; Reid et al.,
2008), it would not be surprising if biological motion perception is
governed in part by deeper structures such as the brainstem or thalamus.
This line of thought is also strengthened by work in non-human species -
newly hatched chicks - for orienting towards biological motion (Vallor-
tigara et al., 2005; Vallortigara and Regolin, 2006). These findings in
chicks, which have very different brain organization as compared to
primates, though they do have circuits elsewhere with functions ho-
mologous to those governed by the mammalian six-layer cortex (Wang
et al.,, 2010), should challenge our traditional understanding that
high-order “biological motion” perception in humans is solely reliant on
the cortex.

While the thalamus has been long-considered a sensory relay center,
an increasing body of literature is indicating a regulatory role for this
region, contributing to wide-ranging aspects of cognition. For example, it
has been shown that fMRI responses in the human lateral geniculate
nucleus (LGN) can be modulated by actively directing subjects to attend
to or ignore a stimulus (O'Connor et al., 2002). Attentional modulations
of single-unit responses in the LGN have also been shown in the macaque
(McAlonan et al., 2008). Moreover, lesions in the thalamus, and in
particular of the pulvinar and mediodorsal nucleus, can result in atten-
tion and memory impairments (e.g., Baxter, 2013; Jankowski et al.,
2013). Considered together, these findings challenge traditional notions
that attentional modulations have sole cortical origins. Beyond atten-
tional processes, thalamic nuclei have been implicated in other
high-order functions including learning (Bradfield et al., 2013; Habib
et al., 2013), language (Klostermann, 2013), and movement control (e.g.,
Prevosto and Sommer, 2013) — extending to anticipations of perceptual
consequences of ocular movements (Ostendorf et al., 2013). Hence, it
would not be surprising if the thalamus, and potentially other subcortical
centers may also be implicated in biological motion perception.

To our knowledge, only one study to date has implicated a non-
cortical area (the cerebellum) in the processing of biological motion
(Sokolov et al., 2012). These findings are particularly interesting at it has
become increasingly clear that the cerebellum should no longer be
considered a solely motor structure. For example, the cerebellum has
been shown to be involved in language processing (e.g., Xiang et al.,
2003), visuospatial reasoning (e.g., Bonda et al., 1995; Creem-Regehr
et al., 2007), and executive functions (e.g., Tomasi et al., 2007). Whether
additional subcortical components of the motor loop may be involved in
a broader range of functions, including, of more immediate relevance,
the perception of biological motion, is unclear.

Here, using whole-brain, high-resolution, multiband fMRI, along with
a multivariate approach (multivoxel pattern analysis, MVPA), we aimed
to achieve a survey of the cortical and subcortical areas for the perception
of global structure-from-motion and local kinematic information in bio-
logical motion that may have been overlooked in traditional univariate
approaches. We focus on global and local cues containing information
about the intended walking direction of a stationary point-light walker.
The facing-direction task has been used widely to show the importance of
both form-related processes (Beintema and Lappe, 2002; Miller and
Saygin, 2013) and kinematics-related processes (Troje and Westhoff,
2006; Hirai et al., 2011) in biological motion perception. We introduced
three main types of manipulations in order to isolate stimuli that con-
tained solely global form from motion information, solely kinematics, or
neither global form nor natural kinematics information. To isolate rep-
resentations of global structure-from-motion we generated novel walkers
that carried the structure of an intact walker but no informative local cues
as to walking direction (“global only” walkers). These stimuli were
generated by replacing each local trajectory with the average of its
original trajectory and its left/right mirror-flipped variants. While the
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overall spatial arrangement of the dots was preserved, this manipulation
rendered individual local motions that were symmetric along the
anterior-posterior axis, and critically carried no horizontal asymmetry. In
order to create a stimulus that isolates local cues to facing direction,
stimuli were deprived of structural cues to direction by taking the
veridical walker (Troje, 2002) and randomly reallocating the positions of
the individual dots along the horizontal dimension. We call this stimulus
the “local natural” walker. We then took this latter stimulus and modified
it further in order to also deprive it from the acceleration patterns that we
had earlier shown to be the critical feature of the “life detector” (Chang
and Troje, 2009). This last type was achieved by both scrambling the
horizontal positions of the individual dots thereby destroying global
structure, and manipulating kinematics such that the individual dots
traveled along the original traces at constant speed (Chang and Troje,
2009). We call this stimulus the “local modified” walker (see Methods for
further details on the stimulus manipulations). The three types of walkers
were presented both upright and upside-down. We included an ‘inver-
sion’ manipulation to help validate any dissociations between
structure-related and kinematics-related regions, in light of behavioral
literature that have suggested very different sources underlie
inversion-related perceptual impairments for the two types of stimuli.
The source of the first inversion effect appears to be similar to that
observed in the face literature (Freire et al., 2000), relating to the
inversion of the familiar (body) structure. The inversion effect observed
with kinematics-only stimuli, however, appears to relate to the orienta-
tion of velocity gradients within the individual dot-motions, and specif-
ically those of the feet, but is also curiously modulated by visual field
position (Chang and Troje, 2009; Hirai et al., 2011). Inclusion of the
upside-down variants, thus probe for differential modulations of the
relevant regions with inversion and may thereby help verify any disso-
ciation between structure-related and kinematics-related regions.

Methods
Participants

Nineteen observers (mean age of 26.4 years, 13 males) participated in
this study. All had normal or corrected-to-normal vision, and provided
written informed consent in line with ethical review and approval of the
work by the ethics committee of the National Institute of Information and
Communications Technology (NICT), Japan.

Stimuli

Stimuli were point-light biological motion sequences based on motion
capture data of an average walker computed from 50 men and 50
women, that can be represented as a simple fourier series characterizing
the position of each dot motion in three dimensions (Troje, 2002). Each
walker in this particular experiment was represented by a set of 11 dots
shown in sagittal view (facing either rightward or leftward) with a gait
frequency of 0.93Hz. Overall translation was subtracted. Dots were
white (153.7 cd/m?) on a black background (0.92 cd/m?).

The average walker in its original form contains both full structure
from motion information (through the presence of the familiar body
shape) and kinematic information (as carried by horizontal and vertical
asymmetries, such as acceleration). In order to tease apart the contri-
butions of these differing types of information, we did not present the
walker in this original form, but rather derived six variations of the
stimulus, manipulating the presence or absence of structural organization
(intact or absent), the kinematic information contained in the individual
local trajectories (veridical kinematics, mirror-symmetric motion, or
perturbed-constant speed), and orientation (upright or inverted). As
these manipulations cannot be neatly characterized in terms of a
factorial-type design, we provide schematic samples of the stimuli
(Fig. 1a), as well as summarize the information contained in the stimulus
in accordance with our stimulus labels, both in terms of global structure



D.H.F. Chang et al.

a Global Local Natural Local Modified
Upright o ee . KA
. "o ..
Inverted ~ * ¢ * e o °
= :

Information Contained

Stimulus label Global Structure Local Trajectories

Global Intact Symmetric
Local Natural Scrambled Veridical
Local Modified Scrambled Constant

Fig. 1. Schematic representations of the three main types of stimuli presented in
this experiment, at the two orientations (Fig. 1a). In the global stimulus, the
structural organization of the walker was held intact, but local trajectories were
rendered left-right mirror symmetric. In the local natural stimulus, the structural
organization was destroyed by horizontal shuffling, but the local kinematics
were veridical. Finally in the local modified stimulus, both the structural or-
ganization was destroyed through horizontal shuffling, and local kinematics
were perturbed by forcing the motion along the fixed trace at constant speed.
The stimulus labels and the corresponding global and local information con-
tained in them are summarized in Fig. 1b.

and local kinematics (Fig. 1b).
Samples of the stimuli can also be viewed at http://changlab.hk/
demo-bm. All demonstrations in the multimedia are right-facing.

Global only walker

Our “global only” walker was designed to convey structure-from-
motion information only, by rendering individual local trajectories
(left-right) mirror-symmetric. This was achieved by first preserving the
spatial layout of the dot trajectories (i.e., the mean position of each dot is
retained in its original vertical and horizontal location). Critically, we
then took each individual point-light motion and replaced its horizontal
component by the average of the original trajectory and its left/right
mirror-flipped variants. The resulting motion is perfectly symmetric
about the horizontal axis. This is conveyed in Fig. 1a (global walker and
its inset) where we have provided the trace of one dot - that of the foot
trajectory of our global walker. This left/right symmetric motion can be
contrasted with that of the natural walker (Fig. 1a, local natural walker,
inset), which, if in motion, retains strong horizontal asymmetric cues in
one direction (i.e., left, in Fig. 1a). Consequently, in the global walker,
kinematic-based direction cues are now uninformative. If asked to
resolve the facing direction of such a stimulus, the observer can only rely
on the deformation of the overall structure (from motion). Certainly, as
this manipulation indeed provides distortions to the shape of the local
trajectories themselves, one could argue that the overall structural
deformation of the walker is also not entirely identical to that which
would be carried by a veridical walker (although casual inspection of our
interactive demo reveals that any distortions to global shape appear
rather minimal).

Local natural walker
Our “local natural” walker was designed to carry natural kinematic
information, but no global structure information. This walker was
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achieved by starting with the original (average) walker and randomly
shuffling the horizontal spatial positions of the dots. There were no
manipulations to the local kinematics. As such, if asked to resolve the
facing direction of this particular stimulus, the observer can rely on local
kinematics, but not global structural deformations.

Local modified walker

Finally, a “local modified” walker was designed to carry neither
structure-from-motion information nor valid kinematic information. This
walker was achieved by starting with the original (average) walker and,
as for the “local natural” walker, randomly shuffling the horizontal
spatial positions of the dots; however, we additionally perturbed local
motion by forcing each individual dot to move with constant speed along
its original trajectory. That speed was equal to the average speed of the
corresponding dot-motion in the original walker (Chang and Troje,
2009). This was achieved by interpolating each individual dot trajectory
and computing linear arclength. Critically, this manipulation disrupts the
natural velocity profile of the foot motion and in particular eliminates the
vertical asymmetries caused by gravitational acceleration. This walker
then contains neither global form information nor the critical local
invariants.

The three types of stimuli (global only, local natural, and local
modified) were shown upright or inverted, rendering a total of six main
stimulus variations. Importantly, an inverted “local natural” and “local
modified” walker was generated by mirror-flipping each dot about its
horizontal axis only. This retains the vertical order of the dots (i.e., feet
dots were retained at the bottom of the display). An inverted “global
only” walker carried a complete inversion of the shape and the local
trajectories (which were themselves altered, as described above). For all
stimuli, the starting phase (temporal position of the gait cycle) was
randomly selected on each trial. For the two “local” stimuli, horizontal
spatial shuffling was randomized on each trial.

Stimuli were presented on a PC (HP Z230SF). Graphics rendering was
implemented by a nVidia Quadro K600 graphics card set to display
1024 x 768 pixels at 60 Hz. Stimuli were front-projected to a screen
placed 90 cm from back of the bore using a LCD projector (Cannon
WUX4000) and viewed through a 45 deg tilted mirror mounted in front
of the observer. Stimuli subtended visual angles of 2.9 x 6.4 deg.

Biological motion task

On each trial, participants were presented with a single point-light
walker (500 ms) and asked to judge whether the walker appeared to be
facing rightwards or leftwards by responding with one of two buttons on
the response box. Each trial was allotted a fixed inter-stimulus interval of
1500 ms, before it timed out and the subsequent trial presented. A central
fixation cross (0.5 x 0.5 deg in size) was presented for the full duration of
each trial. Observers were asked to respond after stimulus offset.

fMRI acquisition

Imaging data for the participants were acquired at the NICT CiNet
imaging facility (Suita, Osaka, Japan), using a 3-T Siemens Trio MR
scanner with a 32-channel, phase-array (whole) head coil for both
localizer and experimental runs. Blood oxygen level-dependent signals
were measured with an echo-planar sequence (Voxel size =1.5 mm?,
TR = 2000 ms, Flip angle = 70 deg, 78 slices with multiband (factor = 3);
205 vol where the first 5 were discarded to eliminate the effects of start-
up transients). The Multi-Band EPI sequence was provided by the Uni-
versity of Minnesota (under a C2P contract). For each participant, we
additionally acquired a high-resolution (1 mm®) anatomical scan.

ROI definition

Regions-of-interest (ROIs) V1, V2, V3, V4, V3A, and V3B/KO were
defined for each participant using standard phase-encoded retinotopic
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mapping procedures, mapping polar angle with a slowly rotating
(clockwise or counterclockwise), checkerboard wedge stimulus (Sereno
et al., 1995). We were able to identify V3B/KO (kinetic occipital) using
this same phase-encoded map (Wandell et al., 2005; Ban et al., 2012),
generally falling anterior to V3A, inferior to V7 (Dupont, 1997) and
posterior to the human motion complex (hMT+/V5). We subsequently
identified hMT+/V5 in each participant using a separate functional
localizer (single-run), defining it as the region that responded signifi-
cantly higher (p < 0.01) to moving dots that traveled toward and away
from fixation than to static dot fields (Huk et al., 2002). We included four
additional extrastriate regions that have been previously implicated for
biological motion perception. Each was defined as a spherical ROI
(5 mm rad.) centered on Talairach coordinates of: [ 36, 10, 28] for the
inferior frontal gyrus (IFG) (Saygin et al., 2004; Saygin, 2007), [ +£57,
+45, 10] for the posterior superior temporal sulcus (pSTS) (Sunaert et al.,
1999), [left —45, —74, 1; right 48, -70, 1] for the extrastriate body area
(EBA) (Peelen et al., 2006; Jastoff and Orban, 2009), as well as [left 36,
-39, —19; right 41, -45, —19] for the fusiform body area (FBA) (Peelen
et al., 2006; Jastoff and Orban, 2009). We note that due to the proximity
of the human motion complex hMT+ with EBA, overlapping voxels of the
two regions, if any, were removed from both ROIs in each subject.
Finally, VLN was identified post-hoc anatomically as an ROI defined by
the Talairach atlas (Talairach et al., 1988). As this thalamic sub-area has
no distinctive physical characteristic that can allow it to be identified in
individual subjects through visual inspection, and has no known reliable
functional localizers, we opted to use this common ROI across all sub-
jects. The VLN, identified in this manner had coordinates of [-15, —10,
9.9] and a volume of 573 mm? for the left hemisphere, and coordinates of
[13, —10, 10] along with a volume of 572 mm? for the right hemisphere.

Design and procedures

fMRI runs were arranged in a block-design with each block lasting
165s. One particular scan run included five main block types comprising
four stimulus condition blocks (e.g., global) and a fixation block. Each
stimulus condition block was repeated 3 times within a particular run,
and were interleaved by fixation blocks. Block order was randomized.
Individual condition blocks consisted of 8 trials of a particular stimulus
condition where the number of left and right-facing walkers were
balanced within the block. Therefore, one particular run included 24
trials of a particular condition, and a total of 96 experimental trials. Due
to the large number of conditions, stimulus conditions were scanned
across two run types. Conditions global (upright), global (inverted), local
natural (upright), and local natural (inverted) were acquired in Run type
1. Conditions local modified (upright), local modified (inverted) were
acquired simultaneously with local natural (upright), and local natural
(inverted) in Run type 2. Both run types were scanned in the same day
(total session duration of 1.5 h), with the order of the run types within a
session counterbalanced. These experimental scans were acquired on a
separate day from the localizer scans. Participants completed a minimum
of 8 total runs (4 scan runs per run type) yielding 96 trials per stimulus
type (i.e., 12 “blocks” of trials). Each run lasted 6.8 min.

fMRI data analysis

fMRI data were analyzed with BrainVoyager QX (BrainInnovation
B.V.). For each participant, we transformed anatomical data into
Talairach space. Functional data were preprocessed using three dimen-
sional motion correction, slice time correction, linear trend removal and
high-pass filtering (3 cycles/run).

Data were subsequently analyzed both in terms of their univariate
activity (GLM), and multivariate patterns (multivoxel pattern analysis,
MVPA). GLM analyses included regressors for each experimental condi-
tion, and six motion regressors (three translation parameters; in milli-
meters) and three rotation parameters (pitch, roll, yaw; in degrees)
defined as square-wave regressors for each stimulus presentation block
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convolved with a gamma function to approximate the idealized haemo-
dynamic response. The time course signal of each voxel was then
modelled as a linear combination of the different regressors (least-
squares fits) and the regressor coefficients were used for contrasts of the
different experimental conditions. Contrasts were performed after
combining the two different run types, and included: For each stimulus
orientation (upright and inverted), we contrasted global vs local natural
(to elucidate form based representations) stimuli, and local natural vs
local modified stimuli (to elucidate kinematic based representations). We
additionally contrasted responses of the two orientations within each
stimulus type (e.g., global upright vs global inverted). Whole-brain,
group-level responses were analyzed using GLM random-effects analyses.

For the multivariate classifications, we chose to use a linear SVM
classifier (1ibSVM) (Chang and Lin, 2011) together with a multivariate
feature selection algorithm, Recursive Feature Elimination (RFE) to es-
timate spatial patterns (De Martino et al., 2008). The RFE eliminated the
necessity of selecting a somewhat arbitrary fixed number of voxels per
ROI, and instead offered estimates based on voxel subsets with the best
performance within each ROI. Briefly, for this analysis, all voxels and
their time courses were first converted to Z scores and shifted in time (4 s)
to account for the hemodynamic response. This shift corresponds to the
typical peak of the BOLD response function (Serences, 2004). We then
took 80% of the training data set to compute SVM weights. Note that the
sampling of data for training was done while retaining blocks in their
entirety (i.e., no blocks were partitioned). The selection of the data set
(and computation of SVM weights) were repeated 20 times within a
particular RFE step (i.e., each voxel had 20 sampled weights, which were
subsequently averaged). Following each step, we then ordered voxels
based on their (step-averaged) weight from the highest to the lowest.
Using these weights, we omitted the 5 most uninformative voxels, and
used the rest to decode the test patterns. This yielded an accuracy at the
current voxel count/pattern. This process was repeated until voxel count
fell below 50. For each ROI, based on the maximum mean accuracy
(across all cross-validations) across all RFE steps, we retrieved the final
voxel pattern with which to compare the accuracies of the different cross
validations. Mean prediction accuracies were tested against chance level
(0.54), which was determined via permutation tests for the data (i.e., by
running 1000 SVMs with shuffled labels).

As noted earlier, due to the large number of conditions in each
experiment, conditions were scanned across two different run types. This
resulted in an unbalanced training data set that was corrected via the
Synthetic Minority Over-sampling Technique (SMOTE) algorithm
(Chawla et al., 2002).

Behavioral data analysis

Behavioral performances were quantified in terms of the proportion
of correct discrimination responses. As response input on each trial was
not permitted until after stimulus offset, reaction time data were not
considered informative and not analyzed. Discrimination accuracies
were analyzed with a repeated-measures analysis of variance (ANOVA)
comparing orientation (upright/inverted) and walker type (global only,
local natural, local modified). Data were verified to satisfy parametric
assumptions, and any variance (sphericity) violations were addressed
with Greenhouse-Geisser corrections. Follow-up post-hoc comparisons
were conducted by means of Bonferroni-corrected t tests (two-tailed).

Results
Behavioral discriminations

Behavioral performance, quantified in terms of proportion of cor-
rected responses, were computed for each walker condition at the two
orientations and are presented in Fig. 2. These accuracies were entered
in a 2 (orientation) x 3 (condition) repeated-measures ANOVA that
indicated performance was higher when the walkers were displayed
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Fig. 2. Behavioral discrimination accuracies for direction judgements. Overall
performance was significantly better for the upright rather than inverted stimuli.
Performance was best for the global (empty bars), than the two local stimuli
(black- and grey-filled bars). Additionally, inverting stimulus orientation resul-
ted in a significant performance decline for the local natural and local modified
stimuli, but not the global walkers. Error bars represent +£1 SEM (N =19).

upright rather than inverted (main effect of orientation,
F(1,18)=103.8, p<.001, nZ:.SS), and varied according to walker
condition (main effect of condition, F(2, 36)=16.7, p<.001,
12 =.48). Follow-up Bonferonni-adjusted t tests indicated that per-
formance was highest for the global condition than for the two local
conditions (t(18)=3.04, p=.021 for global versus local natural;
t(18) =4.65, p=.001 for global versus local modified). Performance
for the local natural stimuli was also generally better than that for the
local modified stimuli, t(18) =7.08, p <.001. Performance changes
with stimulus inversion, however, depended on the type of stimulus
(stimulus by orientation interaction, F(2, 36)=8.23, p=.001,
102 =.43). Specifically, inversion resulted in a significant performance
decrease for the local natural stimuli, t(18)=11.8, p <.001, local
modified stimuli, t(18) =10.5, p <.001, but only marginally for the
global walkers, t(18)=1.9, p=.07.

fMRI

Cortex

We first present the univariate (GLM) responses to our stimuli, in
terms of the beta weights (% signal change) across our group of ROIs
in Fig. 3, separately for the upright stimuli (upper panel) and
inverted stimuli (bottom panel). We also present a sample map from
the group-level whole-brain random-effects GLM analysis, contrasting
the local natural versus local modified stimulus (Fig. 4). An initial
comparison of the ROI-based analyses and the whole-brain maps
indicated that our choice of ROIs adequately represented much of the
univariate responses to our stimuli, with strong responses in reti-
notopic (V1-V4), and extrastriate areas — notably along the posterior
STS, IFG, and EBA.

An examination of the beta weights revealed that signals were
generally strongest for hMT+ as compared to all other cortical ROIs,
and highest for the local natural stimuli as compared to the other two
walker types. These observations were confirmed by a 3 (condition) x
2 (orientation) x 12 (ROI) repeated-measures ANOVA that indicated
a significant main effect of condition, F(2, 36) = 6.4, p = .004,
qZ:.26, and a significant main effect of ROI, F(3.9, 71.6) =7.8,
p<.001, 12 = .30. Post-hoc Bonferonni-corrected t-tests confirmed
that weights for the global stimuli were significantly lower than
those of the local natural stimuli, t(18) = —2.9, p = .009, but not
different from those of the local modified stimuli, t(18) = .14,
p = .88. Additional follow-up comparisons for the main effect of ROI
confirmed that overall, the signals were higher for h(MT + than for all
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Fig. 3. GLM beta weights (% signal change) for the three main types of walkers
at the upright (a) and inverted (b) presentations. Overall, the univariate signals
were highest for the local natural stimuli. Note that in all multivariate analyses,
the univariate differences across conditions were removed.

other ROIs (all comparisons involving hMT+, ps < .03). Additionally,
while signals for V3b and EBA were significantly lower than that of
hMT+, they were higher than those of all remaining ROIs (ps < .03).
The ANOVA also indicated a significant interaction between condi-
tion and ROI, F(6.1, 110.4) = 3.2, p = .005, nz = .15. We interpreted
this interaction with follow-up Bonferonni-corrected one-way
ANOVAs for each condition (walker) type. The analyses indicated
that the pattern of responses across ROIs was slightly different for
the local modified stimulus as compared to the global and local
natural stimuli. In particular for the global and local natural stimuli,
responses for V3b were different from those of hMT+, IFG, and VLN
(all ps < .03) while for the local modified stimulus, V3b responses did
not differ from those of IFG (p >.9).

MVPA classification accuracies for discriminating stimuli contain-
ing global shape-from-motion versus local kinematic information
(global vs. local natural walker) are presented in Fig. 5a (open bars).
The classification accuracies of all ROIs were tested with t-tests against
a baseline of 0.54 (see Methods), using False Discovery Rate (FDR)
corrected thresholds that hold FDR < .05. Accuracies were well above-
baseline in early retinotopic (V1-V4) and higher order areas including
hMT+, EBA, FBA, IFG, and pSTS. These same areas had above-baseline
classification accuracies for discriminating between intact and per-
turbed local kinematics (local natural vs. local modified) (Fig. 5a,
filled bars, accuracies above shuffled-baseline, FDR <0.05). Differ-
ences among the walker types emerge when considering discrimina-
tions between upright and inverted stimuli. For global shape, a
number of regions including early visual cortex, and hMT + can well
discriminate between the two orientations; however, classification
accuracies for discriminating upright versus inverted stimuli for local
natural and local modified stimuli, did not differ from baseline for all
ROIs (Fig. 5b).
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Fig. 5. MVPA classification accuracies are above-baseline for (a), discriminating
global structure-from-motion from local (natural) kinematics, and between
natural versus modified local kinematics; (b) discriminating between upright
and inverted global and local cues. The dashed line indicates the shuffled
baseline (0.54) against which accuracies were tested. Above-baseline accuracies
(FDR < 0.05), are indicated by asterisks. Error bars represent +1 SEM (N = 19).

fMRI

Ventral lateral nucleus (VLN)

An examination of the univariate (General Linear Model) responses in
subcortical regions revealed a thalamic area, specifically the left ventral
lateral nucleus (VLN) that was involved in all contrasts including both
those comparing global shape and local kinematics, as well as comparing
local kinematics intact and perturbed (Fig. 6a, overlaid outlines).

We subsequently ran ROI-based SVM classifications on the VLN, as
identified for all subjects by probabilistic and Talairach atlases. Accu-
racies for discriminating between global structure and local kinematics,
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Fig. 4. Sample map from the whole-brain group-level
GLM analyses (random effects). We present the results
from contrasting responses to the local natural versus
local modified stimulus. Responses are superimposed
onto representative flat maps of left and right hemi-
spheres of one participant, with retinotopic regions
delineated. Sulci are coded in darker grey than the gyri.
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Fig. 6. (a) GLM contrasts for global shape-from-motion vs local (natural) ki-
nematics (upright: green outline; inverted: white outline), and local natural vs
modified kinematics (upright: red outline; inverted: blue outline) yielded sig-
nificant, overlapping clusters in left ventral lateral nucleus (VLN). (b,c) Classi-
fication accuracies from ROI-based SVM analysis on bilateral VLN identified
across subjects. The dashed line indicates the shuffled baseline (0.54) against
which accuracies were tested. Above-baseline accuracies (FDR < 0.05), are
indicated by asterisks. Error bars represent +1 SEM (N =19).

as well as between the two local stimuli were well above chance in the
VLN (Fig. 6b; see also Supplementary Figs. S2 and S3 for lateralized
analyses indicating above-chance classification performance inde-
pendently in both the right and left VLN). This was confirmed by t-
tests of the accuracies against the baseline of 0.54, corrected (thresh-
olded) to hold FDR < .05 (t(18) =5.5, p <.001 for global versus local
natural; t(18) = 6.9, p < .001 for local natural versus local modified). It is
interesting to note that the VLN is however insensitive to both orientation
of global structure and local kinematics (Fig. 6¢). This is in contrast to
above chance-level accuracies for discriminating global structure from
local kinematics observed in the cortex (Fig. 5b), but congruent with the
poor discrimination accuracies in these same regions when contrasting
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orientations of natural and modified kinematics.

Finally, we conducted further analyses examining classification per-
formance separately for the left and right hemispheres across all cortical
ROIs (and VLN). The results are presented in Supplementary Fig. S1 (left
hemisphere) and Fig. S2 (right hemisphere). Classification accuracies
were entered in a 2 (hemisphere) x 5 (classification) x 12 (ROI) repeated-
measures ANOVA. The analysis revealed that performance was compa-
rable between both hemispheres (no significant main effect of hemi-
sphere, F(1, 18) =.06, p=0.80; no significant interactions involving
hemisphere).

Discussion

We used carefully designed stimuli that contained solely biological
form (global only stimulus), solely biological kinematics (local natural
stimulus), and neither form nor kinematic information (local modified
stimulus) in order to survey the neural representations of biological
motion in cortex and subcortical structures.

While results from the analyses of univariate responses revealed
rather homogenous activity across conditions, consideration of multi-
variate patterns is more revealing. We found a striking capacity of
cortical regions for discriminating stimuli containing global and local
information. Global shape-from-motion and local kinematic information
(global vs. local natural walker) can be distinguished in early retinotopic
areas (V1-V4) and higher order areas including EBA, FBA, IFG and STS —
areas implicated previously for biological motion perception. This same
broad network can also discriminate between intact and perturbed local
kinematics (local natural vs. local modified). The ability of the STS to
discriminate both global and local cues is surprising, given the relatively
weak univariate signals this region produces when presented with
walking (rather than action-type) stimuli (see also Jastoff and Orban,
2009); still, strong prediction accuracies can be observed in this region
(and across cortex).

Intriguingly, results from both our GLM and MVPA analyses indicated
a cluster outside of cortex - in a region identified as the ventral lateral
nucleus that was responsive to our stimuli. The VLN holds extensive
projections to the motor and premotor cortex (Kievit and Kuypers, 1975;
Shinoda et al., 1993) and receives considerable afferents from the cere-
bellum (dentate nucleus) and the globus pallidus (Carpenter and Stro-
minger, 1967). As such, the VLN is classically thought to act as a major
relay for motor planning and coordination (e.g., Daskalakis et al., 2004),
and is hence usually designated as part of the motor thalamus. Projection
targets from the VLN, however, are not limited to motor cortex, but also
include frontal and parietal associative cortex (e.g., Kievit and Kuypers,
1977; Wiesendanger and Wiesendanger, 1985a,b; Morel et al., 2005;
Prevosto et al., 2009). In fact, the many cortical areas (i.e., prefrontal,
frontal, parietal cortices) that provide input to the cerebellum also
conversely receive cerebello-thalamo-cortical projections (Ramnani,
2012). Hence, the motor division of the thalamus, including in particular
the VLN certainly has the circuitry to support higher-order functions.
Indeed, several studies have suggested that the regions of the motor
thalamus that receive cerebellar input (such as the ventral lateral com-
plex) in fact contribute to executive control functions of the frontal lobe
(Ide and Chiang-shan, 2011; van der Salm et al., 2013). For example, the
cerebello-thalamo-cortico circuit has been shown to be involved behav-
ioral adjustments in response to error detection (Ide and Chiang-shan,
2011). There is also an emerging line of evidence that suggests cortical
regions with extensive cerebellar-thalamic input is involved in cognitive
and motor aspects of language and memory (Johnson and Ojemann,
2000).

Nonetheless, our finding of the involvement of (a primarily motoric)
thalamic structure for biological motion perception is exciting, as it re-
veals the need to consider the possibility of a much earlier (pre-cortical)
encoding of this special class of motion. As noted, the involvement of
earlier-to-develop, deeper structures of the brain for biological motion
perception appears to fit well with the extensive behavioral and EEG
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studies showing that sensitivity to biological motion emerges at birth, or
at least early in development (Fox and McDaniel, 1982; Bertenthal, 1996;
Hirai and Hiraki, 2005; Méary et al., 2007; Reid et al., 2008). Infants as
young as 5 months of age prefer to look at upright walkers over inverted
walkers (Fox and McDaniel, 1982), and can discriminate an intact walker
from one where the dots have been spatially scrambled (Bertenthal et al.,
1987). More recently, it has been shown that the capacity for perceiving
biological motion is present at birth. Newborns (two-day-olds) prefer to
look at an upright point-light stimulus as compared to its upside-down
counterpart, or random motion (Simion et al., 2008). These findings,
together with the observed predisposition in newly hatched chicks for
looking towards biological motion (Vallortigara et al., 2005; Vallortigara
and Regolin, 2006) challenges not only our understanding of the bird's
brain but also points to the need to consider earlier, pre-cortical regions
in evaluations of the underlying mechanisms for perceiving biological
patterns. Of course it is feasible that the representations we observed
here in VLN arise later in processing, via descending cortico-thalamic
input. Nonetheless our finding of the relevance of a motoric thalamic
nucleus, while unexpected and undoubtedly requires further validation
with more detailed investigation, appears to fit with existing literature
that has implicated the cerebellum in the processing of biological motion
(Sokolov et al., 2012), and more broadly, the human thalamus for
higher-order behavioral functions (e.g., Bradfield et al., 2013; Habib
et al., 2013; Klostermann, 2013; for a review, see Saalmann and Kastner,
2011). Our findings of the involvement of a motor-related subcortical
structure for biological motion perception also fit well with the growing
body of literature that seems to implicate the mirror neuron system for
the perception of socially-relevant stimuli (Tai et al., 2004; Iacoboni and
Dapretto, 2006; see also Miller and Saygin, 2013). At the heart of the
findings from the social cognition literature is the premise that the
perception of biological actions are mapped into the observers' own
motor representations (Jeannerod, 2001).

In order to appreciate the functional significance of VLN for biological
motion perception, it is important to place our subcortical findings back
in the context of responses observed in cortex. The results from our
multivariate analyses indicated that both global structure information
(global structure vs. local natural), and kinematic information (local
natural vs. modified) can be well discriminated in retinotopic regions and
extrastriate regions, EBA, FBA, STS and IFG. While the sensitivity of these
extrastriate regions is not surprising as these same regions have been
previously implicated in biological motion perception, the high predic-
tion accuracies into the early retinotopic regions are surprising and al-
lude to a possible role of low level differences between our stimulus
classes which may have been a necessary byproduct of our intended
manipulations. For example, one distinct difference between the global
walker and the two local stimuli is that the global walker had a fixed
configuration (that of a typical human body shape) in the visual field,
whereas the two local walkers had a more variable spatial extent.
However, we note that as our spatial randomizations for the local stimuli
were restricted along the horizontal dimension only, and further
restricted within a grid specified by the size of the veridical walker, both
the density of the stimuli and the overall spatial extent should be pre-
served on average across trials. In order to further probe the possible role
of low level differences in driving the observed SVM prediction accu-
racies, we conducted an additional MVPA analysis for the global struc-
ture versus kinematics discrimination when both stimulus types are
presented upside-down (Supplementary Fig. S3). Interestingly, as
compared to the accuracies for the upright stimuli (for the same com-
parison), prediction accuracies for the inverted variants increased sub-
stantially in early visual cortical regions (V1-V4). In extrastriate regions
including IFG, EBA, FBA, STS, and even the VLN, however, comparable
prediction accuracies were observed for the two orientations. At first
glance, the substantial increase in accuracies in early visual cortex for the
upsidedown discriminations seems puzzling; however, this increase
seems to match the exaggerated difference in behavioral accuracies be-
tween the two conditions when the stimuli are turned upside down
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(Fig. 2, white versus black bars on the right versus the same bars on the
left). That is, inverting the two stimuli results in exaggerated perceptual
differences between the two stimuli. Critically, low level differences
cannot account for this exaggerated difference as these cues (if any)
remain the same regardless of orientation. Thus we may rule out the
possibility that the observer (and classifier) relied solely upon irrelevant
low-level differences (e.g., spatial extent) to perform the discriminations
in early cortical regions (although the same cannot be concluded of
extrastriate regions, and VLN). Still, the high prediction accuracies in the
extrastriate regions (and VLN) should not be discounted. Indeed, classi-
fication performance is well-above chance in these same areas for dis-
criminations between stimuli where low level properties are almost
identical (i.e., natural versus modified kinematics) (Fig. 5).

Nonetheless, we fathom that one way to further establish the func-
tional relevance of the high accuracies observed in the early retinotopic
regions, as well as extrastriate pSTS, IFG, EBA, and the VLN, is to examine
the relationships between these responses and behavior. In Supplemen-
tary Fig. S4, we plotted individual subject behavioral performances
against SVM accuracies obtained when comparing the local natural and
local modified stimuli. This choice was driven by the fact that it provided
the highest prediction accuracy in VLN, as compared to other conditions
(Fig. 6b) and likely to offer more reliable comparisons. Behavioral per-
formance for these two conditions were first converted into an index,
computed as (accuracy_local modified) subtracted from (accu-
racy_local_natural). The indices were then plotted against the SVM pre-
diction accuracies for two sample retinotopic regions (V1, V2) as well as
for extrastriate pSTS, IFG, EBA, and subcortical VLN. As evident in this
figure, behavioral discriminations provide a better match to SVM pre-
diction accuracies in extrastriate pSTS, IFG, EBA, as well as VLN
(Figs. S4c, d, e, f) as compared to V1 or V2 (Figs. S4a and b). Still, we
caution that interpretation of these relationships is not straightforward,
as behavioral discriminations are based on left-right direction judgments,
while prediction accuracies are based on conditional differences between
walker types.

We finally consider the role of inversion in the present data. As noted,
we opted to present the three main walker types both upright and upside-
down in light of the extensive behavioral literature suggesting orienta-
tion effects relating to structure- and kinematics perception are likely
attributable to very different sources. Orientation-dependent modula-
tions observed in the fMRI responses, then, could provide further insight
into the specificity of the relevant regions. Our behavioral findings are
largely consistent with the orientation-specific behavioral responses to
both global structure and local kinematic cues in biological motion
demonstrated previously (Troje and Westhoff, 2006; Chang and Troje,
2009; Hirai et al., 2011). The global inversion effect is normally attrib-
uted to the retrieval of the familiar shape of the walker as conveyed by
the display's spatiotemporal organization. The configuration-based
inversion effect was not statistically significant here, possibly due to
our additional manipulation of the local trajectories (rendered left-right
mirror-symmetric), which acted to decrease discrimination accuracies
when the stimulus was held upright. Indeed an examination of our ob-
tained accuracies for the global stimulus at the upright orientation
(—80%) indicated that they are significantly lower than those obtained in
previous work where local trajectories were held intact along with global
shape (~90% in Hirai et al., 2011). The inversion effect for the local
natural stimulus, on the other hand, can be attributed to the presence
(and orientation) of acceleration (Chang and Troje, 2009). Lastly, what
might account for the final inversion effect observed for the local
modified stimulus? Due to our manipulation, natural acceleration in-
formation is absent in these stimuli. We speculate that here, direction is
retrieved by extrinsic motion cues, akin to the translation of a point
placed at the rim of rolling wheel (Johansson, 1974). This extrinsic in-
formation is reversed when a stimulus is mirror-inverted about the hor-
izontal axis. Indeed, behavioral responses are trending in the opposite
direction when the motion is inverted (31% accuracy) rather than up-
right (66% accuracy) (Fig. 2, grey-fill). We still note that a second cue,
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notably the vertical layout or location of the individual point-lights, and
in particular of the feet, may also underlie the inversion effect for the
modified stimulus. Specifically, it has been shown that the magnitude of
the local motion-based inversion effect is not only modulated by the
orientation of vertical acceleration, but also by whether the vertical order
of the body is kept intact (i.e., head at the top, feet at the bottom) (Hirai
et al., 2011). In the present study, in order to destroy global structure in
our local stimuli, we elected to shuffle the spatial positions of the
point-lights about the horizontal axis only, thereby retaining the vertical
order of the body. This correspondingly produced a large behavioral
inversion effect, as predicted by previous work (Hirai et al., 2011). How
did orientation affect fMRI responses?

As evident in Fig. 3, response amplitudes changed very little upon
stimulus inversion, across all three types of walkers. Results from the
MVPA, however, are again more revealing. Orientation of global form
can be well discriminated a number of regions including early visual
cortex and the human motion complex (hMT+). By contrast, orientation
of local kinematics is not well-discriminated across all ROIs tested
(Fig. 5). We can only speculate as to what might account for this apparent
discrepancy between the behavioral and fMRI responses. In line with
suggestions that the kinematics-based mechanism should be a fast-acting
one (Hirai et al, 2011), perhaps responses that reflect
local-orientation-sensitivity are temporally transient such that they could
not be captured and contrasted well by the long TR of fMRI acquisition.
Another potential factor that may contribute to our inability to measure
kinematics-based orientation effects under the current paradigm may
relate to the traditional fMRI setup in which the observer is laying supine
and viewing a mirror tilted above the head. Given previous behavioral
data implicating vestibular input for perceiving biological kinematics
(Chang et al, 2010), we may have expected to observe
orientation-dependent responses in vestibular cortex. Indeed, one pre-
vious neuroimaging study has demonstrated the involvement of vestib-
ular cortex when perceiving gravity-consistent visual stimuli
(specifically, object motion consistent with natural gravitational accel-
eration; Indovina et al., 2005). Here, the offset of the stimulus with
respect to the gravity vector may have acted to weaken the relevant
orientation-dependent responses.

Previous theoretical models (Giese and Poggio, 2003) have posited
that biological motion perception occurs in the lateral-occipitotemporal
cortex as an end-product of initially segregated cortical streams for
basic form (ventral) and kinematic (dorsal) representations. While one
previous study has shown involvement of non-cortical (cerebellar) re-
gions for biological motion perception (Sokolov et al., 2012), it unclear as
to whether there may be more extensive subcortical involvement that
may have been missed in traditional univariate approaches. Here, we
introduced subtle manipulations in our stimuli in an attempt to isolate
specific aspects of biological motion perception, using a multivariate
approach to survey of the networks engaged in biological motion
perception. Our data implicate a wide and complex network with
extensive cortical sensitivity to biological motion along much of the same
areas previously identified by others, but also a surprising capacity of
thalamic VLN to make similar discriminations of biological patterns.
Although we caution the exact role of this motoric thalamic nucleus in
governing sensitivity to biological motion requires careful validation, our
finding fits well with previous reports of the involvement of other aspects
of the motor loop (Cerebellum; Sokolov et al., 2012). While it is possible
that the VLN response arrives from descending cortico-thalamic input to
prepare the organism for a response to a potentially-threatening stimulus,
the possibility of this area being a part of a much earlier, potentially
pre-cortical system that may signal “life” (Troje and Westhoff, 2006;
Johnson, 2006) is exciting and deserves further attention and further
research.
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