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Abstract: The human middle temporal complex (hMT1) has a crucial biological relevance for the proc-
essing and detection of direction and speed of motion in visual stimuli. Here, we characterized how
neuronal populations in hMT1 encode the speed of moving visual stimuli. We evaluated human intra-
cranial electrocorticography (ECoG) responses elicited by square-wave dartboard moving stimuli with
different spatial and temporal frequency to investigate whether hMT1 neuronal populations encode
the stimulus speed directly, or whether they separate motion into its spatial and temporal components.
We extracted two components from the ECoG responses: (1) the power in the high-frequency band
(HFB: 65–95 Hz) as a measure of the neuronal population spiking activity and (2) a specific spectral
component that followed the frequency of the stimulus’s contrast reversals (SCR responses). Our
results revealed that HFB neuronal population responses to visual motion stimuli exhibit distinct and
independent selectivity for spatial and temporal frequencies of the visual stimuli rather than direct
speed tuning. The SCR responses did not encode the speed or the spatiotemporal frequency of the
visual stimuli. We conclude that the neuronal populations measured in hMT1 are not directly tuned
to stimulus speed, but instead encode speed through separate and independent spatial and temporal
frequency tuning. Hum Brain Mapp 38:293–307, 2017. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Detection of motion is fundamental in daily life in order
to distinguish changes in our environment and to accu-
rately plan and execute movements of our own. Percep-
tion of the speed of a moving object allows us to
understand and to promptly react to dynamic events in
the visual scene. The speed of a moving object depends
on the ratio of the change in position and the change in
time between samples: the spatial and temporal frequen-
cies of a moving object. A core region involved in detect-
ing and processing motion in visual stimuli is a cortical
region discovered almost simultaneously in macaque
monkeys [Dubner and Zeki, 1971; Zeki, 1971] and referred
to as V5, and in owl monkeys referred to as MT [Allman
and Kaas, 1971]. MT/V5 has been extensively investigated
in monkeys in terms of its retinotopic properties and
selectivity for direction of moving stimuli [Allman and
Kaas, 1971; Cheng et al., 1994; Dubner and Zeki, 1971;
Maunsell, 1983; Maunsell and Newsome, 1987; Zeki, 2004,
2015]. However, only in recent years there has been an
increasing interest in how neurons in MT encode the
speed of motion.

Two different mechanisms of speed encoding have been
proposed. The first proposes that MT neurons show sepa-
rate and independent tuning for spatial and/or temporal
frequencies of visual stimuli, such that their representation
of speed encodes these stimulus properties rather than
speed per se [Movshon, 1975; Tolhurst and Movshon,
1975]. Conversely, in the second proposed mechanism MT
neurons encode the stimulus speed directly, rather than
separating motion into its spatial and temporal compo-
nents [Holub and Morton-Gibson, 1981; Tolhurst and Mov-
shon, 1975]. These two models give different predictions
about tuning profiles for spatial and temporal frequencies
in MT neurons. Direct speed tuning predicts the same
preferred speed that is given by multiple combinations of
spatial and temporal frequency. Different animal studies,
aimed at investigating how MT encodes speed have
yielded conflicting results. Recent single neuron record-
ings, in nonhuman primates and marmosets [Lui et al.,
2007; Miura et al., 2014; Priebe et al., 2003, 2006] have
shown, for example, that the majority of MT neurons
exhibit separate and distinct responses for spatial and tem-
poral frequencies, with only a small percentage displaying
a speed tuning profile. Conversely, Perrone and Thiele
(2001) have reported in macaque that 61% of MT cells are
tuned for speed, irrespective of the spatial or temporal fre-
quency presented. Comparable results were reported by
Duijnhouwer et al. (2013).

So far these studies have only examined animal physiol-
ogy. In humans, the responses to speed of motion in the
human homologue of MT/V5, known as human middle
temporal complex (hMT1) [Amano et al., 2009; Dumoulin
et al., 2000; Tootell et al., 1995], have only been studied
using functional magnetic resonance imaging (fMRI) and
magnetoencephalographic (MEG) neuronal responses.

Traditionally, the most widely used motion stimuli to
investigate speed responses in human studies were broad-
band stimuli such random dots or spots of light [Chawla
et al., 1998; Huk et al., 2002; Kawakami et al., 2002]. How-
ever, the broadband nature of these stimuli does not allow
distinction between speed tuning or independent spatial
and temporal frequency tuning. Far less attention has been
focused on MT1 responses in humans to gratings moving
at different speeds, and therefore different spatial and
temporal frequencies. An fMRI adaptation experiment
using drifting gratings provided evidence of speed tuning
coding of BOLD responses over different temporal fre-
quencies [Lingnau et al., 2009]. Conversely, Wang et al.
[2003] showed, using MEG, independent spatial and tem-
poral frequency tuning in response to gratings in hMT1.
So it remains unclear whether neuronal tuning in human
MT1 reflects speed tuning, independent spatial and tem-
poral frequency tuning, or a combination of both.

The use of different types of stimuli in humans and ani-
mals also complicates hypotheses about the underlying
neuronal tuning. The grating stimuli used in most animal
studies contain single spatial and temporal frequencies
that can be manipulated independently, allowing proper
analysis of hypotheses of spatial frequency, temporal fre-
quency and speed tuning. In human studies, random dot
motion patterns and square-wave checkerboards are more
commonly used as they provide more robust responses.
Square wave checkerboards has been used before during
intracranial electrocorticography (ECoG) recordings in the
human visual cortex and have been proven to produce a
strong visually driven broadband component in the high
frequency band [Harvey et al., 2013; Winawer et al., 2013].
Although checkerboard stimuli contain hard edges with
contrast energy at multiple spatial and temporal frequency
harmonics, they are regarded as exhibiting a single speed,
being the change in edge position per second. These prop-
erties make this type of stimuli ideal in order to obtain
good quality data in terms of contrast to noise ratio in the
clinical setting and shorter experiment times typically
employed in human ECoG studies.

ECoG in humans has recently received an increased
interest since it provides a direct measure of neuronal
activity in relatively small neuronal populations in the
human brain. Thus, ECoG gives a unique combination of
high spatial and temporal resolution that allows research-
ers to bridge the gap between single neuron recordings in
non-human primates and non-invasive modalities such as
MEG, EEG, and fMRI in humans. High frequency broad-
band (HFB) changes in the ECoG signal are particularly
interesting because they reflect neuronal population spik-
ing activity [Miller et al., 2009].

Here, we used ECoG to investigate the speed tuning
properties of human MT1 neuronal populations in
response to square-wave dartboard moving with different
spatial and temporal frequency combinations. We deter-
mined HFB activity in response to visual motion
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stimulation and used these signals to investigate whether
hMT1 neuronal populations exhibit separate and indepen-
dent spatial and temporal frequency tuning, or whether
they encode the stimulus speed directly with selectivity to
multiple combinations of spatial and temporal frequency.
We further examined whether these responses to the hard
edged square-wave dartboard reflect the pattern of har-
monic frequencies they contain, or are instead dominated
by their fundamental frequencies. Finally, we investigated
the role of ECoG signal synchronization with specific tem-
poral frequencies of the moving stimuli in encoding the
speed of motion.

MATERIALS AND METHODS

Subjects and ECoG Recordings

Four subjects (one female) underwent implantation of
ECoG grids for the purpose of epilepsy monitoring. The
study was approved by the medical ethical board of the
Utrecht University Medical Center. All subjects gave their
written informed consent to participate in the study in
compliance with the Declaration of Helsinki 2013. All par-
ticipants had normal or corrected-to-normal vision and the
epileptogenic tissue did not extend to the hMT1 area
under examination. Data were recorded with a 128 chan-
nels Micromed system (Treviso, Italy) at a sampling rate
of 512 Hz and bandpass filtered between 0.15 and 134.4
Hz. Implanted grids had 1 cm inter-electrode spacing and
electrodes had a diameter of 2.3 mm. For each subject,
electrodes were localized on a postsurgery high-resolution
computed tomography scan (Philips TomoscanSR7000)
and projected on the cortical surface obtained by a pre-
surgical anatomical MRI [Branco et al., 2016; Hermes et al.,
2010].

Stimuli

Visual stimuli consisted of three high-contrast square-
wave black-and-white dartboard patterns presented in
three separate runs. These three patterns had fundamental
spatial frequencies of 0.2, 0.33 and 1 cycle/deg in the
(radial) direction of motion (Fig. 2, top row). For all pat-
terns, the fundamental spatial frequency perpendicular to
the direction of motion (i.e., azimuthal) varied with eccen-
tricity in the same way, and was 6/(eccentricity 3 p)
cycle/deg. For each run (i.e., each spatial frequency) the
square-wave dartboard pattern expanded for 1 s from the
fixation point at three temporal frequencies (1, 3, and 5 Hz
randomly interleaved), alternating with stationary periods
of variable length [interstimulus interval (ISI) range:
3–4.5 s]. Each spatiotemporal frequency condition was pre-
sented 18 times. For each subject, the three runs were pre-
sented in a different random order. The high signal-to-
noise-ratio achieved by the ECoG recordings allows us to
reduce significantly the number of trials for conditions
(n 5 18) and to perform the task in the clinical time

constraints. Due to the small size of ECoG electrodes and
the proximity to the surface of the cortex, ECoG recordings
require far fewer trials to reliably characterize response
amplitude than EEG/MEG recordings do. The stimuli
were displayed on a 1024 3 768 pixel LCD screen at a dis-
tance of 75 cm from the subject eyes. The subjects fixated
on a dot located in the center of the screen that changed
between green and red colour at random intervals. In
order to maintain accurate fixation and consistent level of
arousal during the experiment, subjects were instructed to
press a button every time the fixation dot changed colour.
For one subject, the button responses were not registered
due to a technical issue with the trigger. Mean perfor-
mance and standard deviations for the other three subjects
were 89.20 6 16.55% correct.

ECoG analysis

Electrodes showing artefacts exhibited as flat signal,
excessive noise or epileptic activity (judged by a neurolo-
gist) were rejected. Signals from each remaining electrode
were re-referenced to the common average of all the
remaining intracranial electrodes for each subject. Power
spectral density (1–134 Hz) was estimated for each trial
every 1 Hz in MATLAB by Welch’s periodogram-
averaging method with a 1 s window. To identify electro-
des that responded to stimulus motion, we compared
responses to 1 s of motion presentation (0–1 s after motion
onset), and 1 s of stationary baseline (starting 1 s after the
motion ceased).

For each subject, the electrodes showing hMT1

responses were selected using the following anatomical
and functional criteria: (1) highest significant spectral pow-
er augmentation above baseline in the 65–95 Hz frequency
range during motion presentation (paired t test, P< 0.05,
Bonferroni’s corrected for the number of retained electro-
des), (2) location close to the established hMT1 anatomical
landmarks found in the posterior part of the inferior tem-
poral sulcus [Dumoulin et al., 2000; Wandell et al., 2007],
(3) electrode location assessment by converting electrode
coordinates in Montreal Neurological Institute (MNI)
space using AFNI, and (4) electrode location comparison
to functional activation maps obtained contrasting motion
and static checkerboard of pre-surgically 3T fMRI meas-
urements, when available (two out four subjects). During
fMRI, the subjects performed the same visual task as
described above.

To quantify the responses for each spatiotemporal fre-
quency condition of the visual motion stimuli presented,
we computed the mean power spectra across the trials of
each condition, for each subject. We also extracted two
components from the ECoG signal: the response in the
HFB, and the response at frequencies synchronous with
stimulus contrast reversals (SCR response).
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ECoG HFB response

To extract the neuronal population response in the HFB
we filtered the data between 65 and 95 Hz using a 3rd
order Butterworth filter in two directions [Hermes et al.,
2012] and we calculated the log power of the analytic
amplitude using the Hilbert transform. Epochs for each
spatiotemporal frequency condition were extracted from
the time of motion onset to 500 ms after the motion pre-
sentation ended in order to allow the signal to return to
baseline. Baseline was defined as the initial 3 s before the
beginning of the first trial of each run. The mean log pow-
er across the epochs of each condition was converted to z
score by subtracting the mean and dividing by the stan-
dard deviation of the baseline epoch. The patterns of HFB
power responses were summarized for each spatiotempo-
ral frequency condition by extracting the area under the
HFB response per condition. To investigate how the HFB
area values change according to the spatial and temporal
frequencies of the moving stimuli, we computed the sig-
nificance of the effect by two-way ANOVA for each sub-
ject. To identify the nature of the effect we subsequently
conducted pairwise comparisons using exact statistics
(permutation tests) as follows: the spatial (or temporal) fre-
quency population to be tested for significance was calcu-
lated by the differences between the two sets of spatial (or
temporal) frequencies of size n 5 3 to be compared. Then
values from the two sets of spatial (or temporal) frequen-
cies were pooled and differences were calculated between
all the possible randomly sampled sets of spatial (or tem-
poral) frequencies of size n. This distribution reflected the
distribution of values under the null hypothesis that spa-
tial or temporal frequency does not affect response ampli-
tudes. Then, one-sided P values were computed for each
pair-wise comparison. P< 0.05 was considered to be
significant.

ECoG SCR response

We identified peaks in the ECoG power spectra at
multiples of the temporal frequencies of the presented
stimuli. The peaks were identified at 2, 6, and 10 Hz,
and the harmonics of these frequencies. We suggest that
these peaks corresponded to the frequency of contrast
reversals of the moving dartboards: For the temporal
frequencies of 1, 3, and 5 Hz, the stimulus contrast
reversed 2, 6, and 10 times per second, respectively. To
quantify the intensity of the stimulus contrast reversal
(SCR) peaks, we averaged trials for each spatiotemporal
frequency condition in time and recomputed the power
spectra. This procedure amplifies signal responses that
are in phase (synchronous) during the trial, while it
minimizes asynchronous signals (for instance HFB
responses). Similar to the power spectra analysis above,
baseline was defined as the 1 s of stationary periods
starting 1 s after the motion ceased. The log of the pow-
er spectra was fit with a straight line, then for each

subject we normalized the power spectra at each fre-
quency by the fit as in Harvey et al. [2013]. Finally, to
characterize the SCR response we extracted the normal-
ized peak value at 2, 6, and 10 Hz for the 1, 3, and 5
Hz temporal frequency conditions respectively. As for
the HFB responses, the effect of the spatial and temporal
frequencies on the SCR responses were measured by a
two-way ANOVA, testing for differences between fre-
quencies. Preferred frequencies were tested by a permu-
tation analysis on the SCR responses for each subject.
P< 0.05 was considered significant.

HFB analysis

We ask whether neuronal responses in hMT1 depend
on speed or spatiotemporal frequency. To achieve this, we
compared measured patterns of ECoG HFB responses (a
measure of spiking activity) to predictions of neuronal
response models tuned to both speed and spatiotemporal
frequency. We reason that the neuronal response model
that best predicts the measured pattern of responses best
describes neuronal tuning properties. The first neuronal
response model describes separate and independent
responses to the spatial and temporal frequency compo-
nents of the visual stimuli (Q 5 0). The second describes
tuning for particular speeds, i.e., predicts the same pre-
ferred speed at different spatial frequencies, with temporal
frequency tuning varying in accordance with the spatial
frequency (Q 5 1). The third allows for a mixture of these
two models, or indeed any relationship between spatial
and temporal frequency tuning (Qvar).

Modeling of Square-Wave Dartboard

We used high-contrast square-wave black-and-white
moving dartboard stimuli. These elicit very strong ECoG
responses that were beneficial in our clinical setting.
However, square waves contain a range of harmonic spa-
tial and temporal frequencies together with the funda-
mental frequencies of sine-wave gratings. We aimed to
test whether responses reflected these harmonics or were
dominated by their fundamental frequencies. Therefore,
we fit response models that predicted the HFB response
using (1) only the fundamental frequency and (2) the
sum of all harmonic frequencies present in the square
wave stimulus, scaled by their respective amplitudes. We
again compared which prediction best fit measured
responses.

Model of Speed Encoding

We fitted the HFB responses to a variant two-
dimensional Gaussian function allowing independent tun-
ing for spatial and temporal frequency or tuning depen-
dent on the ratio of spatial and temporal frequencies [Lui
et al., 2007; Miura et al., 2014; Priebe et al., 2006], given by
the following equation:
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where A is the HFB response peak, sfopt and tfopt are the
optimal spatial and temporalfrequency and rsf and rtf are
the bandwidths of the spatial and temporal tuning curves;
where log2 tfopt sfð Þ

� �
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where Q is a relationship between spatial and temporal
frequency preferences. The value of Q defines the spatio-
temporal frequency response properties of the neuronal
population tested [Priebe et al., 2003, 2006]. Neuronal pop-
ulations with independent tuning for spatial and/or tem-
poral frequencies will show non-oriented profiles that are
aligned with the vertical and horizontal axes (i.e., spatial
and temporal frequency), obtained by Q 5 0 in Eq. (2).
Conversely, since motion speed is the ratio of temporal
and spatial frequencies, neuronal populations that show
tuning dependent on the ratio of spatial and temporal fre-
quencies (i.e., direct speed encoding) will be oriented in
the spatiotemporal frequency space and will be better
described by an oriented profile obtained by Q 5 1 [see Eq.
(2)]. Other values of Q describe other relationships, such
as a mixture of neurons with direct speed encoding and
neurons with spatial and temporal frequency encoding
within the same population.

Cross validation

Allowing Q to vary adds an extra free parameter in the
model that could potentially result in an increase in vari-
ance explained compared to the Q 5 0 and Q 5 1 model.
We therefore compared each model’s goodness of fit in
predicting the HFB response by computing the variance
explained in cross-validation [Klein et al., 2014; Mante

et al., 2005; Zuiderbaan et al., 2012]. Here, we quantified
model prediction accuracy by fitting model parameters on
one half of the measured responses and evaluating how
well these parameters predict the complementary half.
Any parameter that varies to capture non-repeatable
(noise) responses will reduce goodness of fit.

We discarded trials (4 per subject) with low response
amplitudes (less than 10% increase above baseline in 65–95
Hz responses). From the remaining trials, we selected 100
random half splits, fit Q 5 0, Q 5 1, and Qvar models for
each half split, and determined the variance explained in
the complementary half. We also determined the noise
ceiling; the variance explained in each split half by the
measurements in the complementary half. Repeating this
procedure 100 times gave distributions of model parame-
ters, variance explained, and noise ceiling. We used means
and 95% confidence intervals from these distributions to
compare model fits statistically.

RESULTS

Visual Motion Elicited Responses in High

Frequency Broadband and at Stimulus Contrast

Reversal Frequencies in hMT1

We recorded brain activity responses to visual stimuli
moving at different spatial and temporal frequencies. We
selected, for each subject, the electrode within the hMT1

complex that fulfilled the selection criteria described in the
section “Materials and Methods”. To confirm correct local-
ization in the complex (MNI coordinates marked with a
cross in Fig. 1), the normalized position of all selected elec-
trodes was plotted on an average brain (Fig. 1).

To evaluate the overall responses of the visual stimuli we
computed the mean power spectra of each spatiotemporal
frequency condition for the selected electrode, for each

Figure 1.

Projected significant elect rode of each subject on a normalized brain. Black cross shows the

hMT1 location in the Montreal Neurological Institute (MNI) coordinates for the right (A) and

left (B) hemisphere. Subjects are numbered from 1 to 4. The electrode coordinates in MNI

space for each subject are: 1 5 (38 90 10), 2 5 (46 84 3), 3 5 (34 80 18), 4 5 (51 75 1).
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subject (Fig. 2 for a representative subject). The spectra
revealed two distinctive responses to the task: (1) a significant
power augmentation in the HFB compared to baseline (Fig.
2) and (2) a peak at frequencies synchronous with the stimu-
lus’s contrast reversal (SCR) frequency (Fig. 2).

HFB Responses

Each spatiotemporal frequency condition elicited a sig-
nificant power augmentation in the HFB compared to
baseline (P< 0.05, Bonferroni’s corrected), reflecting an
increase in neuronal activity for all stimulus conditions
(Fig. 2). To evaluate this neuronal response, we analyzed
the HFB power over time, averaged across all the motion
epochs with the same spatial and temporal frequency com-
bination (Fig. 3). HFB responses peaked on average 87 ms
after the motion onset, revealing an early transient
response. HFB amplitude then decreased during motion

presentation and returned to baseline about 1.5 s after
motion onset (500 ms after motion offset). Notably, the
shape over time of the HFB responses was synchronous
with the contrast reversals found at each temporal fre-
quency. At 1 Hz temporal frequency, the black and white
dartboard has two contrast reversals per second, giving
two peaks in the HFB responses (Fig. 3, first row). As the
temporal frequency increases, their temporal spacing
drops below the width of the HFB response waveform so
the peaks become less separable (Fig. 3, second and third
rows, respectively). All four subjects exhibited similar HFB
response patterns.

To summarize the pattern of responses, we computed the
area under the HFB responses during the 1.5 s in which we
measured a power increase, for each spatiotemporal frequency
condition (Fig. 4). As revealed by a two-way ANOVA, only
the effect of the spatial frequency on the HFB amplitude was
significant (F(2) 5 121.19, 10.28, 95.32, and 58.55 for each sub-
ject respectively, all P< 0.05). All subjects exhibited the largest

Figure 2.

(A) Mean power spectra for the selected electrode of a repre-

sentative subject in response to each spatial (columns) and tem-

poral frequency (rows) condition of the visual motion stimuli.

(B) Mean power spectra in response to 0.2 cycle/degree and 3

Hz visual motion stimulation. The spectra revealed a significant

power augmentation in the HFB compared to baseline (black

box) and a peak at frequencies synchronous with the contrast

reversal of the moving stimuli. In particular for a temporal fre-

quency of 3 Hz the contrast between black and white of the

dartboard reversed six times. SCR peaks were thus detected at,

and at multiples of, 6 Hz as indicated by the arrow. (C) Mean

power spectra in response to 0.33 cycle/degree and 5 Hz visual

motion stimulation. The spectra revealed as for (B) a significant

increase in the HFB. The arrow indicates the peak in the spectra

at 10 Hz (for the temporal frequency of 5 Hz the black and

white contrast reversed 10 times). The insert in the graphs

(BW) illustrated the number of times the contrast reversed.
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response at a spatial frequency of 0.33 cycle/degree as evi-
dence by a significant difference with adjacent frequencies (all
pairwise permutation tests yielded a P value< 0.05). The tem-
poral frequency had no preference on the HFB area value
(P> 0.1 for all permutation tests). Since speed is the ratio
between the spatial and the temporal frequency and the pre-
ferred temporal frequency varies with the spatial frequency
the preferred speed within each sampled neuronal population
differed with the spatial frequency of the moving dartboards.

ECoG SCR Responses

As can been seen in Figure 2, the power spectra for particu-
lar spatial and temporal frequency combination showed SCR
peaks at multiples of the contrast reversal of the visual stimu-
li presented. The spectra in response to 3 Hz [Fig. 2(A): sec-
ond row, Fig. 2(B) in detail] display a clear peak at 6 Hz
during motion, which is the second harmonic of the temporal
frequency presented (a 3 Hz stimulation corresponds to 6
contrast reversals). For 5 Hz [Fig. 2(A): third row, Fig. 2(C) in
detail] the spectra exhibited a larger response at 10 Hz (a 5
Hz stimulation corresponds to 10 contrast reversals). SCR
peaks for 1 Hz were less pronounced (Fig. 2: first row). Peaks

were also detected at multiples of the contrast reversal rate
for the temporal frequencies presented. To quantify SCR
peaks, we averaged trials for each condition in time and
recomputed the power spectra. SCR peaks at the first har-
monic of the temporal frequency of the stimuli are shown in
Figure 5, as a function of spatial frequencies, temporal fre-
quencies and speed. The SCR responses did not show a con-
sistent pattern across subjects. Neither spatial nor temporal
frequencies exhibited a frequency-specific effect for the SCR
responses (P> 0.2 for all ANOVA tests). No peaks (negative
values) were detected for the highest spatial frequency of the
stimuli (1 cycle/deg). Since the SCR responses did not show
any particular tuning for spatial and temporal frequencies
and were not always detected in our data, we did not fit tun-
ing functions to SCR responses.

HFB Responses Showed Separate Tuning for

Spatial and Temporal Frequency

The Gaussian models of speed encoding (Q 5 0, Q 5 1,
and Qvar) were able to characterize the tuning of HFB
responses for the spatiotemporal properties of the moving
dartboards. We compared each model’s goodness of fit in

Figure 3.

HFB (65–95 Hz) responses averaged across the 18 trials of each

combination of spatial (columns) and temporal frequencies

(rows) of the visual motion stimuli for a representative subject.

The speed of motion (ratio of temporal to spatial frequencies) is

indicated in each graph. Black horizontal bars indicate motion

stimulus duration. Shaded areas represent the standard error

across trials (n 5 18). Top row: Representative frame for each

spatial frequency of the stimuli presented.
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predicting the HFB responses by computing the variance
explained in cross-validation, fitting each tuning model to
a randomly selected half of the response data and evaluat-
ed fitting performance on the complementary half (see
“Materials and Methods”). We estimated the responses
using only the fundamental spatial and temporal frequen-
cies present in the square-wave dartboard stimuli, or also

considering the harmonics. Figure 6(A) shows the variance
explained by each model. For all subjects, the Q 5 0 model
explained significantly more variance than the direct speed
encoding model (Q 5 1, two-sided t test, P value< 0.001
for all subjects), both when the fundamental spatiotempo-
ral frequencies and the harmonics were included in the
model [Fig. 6(A), black bars, Q 5 0 and Q 5 1 labels], and

Figure 4.

HFB response amplitudes for each fundamental spatial and tem-

poral frequency (normalized z score). (A) Mean response ampli-

tudes and standard errors as a function of fundamental spatial

frequency. The maximum response consistently results from the

presentation of the 0.33 cycles/degree stimulus. (B) Mean

response amplitudes and standard errors as a function of tem-

poral frequency. (C) Mean response amplitudes and standard

errors as a function of speed, showing very different response

amplitudes for the same speed carried by different spatial and

temporal frequencies. Speed is defined as the ratio between the

temporal (1, 3, and 5 Hz) and the spatial frequencies (0.2, 0.33,

and 1 cycle/deg) of the square-wave moving dartboard pre-

sented. Different rows show different subjects.
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when only the fundamental frequencies were considered
[Fig. 6(A), gray bars, Q 5 0 and Q 5 1 labels].

When considering the fundamental frequencies and the
harmonics, the variance explained by the Q 5 0 model was
also significantly higher than that explained by the Qvar

model [Fig. 6(A), black bars, Q 5 0 and Qvar labels], which
allows any relationship between spatial and temporal fre-
quency tuning (P value< 0.001 for all subjects). With the
exception of Subject 3 [Fig. 6(A), gray bars, third row], the

same results were found when considering only the funda-
mental spatiotemporal frequencies [Fig. 6(A), gray bars,
Q 5 0 and Qvar labels]. Our crossvalidation procedure
allowed the Qvar model to explain less variance than the
Q 5 0 model, even though Q 5 0 was tested in the Qvar

model. As Qvar fitted less well than Q 5 0, nonzero values
for Q selected in the fitting stage predicted responses less
well than Q 5 0 in the validation stage. Therefore, depen-
dencies between spatial and temporal frequency tuning

Figure 5.

SCR response amplitudes for each fundamental spatial and tem-

poral frequency. (A) Mean response amplitudes and standard

errors as a function of fundamental spatial frequency. (B) Mean

response amplitudes and standard errors as a function of tem-

poral frequency. (C) Mean response amplitudes and standard

errors as a function of speed, showing very different response

amplitudes for the same speed carried by different spatial and

temporal frequencies. Different rows show different subjects.

SCR responses change in accordance with the spatial and tem-

poral frequencies of the stimuli.
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Figure 6.

(See legend on the following page.)
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functions (i.e., tilted spatio-temporal tuning profiles) were
not found in our responses indicating they primarily cap-
ture nonsystematic noise.

When the fundamental frequencies as well as the har-
monic spatial and temporal frequencies were considered in
our tuning models, the resulting models explained more
variance than models considering the fundamental frequen-
cies only [Fig. 6(A)]. The tuning functions that predict the
responses to our stimuli are quite narrow [Fig. 6(B)], but the
interactions of these tuning functions with the harmonics
predict strong responses to a broader range of stimulus fun-
damental frequencies [Fig. 6(C)]. If responses are predicted
using the fundamental frequencies only, the underlying
tuning functions must become far broader to capture the
strong responses at the broad range of fundamental fre-
quencies [Fig. 6(D)], and predict the observed responses less
well [Fig. 6(A)]. Therefore, harmonic frequency components
underlie a significant amount of the neural responses to our
square-wave dartboard stimuli.

DISCUSSION

This study investigated the speed tuning properties in
human MT1 neuronal populations in response to dart-
boards moving at different spatial and temporal frequency
combinations, using ECoG. We found that the neuronal
populations measured in hMT1 exhibit two distinct
responses. The first is a HFB spectral increase in response
to each spatiotemporal frequency combination. The second
was a set of spectral peaks at the frequency of the stimu-
lus’s contrast reversals and their harmonics (the SCR
response). We found that: (1) the HFB response (and the
neuronal population activity that produces this signal),
does not encode the stimulus speed directly but shows
separate and independent selectivity for the spatial and
temporal frequencies of the motion stimuli, (2) the SCR
response was not related to speed encoding. We conclude
that the neuronal populations measured in hMT1 are not
directly tuned to stimulus speed, but instead encode speed
through separate and independent spatial and temporal
frequency tuning.

HFB Neuronal Population Responses are Tuned

for Spatiotemporal Frequency

We characterized the hMT1 neuronal responses to visu-
al motion stimuli by the HFB response component of the
ECoG signal as this is the closest measure to spiking activ-
ity in single unit recordings [Manning et al., 2009; Miller
et al., 2009; Ray and Maunsell, 2011]. HFB responses fol-
lowed the spatiotemporal frequency properties of the dart-
board presented (Fig. 4). At lower contrast reversal rates
(where responses to each contrast reversal could still be
distinguished from each other), we found peaks of HFB
activity at the contrast reversal frequency (Fig. 3), although
the amplitude of these responses was not strongly modu-
lated by speed. Moreover, the preferred speed of the HFB
responses varied when the spatial frequency of the stimu-
lus changed (Fig. 4).

We characterized the HFB responses by comparing the
ability of different speed encoding models to describe
responses to all spatial and temporal frequency combina-
tions present in the stimuli. The first describes separate and
independent responses to the spatial and temporal frequen-
cy components of the visual stimuli (Q 5 0). The second
describes tuning for particular speeds, i.e., predicts the
same preferred speed at different spatial frequencies, with
temporal frequency tuning varying in accordance with the
spatial frequency (Q 5 1). Our hMT1 HFB responses were
significantly better explained by the Q 5 0 model. They
exhibited selectivity for spatial and temporal frequencies
independently, as opposed to evidencing direct speed tun-
ing: the response profile in the spatiotemporal frequency
space did not show the orientation predicted by direct
speed tuning (Fig. 6). Moreover, no increase in the variance
explained was found by fitting the HFB responses with an
intermediate model that allows any relationship between
spatial and temporal frequency tuning, including mixtures
of both spatiotemporal encoding and direct speed tuning.

We used high-contrast square-wave black-and-white
moving dartboard stimuli that are known to elicit very
strong ECoG responses in the visual cortex [Winawer
et al., 2013]. These strong responses were beneficial within
the clinical setting of our experiments, and allowed us to

Figure 6.

Spatial and temporal frequency tuning models capture responses

to our motion stimuli. (A) The response variance explained in

split-half cross validation by Gaussian tuning models with indepen-

dent spatial and temporal frequency tuning (Q 5 0), any relation-

ship between spatial and temporal frequency tuning (Qvar) or

tuning for speed (Q 5 1). Gray bars show variance explained when

the tuning model considers the fundamental stimulus frequencies

only. Black bars show variance explained also considering the har-

monic frequencies present in the stimulus, and explain more

response variance. The dashed line shows the noise ceiling from

cross validation. Error bars give 95% confidence intervals. (B)

Tuning function given by the Q 5 0 model that includes both the

fundamental spatiotemporal frequencies and the harmonics which

shows far narrower tuning widths. (C) Predicted response of the

tuning function in (B) to each combination of spatial and temporal

frequency of a square-wave dartboard stimulus. (D) Tuning func-

tion given by the Q 5 0 model that considers the fundamental fre-

quencies only, which is equal to the predicted response for each

spatial and temporal frequency combination. This resembles the

predicted response to each spatial and temporal frequency combi-

nation shown in (C) and is artificially expanded to capture

responses to harmonics.
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detect the stimulus contrast reversal responses (SCR) to
the temporal frequencies adopted in the stimuli. However,
square waves dartboard contains a wider range of spatial
and temporal frequencies than stimuli containing only the
fundamental frequencies as sine-wave gratings, which are
more common in motion-related animal electrophysiologi-
cal studies. To address this issue, we took all the harmonic
frequencies into account in the description of our stimulus
used to fit the tuning models, and we also fitted tuning
models using the fundamental frequencies only. Models
including the harmonics predicted responses better, dem-
onstrating that harmonic spatial and temporal frequencies
contribute to the neuronal population responses we mea-
sured. However, irrespective of whether we used only the
fundamental frequencies or also included the harmonics,
our current data indicate that independent tuning for spa-
tial and temporal frequency explains the responses best.

Our results are consistent with findings in both monkeys
and marmosets that showed that the majority of MT neu-
rons do not exhibit the same preferred speed at different
spatial frequencies, but exhibit separate and independent
tunings for the spatial and temporal frequencies of the
visual stimuli [Lui et al., 2007; Miura et al., 2014; Priebe
et al., 2003; Priebe and Lisberger, 2004]. These results are
corroborated by an MEG study that used sine wave gra-
tings to investigate human MT1 responses to spatial and
temporal frequencies [Wang et al., 2003]. Although that
study did not investigate speed tuning properties as
opposed to a separable spatiotemporal mechanism, it
showed neuronal responses in agreement with our data, at
least in the same range of spatial and temporal frequencies
investigated.

We note that our findings differ from those reported by
Perrone et al. [2000] in monkeys, which describe speed tun-
ing in the majority of neurons examined. This difference
seems to depend on the criteria of classification used [Priebe
et al., 2003]. Perrone and colleagues classify neurons show-
ing any tilt in the spatiotemporal profile (Q different from
zero) as speed tuned. Spatial frequency can affect speed
preference in such neurons. We use a stricter criterion,
where speed preference is not affected by spatial or tempo-
ral frequency. Nevertheless, our results do not show any
repeatable tilt to the spatio-temporal tuning profile at the
population level: tilted models (Qvar) describe our responses
less well than untilted (Q 5 0) models. Since ECoG electro-
des record the summed activity of a population of neurons,
it is possible that some neurons within this population may
be tuned for speed. However, a mixture of speed tuned neu-
rons with neurons that have separate and independent tun-
ings for the spatial and temporal frequencies should
produce an intermediate, tilted response profile.

The separable spatiotemporal properties of the recorded
neuronal population in hMT1 found in this study do not
correspond to those of fMRI studies in humans that inves-
tigate speed responses. Chawla et al. (1998), (1999) demon-
strated a nonlinear correspondence between speed of

random moving dots and blood oxygenation level-
dependent (BOLD) activity in hMT1, while Lingnau et al
[2009] provided evidence of speed tuning coding of BOLD
responses over different temporal frequencies. Chawla
et al. used random moving dot patterns that cannot disen-
tangle the spatial and temporal frequencies presented.
Indeed, as they used the same dot sizes and densities for
all speeds, spatial frequency content was constant for all
speeds. Therefore, Chawla and colleagues’ speed differ-
ences may reflect temporal frequency differences only.
Similarly, Lingnau and colleagues use a complex fMRI
adaptation paradigm to study speed and temporal fre-
quency tuning in human visual cortex in response to draft-
ing gratings. However, the adaptation paradigm they used
to study speed tuning properties may lead to potential
confounds. The speed tuning functions of neuronal popu-
lations can shift towards lower speeds with decreasing
contrast [Krekelberg et al., 2006; Vintch and Gardner,
2014] and therefore the use of different contrasts in the
adaptation block may lead to different populations of neu-
rons to be tested. Attention to the stimuli due to the adap-
tation paradigm used may also play a role in the changes
in the BOLD signal measured.

Our findings, taken together with human MEG studies
and animal neurophysiological studies, support the
hypothesis that the hMT1 neuronal population responses
we recorded depend on the spatial structure of the stimuli.
Indeed, hMT1 neuronal populations exhibit selective pref-
erences for particular spatial frequencies. These spatial fre-
quency preferences likely depend on the electrode location
within the hMT1 complex: MT neurons’ spatial frequency
preferences correlate with their receptive field sizes, and
medial superior temporal (MST) neurons have larger
receptive fields and lower spatial frequency preferences
than MT neurons [Miura et al., 2014]. We recently demon-
strated that human MT and MST functional subdivisions
are likely to process slow and fast speeds respectively
[Gaglianese et al., 2015] which may reflect differences in
receptive field size and spatial frequency preferences.

We speculate that each hMT1 neuronal population may
behave as a spatial frequency filters for motion detection
with different temporal tuning. This agrees with a model
representation of speed that depends on the spatial fre-
quency of the stimulus [Priebe et al., 2003, 2006]. Previous
studies suggested that this mechanism is inherited from
V1 cells. Speed-tuning responses of MT neurons may
emerge from non-linear integration of neurons that prefer
the same speed but exhibit different spatial and temporal
frequency tuning [Priebe et al., 2006; Rust et al., 2006;
Simoncelli and Heeger, 1997]. However, it has been also
shown, using multimodal imaging, that motion-driven
neuronal activity in MT precedes that in V1 [Ffytche et al.,
1995, 1996]. These early MT1 responses depend on a
direct functional connection between the lateral geniculate
nucleus and hMT1, which is modulated by the speed of
the visual motion [Gaglianese et al., 2012, 2015]. Therefore,
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motion-selective responses could also be inherited by
direct input coming from the magnocellular geniculate
cells of LGN [O’Brien et al., 2001; Sincich et al., 2004; Step-
niewska et al., 1999]. Further studies using high-density
ECoG electrodes to increase the spatial resolution of our
measurements could help to shed new light on this
matter.

HFB and SCR Responses May Reflect Different

Neuronal Populations

SCR responses were clearly affected by the spatial and
temporal frequencies of the stimulus, rather than its speed.
However, we did not fit tuning functions to SCR responses
for several reasons. Unlike HFB responses, we do not
believe SCR response amplitudes are closely linked to neu-
ral firing rates or response preferences. Moreover, SCR
peaks were not always detected from our data (negative
values in Fig. 5).

The difference we found between SCR and HFB
responses may be explained by a recent model of ECoG
signal components containing two different signal sources
[Winawer et al., 2013]. This model proposes that SCR
responses may capture activity from only small regions of
cortical input layers. In contrast, the HFB component
reflects asynchronous activity over a broader range of cor-
tical layers, spreading from the input layer of the cortex.
In light of this model, we suggest that HFB responses
reflect the total response of all the hMT1 neurons under-
neath our ECoG electrode to moving stimuli, which can be
explained by the motion-encoding model. Conversely, SCR
responses reflect only a particular stimulus feature: the
synchronous response to each contrast reversal. We may
also speculate that the SCR responses we measured in our
data originate from direct thalamic projection to hMT1.
These narrowband spectral responses locked to the tempo-
ral frequency of the visual stimuli may initiate in a rela-
tively small region of the middle cortical input layers of
hMT1 [Winawer et al., 2013], which are known to be ana-
tomically connected with the koniocellular compartments
of the dorsal LGN [Jayakumar et al., 2013; Morand et al.,
2000; Sincich et al., 2004]. This part of visual information
may be conveyed to hMT1 earlier than the information
carried by the main pathway through V1 [Beckers and
Zeki, 1995; Ffytche et al., 1995, 1996; Gaglianese et al.,
2012; Raiguel et al., 1989] for a faster and possibly precon-
scious perception mechanism compared to the later recon-
struction of fine stimuli motion details completed through
V1 and carried by the HFB responses.

Methodological Considerations:

Electrode Location on hMT1

ECoG provides a unique tool to investigate neuronal
population responses in the human brain, but there are
few limitations that must be kept in mind when using

ECoG recordings. First, although the location of the elec-
trodes is guided by the clinical requirement to identify the
location of the seizure focus and therefore cannot be con-
trolled by the scientific need for a consistent location
across subjects, we are confident that the selected electrode
of each subject lies in hMT1. Previous functional neuroim-
aging studies have defined the MT complex as the most
responsive part of the human cortex when contrasting the
responses to moving and stationary stimuli [Huk et al.,
2002; Tootell et al., 1995; Zeki, 2015]. Similar responses are
not seen in nearby areas. Anatomically, it has been shown
hMT1 is reliably located in the intersection of the junction
between the ascending limb of the inferior temporal sulcus
and the sulcus itself in 90% of the subjects [Dumoulin
et al., 2000], and similar MNI coordinates are reported in
several fMRI studies. We therefore selected electrodes that
exhibited the highest increases in the HFB responses to
moving versus stationary stimuli and confirmed its posi-
tion according to the anatomical landmark denoted by the
inferior temporal sulcus, and proximity to published MNI
coordinates. Moreover, in two out of four subjects the spot
was validated with 3T fMRI data contrasting moving ver-
sus stationary stimuli. This combination of anatomical and
functional criteria provides high confidence that our elec-
trodes lie in hMT1. A second limitation is that ECoG elec-
trodes only sample from small regions within hMT1 (each
measures from about 5 square mm per cm of tissue),
hence findings may not be representative of the whole
region. Here, we did not find any foci that evidenced
speed tuning in hMT1. Finally, as an inevitable aspect of
the ECoG recordings, each electrode samples the aggregate
activity of several 100,000 neurons, hence properties of
smaller groups of neurons within this population may go
unnoticed.

CONCLUSION

In conclusion, our ECoG results show that recorded neu-
ronal population responses to visual motion stimuli in
hMT1 depends on the spatiotemporal frequency proper-
ties of the presented stimuli. They exhibited distinct and
independent selectivity for spatial and temporal frequen-
cies of the visual stimuli rather than direct speed tuning.
Our findings consolidate and extend previous findings in
macaque and marmoset MT neurons to neuronal popula-
tions in human MT.
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