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Evidence of a direct influence between the thalamus and hMT+ independent of V1 in
the human brain as measured by fMRI
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In the present study we employed Conditional Granger Causality (CGC) and Coherence analysis to investigate
whether visual motion-related information reaches the human middle temporal complex (hMT+) directly
from the Lateral Geniculate Nucleus (LGN) of the thalamus, by-passing the primary visual cortex (V1). Ten
healthy human volunteers underwent brain scan examinations by functional magnetic resonance imaging
(fMRI) during two optic flow experiments.
In addition to the classical LGN-V1-hMT+ pathway, our results showed a significant direct influence of the
blood oxygenation level dependent (BOLD) signal recorded in LGN over that in hMT+, not mediated by V1
activity, which strongly supports the existence of a bilateral pathway that connects LGN directly to hMT+
and serves visual motion processing. Furthermore, we evaluated the relative latencies among areas function-
ally connected in the processing of visual motion. Using LGN as a reference region, hMT+ exhibited a statis-
tically significant earlier peak of activation as compared to V1.
In conclusion, our findings suggest the co-existence of an alternative route that directly links LGN to hMT+,
bypassing V1. This direct pathway may play a significant functional role for the faster detection of motion and
may contribute to explain persistence of unconscious motion detection in individuals with severe destruction
of primary visual cortex (blindsight).

© 2012 Elsevier Inc. All rights reserved.
Introduction

The middle temporal area (MT) is a region of the extrastriate cor-
tex first described in non-human primates (Allman and Kaas, 1971;
Dubner and Zeki, 1971), whose presumable human homologue was
identified as a part of the human middle temporal complex (hMT+)
(Amano et al., 2009; DeYoe et al., 1996; Dukelow et al., 2001;
Dumoulin et al., 2000; Huk and Heeger, 2001; Tootell et al., 1995).
This cortical region plays a fundamental role in visual motion percep-
tion, and comprises a series of neighboring yet functionally segregated
areas (Kolster et al., 2010). The major pathway conveying visual mo-
tion information from the retina to MT involves two main processing
stages, one at the level of the thalamus, in the Lateral Geniculate Nu-
cleus (LGN), and the other one in the primary visual cortex (V1)
(Born and Bradley, 2005).

In addition, anatomical studies in primates have suggested the ex-
istence of at least two other retinothalamic pathways that convey
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visual motion information from the thalamus straight to area MT,
that is, without passing through V1. The first one includes direct pro-
jections from the koniocellular layers of the LGN (Sincich et al., 2004;
Warner et al., 2010), while the other one gathers projections from the
inferior pulvinar nucleus (PUL) (Adams et al., 2000; Berman and
Wurtz, 2008, 2010; Lin and Kaas, 1980; Nassi and Callaway, 2006;
Stepniewska et al., 1999). Additional pieces of evidence in support
of these direct anatomical connections in humans come from the re-
sults of Diffusion Tensor Imaging (DTI) and tractography studies
(Bridge et al., 2008; Lanyon et al., 2009).

Although this anatomical link is less prominent than the well-
established connection through V1, its existence raises the question
of which functional role this connection may play. Studies in non-
human primates reported that the inactivation of V1 is not associated
with a complete silencing of MT neuronal populations (Girard et al.,
1992; Rodman et al., 1989, 1990; Rosa et al., 2000; Schmid et al.,
2010), suggesting that at least part of the visual motion information
is carried to this region through alternative pathways that do not nec-
essarily involve V1.

In humans, findings in line with the data above have been ob-
served in the case of specific pathologies, such as blindsight, in
which patients with a complete destruction of primary visual cortex
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display some residual ability to discriminate certain visual features
(e.g., motion, but also color) in the absence of conscious visual per-
ception (Barbur et al., 1993; Schoenfeld et al., 2002; Zeki, 1995; Zeki
and Ffytche, 1998). Furthermore, neural activity in MT may precede
that in V1 in response to moving visual stimulation (Lamme and
Roelfsema, 2000), both in monkeys (Raiguel et al., 1989, 1999) and
humans (Buchner et al., 1997; Ffytche et al., 1995). Finally, reduced
perception of motion in humans as a consequence of the transient
disruption of hMT+ activity by transcranial magnetic stimulation
(TMS) applied at or near motion onset demonstrated that an impor-
tant portion of visual information reaches hMT+ earlier than it
would be expected if the flow of information passed exclusively
through the pathway including V1 (Beckers and Zeki, 1995; Laycock
et al., 2007).

While all these findings may suggest a direct link from the thala-
mus to hMT+, a direct functional influence exerted by thalamic nuclei
on hMT+ remains to be proven. Thus, the aim of the present
study was to measure a direct influence of the thalamus over hMT+,
independent of V1 activity, in the healthy human brain during visual
motion perception.

To pursue this aim, we conducted functional Magnetic Resonance
Imaging (fMRI) experiments to record brain activity in response to
moving visual stimuli. Effective connectivity among the areas func-
tionally connected in the processing of visual motion was explored
by Conditional Granger Causality (Chen et al., 2006; Gao et al.,
2011), and focused on the connections within a cortical network
that comprises two thalamic nuclei, namely the LGN and the PUL,
and the cortical areas V1 and hMT+.

We questioned also which functional role a direct connection be-
tween the thalamus and hMT+ may subserve. That this direct path-
way may function as a ‘back-up’ circuit to maintain some visual
information flow to hMT+ in the case of a major damage to primary
visual cortical areas, as suggested by clinical studies in patients with
blindsight, does not explain its functional role under physiological
conditions nor can it by itself account for the selection of such an al-
ternative pathway during evolution. On the basis of relative BOLD la-
tencies among thalamic nuclei, V1 and hMT+, computed via
Coherence analysis (Lauritzen et al., 2009; Sun, 2004; Sun et al.,
2005), we speculate that this direct link may subserve a faster proces-
sing of visual motion, allowing for a pre-conscious perception of (and
response to) rapidly moving stimuli.

Materials and methods

Brain activity from a total of ten healthy human volunteers with
normal or corrected-to-normal vision was recorded by fMRI, during
two distinct visual experiments designed to induce a neural response
in the thalamo-cortical network involved in visual motion processing.
All subjects underwent medical, neurological and psychiatric evalua-
tion to rule out conditions that could affect brain function or metabo-
lism. No subject had been taking any medication for at least two
weeks before the study. All participants gave their written informed
consent to participate in the study. The study was approved by the
Ethical Committee of the University of Pisa.

Data were acquired on a GE Signa 1.5 Tesla scanner (General Elec-
tric, Milwaukee, WI). At the beginning of each experimental session,
whole-brain T1-weighted SPGR images at a resolution of 1 mm (iso-
tropic) were acquired for each subject. In the functional experiments,
a field of view (FOV) of 240×240×39 mm was imaged by 13 axial
slices (matrix size: 128×128), resulting in a resolution of
1.875×1.875×3 mm, and covered V1, hMT+ and the thalamic nuclei
PUL and LGN of both hemispheres. Functional images were acquired
every 1500 ms. Echo time and flip angle were set to 40 ms and 90°,
respectively.

Visual stimuli consisted of patterns of either moving or static small
white dots on a black background (dot density: 4 dots/cm2, dot
radius: 0.034°). In both experimental paradigms, the static dots corre-
sponded to the last frame of the moving dot stimuli so that all the vi-
sual parameters (including luminance, contrast, number of stimuli,
dot density and radius, etc.) were exactly identical across the two ex-
perimental conditions. Stimuli were presented to subjects in the MRI
scanner by the means of a setup consisting of a projector, a screen,
and a two-mirror system, as described in Ricciardi et al. (2007) and
Sani et al. (2010). In both the experiments, subjects were instructed
to fixate a cross at the center of the screen.

Experiment 1 — block design

Four healthy volunteers (2 females, 26±1 years old) participated
in this experiment. Subjects underwent two identical runs in which
they were presented with visual stimuli in a block design paradigm.
Each block consisted of dots moving radially outward at a speed of
6.8°/s for 9 s, followed by a pattern of static dots displayed for 27 s.
The visual angle subtended by the stimulus was 6.9°. Each cycle of
moving/stationary dots was repeated seven times in each of the two
runs.

Experiment 2 — event related design

Six healthy volunteers (2 females, 26±3 years old) participated in
this experiment, which was included to overcome potential limita-
tions intrinsic to the block design paradigm (e.g., adaptation to exper-
imental design and timing). One subject was excluded from the
analysis because of excessive head motion. Stimuli were presented
in two identical runs in an event-related fashion, in which events con-
sisted of dots moving radially for 3 s, and were separated from each
other by an inter-stimulus interval (ISI) displaying static dot patterns
in a range from 6 to 12 s. As the length of ISI was randomly varied
according to an exponential distribution, the event was presented to
each subject from 34 to 37 times in each of the two runs. The visual
angle subtended by the stimulus was increased to 9°, and the dot
speed was set to 10°/s.

Preprocessing and data analysis

Data were pre-processed by using AFNI (http://afni.nimh.nih.gov/
afni, Cox 1996). All datasets underwent rigid-body motion correction,
slice scan time correction, spatial smoothing (3D Gaussian filter, 6-
mm full-width at half-maximum), temporal linear detrending, and
alignment of functional and anatomical data. Data were converted
into standard Talairach coordinates (Talairach and Tournoux, 1988)
and resampled to a resolution of 1 mm3 isotropic. For each voxel of
each subject, the timecourses of two runs of the same type were
concatenated and processed by following a deconvolution approach
(Gardner et al., 2005) using the software package mrTools (http://gru.
brain.riken.jp). This type of analysis is not based on any prior assump-
tion on the shape of the hemodynamic response function (HRF), except
for its length, which we set to 25 s, similarly to other studies (Gardner
et al., 2008; Wan et al., 2011). The output of this analysis is a recon-
structed HRF for each voxel, as well as a measure (r2) of stimulus-
dependent BOLD activity. The significance of the BOLD activity in each
voxel was assessed on the basis of statistics of the r2 values and con-
verted into p-values, by a bootstrapping approach (Gardner et al.,
2005).

Timecourses representing the activity in LGN, PUL and V1 were
extracted as follows: for each region and each hemisphere, we first
identified the voxel with highest r2 located within a maximum dis-
tance of 3 mm from the center of mass of these regions as defined
in Talairach coordinates. Then, the timecourses of voxels falling inside
the 3×3×3 mm3 cube centered at this location were averaged to
generate the resultant time series of that ROI. The resultant time-
course of hMT+was defined in each hemisphere by identifying the
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center of mass of the cluster of activated voxels on the activation map
(pb0.01) in the vicinity of well-established anatomical landmarks
that define this area (Annese, 2004; Dumoulin et al., 2000;
Malikovic et al., 2006), and then averaging the timecourses of voxels
falling inside the 3×3×3 mm3 cube centered at the local maxima
within 3 mm of this location. Finally, a dummy ROI covering area
BA43 (identified in Talairach coordinates) was used as a control re-
gion. By following the criteria above, we observed that the recon-
structed HRFs in V1 in one subject were negative and, since this
behavior is believed to reflect phenomena that are weakly coupled
with neural activity (Schmuel et al., 2002), data from that subject
were discarded.

We performed Conditional Granger Causality (CGC) and BOLD la-
tencies measures (Coherence analysis) on the entire averaged time
series of each ROI to examine the causal interactions within the se-
lected network. Both CGC and Coherence analysis were implemented
in MATLAB (The Mathworks, Natick, MA, USA).

In order to verify whether the causality between LGN and hMT+
is specific for the visual motion condition only, we performed supple-
mentary CGC analyses. Specifically, from each run of the block design
data from Experiment 1 (four subjects) we extracted and concatenat-
ed the segments of the timecourses corresponding to the static stim-
uli. In order to prevent that hemodynamic responses potentially
related to motion stimuli were included, we used only the last 18 s
(12 volumes) of the 27-second interval displaying static dots. CGC
analysis was conducted on these concatenated timeseries represent-
ing the BOLD signal in response to static stimuli (total length 252 s).
The same analysis was conducted also on concatenated series of the
same time length, which contained the BOLD responses to the moving
stimulus (each 18 second portion consisted of the 9 s corresponding
to the stimulus and 9 s corresponding to the initial part of the “static”
block).

Granger Causality
Granger Causality is based on the concept of predictability to de-

termine whether a relationship of cause–effect exists between dis-
tinct time series (Geweke, 1982). Since a standard approach based
on Bivariate Granger Causality (BGC) (Geweke, 1982; Goebel et al.,
2003; Roebroeck et al., 2005) is not suitable to ascertain whether
the flow of information between two ROIs may be mediated by a
third area, we employed Conditional Granger Causality (CGC) analy-
sis. CGC makes it possible to evaluate the causality between two
ROIs, taking into account the potential influence of the remaining
nodes of the network (Chen et al., 2006; Ding et al., 2006; Geweke,
1984). Conditional Granger Causality was implemented as reported
in Chen et al. (2006) and Ding et al. (2006).
Fig. 1. Statistical activation maps (pb0.05) for one representative subject: statistical activat
LGN activated voxels (b).
The optimal order of the autoregressive model describing the
interacting time-series was either one or two, depending on the
hemispheres, as determined by the Schwartz criterion (Roebroeck
et al., 2005). The coefficients of CGC Fy->x|z(f) were computed on the
averaged time series of the ROIs every 0.01 Hz in the frequency
range 0.01–0.12 Hz, which encompasses the relevant frequencies of
the typical hemodynamic response functions that characterize the
BOLD-fMRI signal (Cordes et al., 2001; Lauritzen et al., 2009; Sun,
2004). To infer the significance of the CGC coefficients of each pair-
wise combination of ROIs, a bootstrap distribution of size 1000 was
computed for each frequency by shuffling the estimated autoregres-
sive coefficients that describe the data. The significance of a CGC coef-
ficient Fy->x|z(f) was assessed by computing, for each frequency, the
percentage of bootstrapped coefficients that were smaller than the
real one (Gardner et al., 2005; Havlicek et al., 2010). A connection
was considered significant if at least one CGC coefficient passed the
95th percentile threshold, meaning that at least 950 out of 1000 boot-
strapped coefficients were smaller than the real one. A single value
representing the significance of each connection, for each subject,
was computed as the sum of the significant GC coefficients in the fre-
quency band, divided by the total number of the bands.

BOLD response latencies measured by Coherence analysis
Cross-spectral densities, hence coherence Cohxy(f) and phase

values ϕxy(f) as defined in Sun et al. (2005), were estimated in
MATLAB by Welch's periodogram-averaging method in 12 frequency
bands as in the GC analysis, for each combination of ROIs that resulted
significant in the CGC analysis, by calculating the discrete Fourier
transform in 64 points and employing a Hanning window with 50%
overlap (Sun, 2004). Connections of interest that resulted significant
in the CGC analysis were characterized in terms of latency Lxy, defined
as the mean of ϕxy(fi)/2πfi, where fi are the frequencies each band was
centered at.

Results

Task-related brain activation maps

During both visual motion experiments, subjects consistently
exhibited neural activation responses in hMT+ and in areas within
the early visual cortex. Statistical r2 maps (pb0.05) and reconstructed
HRF for V1 and hMT+ for a representative subject who participated
in the block design experiment are reported in Fig. 1a. Our protocol
successfully elicited significant BOLD responses in the LGN as well,
in 14 out of 18 hemispheres, as shown in the example in Fig. 1b,
which illustrates activated LGN voxels in the same subject (pb0.05).
ion maps and reconstructed HRF (mean and standard error) for hMT+ and V1 (a) and
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Table 1
Mean and standard deviation of the Talairach coordinates of the local maxima of each
selected ROI.

Regions Right Left

X Y Z X Y Z

LGN 22±2.59 −22±2.35 −1±2.78 −22±1.8 −25±2.68 −1±2.39
PUL 15±2.28 −26±2.17 8±2.59 −17±1.67 −26±1.99 8±2.44
V1 12±1.66 −88±2.55 4±2.16 −11±1.94 −89±2.55 5±2.37
hMT+ 44±3.10 −63±5.17 2±4.87 −41±3.54 −67±3.90 2±3.39

1443A. Gaglianese et al. / NeuroImage 60 (2012) 1440–1447
On the other hand, the PUL was significantly activated only in 7 out of
18 hemispheres. The means and standard deviations of the Talairach
coordinates of the centers of the corresponding ROIs for the right
and left hemispheres, respectively, are presented in Table 1.
Fig. 3. CGC result for the connection LGN➔hMT+|V1,PUL for f=0.09 Hz: distribution
of the CGC coefficients obtained by bootstrap procedure for the frequency band cen-
tered at 0.09 Hz for one representative hemisphere. Dashed line represents the 95th
percentile of the bootstrapped distribution, and solid line shows the CGC coefficient
obtained with actual data.
Effective connectivity as measured by CGC analysis

Analysis of the fMRI BOLD data for both experiments by CGC dem-
onstrated the existence of a significant effective connectivity from
LGN to hMT+ that was not mediated by V1.

Fig. 2a illustrates the CGC coefficients for the connection from LGN
to hMT+, calculated for one representative hemisphere in the fre-
quency range of interest. The null distribution of the corresponding
coefficients is shown in terms of mean and standard deviation, as
well. To assess the significance of the connection, each estimated co-
efficient computed from the actual data was compared to those of the
null distribution. For each frequency, the number of bootstrapped
CGC coefficients that were smaller than the measured one is dis-
played in Fig. 2b. CGC coefficients were assumed to be significant
when they were greater than the 95th percentile of the bootstrapped
ones (see Materials and methods). For example, the coefficient com-
puted from the real data in the frequency band centered at 0.09 Hz
was greater than 995 out of 1000 bootstrapped coefficients, as
shown in detail in Fig. 3, meaning that the connection in this frequen-
cy band held an estimated significance pb0.005. All bands centered
between 0.01 and 0.12 Hz held an estimated significance pb0.05
(Fig. 2b).

For comparison, connectivity coefficients obtained by standard
BGC analysis between the same two ROIs are reported in Fig. 4. Com-
pared to CGC analysis, BGC held greater though less significant coeffi-
cients because they represent not only the direct flow of information
leaving LGN and reaching hMT+, but also the spurious influence of
LGN on hMT+ that is mediated by V1.
Fig. 2. CGC results: a) CGC coefficients (black circles) and bootstrapped distributions (bars
sentative hemisphere. b) Number of bootstrapped CGC coefficients that are smaller than th
Overall, seven out of eight subjects exhibited significant CGC coef-
ficients in at least one hemisphere, proving that information flows
from LGN directly to hMT+, bypassing V1. In particular, five subjects
exhibited bilateral direct connectivity, while two subjects displayed
this property only in one hemisphere (one right hemisphere and
one left hemisphere; see Table 2, first column, for details).

The direct flow of information in the opposite direction (namely,
hMT+➔LGN|V1, PUL) was found to be significant only in a single
hemisphere of three subjects. The connection of the PUL with hMT+
was significant only in three subjects, monolaterally, for the
PUL➔hMT+|LGN, V1 direction, while it was significant in five out of
eight subjects in the opposite direction.

CGC analysis was performed also to assess the other possible con-
nections within the network comprising LGN, PUL, V1 and hMT+.
Each direct connection between two nodes was evaluated after ex-
cluding the influence of the other two nodes of the network to control
for effects of spurious connectivity. Results are reported in Table 2.

The most prominent direct connection was V1➔hMT+, which
was detected in seven out of eight subjects, in 14 out 16 hemispheres
(seven of the right hemispheres and seven of the left ones). The coef-
ficients representing strength of this direct connection were the larg-
est, compared to the coefficients obtained for any other connection
, mean and standard deviation) for the connection LGN→hMT+|V1, PUL in one repre-
e actual one for each frequency band.



Fig. 4. BGC results: a) BGC coefficients (black circles) and bootstrapped distributions (bars, mean and standard deviation) for the connection LGN→hMT+ in one representative
hemisphere. b) Number of bootstrapped BGC coefficients that are smaller than the actual one for each frequency band.

Table 2
CGC results.

LGN->hMT+ V1->hMT+ LGN->V1

L R L R L R

Hemispheres 6 6 7 7 3 7
Subjects 7 7 7

hMT+->LGN hMT+->V1 V1->LGN

L R L R L R

Hemispheres 2 1 6 4 5 2
Subjects 3 7 7

PUL->hMT+ PUL->V1 LGN->PUL

L R L R L R

Hemispheres 2 1 2 3 6 6
Subjects 3 3 7

hMT+->PUL V1->PUL PUL->LGN

L R L R L R

Hemispheres 3 3 3 4 4 4
Subjects 5 6 6
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that was analyzed. The feedback connection in the opposite direction
was detected in seven subjects, as well.

A summary of our results is presented in Fig. 5, in which CGC co-
efficients for each connection averaged across subjects and the num-
ber of significant hemispheres are reported.

Furthermore, to test specificity of the findings, Granger Causality
was calculated also between LGN and a dummy ROI in a region that
was not expected to receive any significant flow of information fol-
lowing a visual motion stimulus, namely Brodmann area 43 (BA43),
which is part of the gustatory pathway (Small et al., 1999). The anal-
ysis for this connection provided one significant coefficient in only
one out of 16 hemispheres, indicating no functional connection with
brain areas that are not known for being involved in visual
processing.

Finally, we verified the specificity of the LGN➔hMT+ causality in
response to moving stimuli by performing CGC between these two re-
gions (specifically LGN➔hMT+|V1, PUL) for both concatenated time
series including moving dot stimuli and static dot stimuli, respective-
ly, on the block design data from Experiment 1. Results for the
concatenated time series representing the responses to static stimuli
showed that seven out of eight hemispheres displayed no significant
causality between LGN and hMT+, while in the case of the
concatenated time series including moving stimuli six out of eight
hemispheres displayed significant results demonstrating that the al-
ternative pathway connecting directly the LGN to hMT+ exhibits a
strong preference for moving stimuli. These findings replicate the re-
sults of the main effective connectivity analysis measured on the
entire time series by indicating that the causality between LGN and
hMT+ is due to the processing of visual motion and not merely to
the perception of static stimuli.

BOLD response latencies measured by Coherence analysis

The BOLD latencies between LGN and hMT+ and between LGN
and V1 were analyzed in terms of phase delay, as well, in those hemi-
spheres where CGC results were significant for both connections (7
subjects; one left and six right hemispheres). The median phase
delay characterizing the connection LGN-hMT+ was 0.254 s (stan-
dard error=0.16 s), which means that activity in hMT+ follows ac-
tivity in LGN by a few hundred milliseconds (Fig. 6, bar on the left).
We performed the same measurement for the connection LGN-V1
and we computed the difference between the phase delays of the
connections LGN-hMT+ and LGN-V1 in each hemisphere. These dif-
ferences were statistically significant (one-sided t-test, p=0.0019)
with a median of −0.544 s (standard error=±0.13 s) (Fig. 6, bar
on the right), indicating that the visual motion stimuli elicited
brain responses whose hemodynamics appeared first in LGN, then
in hMT+, and at last in V1.

Coherence analysis on the PUL-hMT+ connection was not per-
formed given that only three out of eight subjects exhibited signifi-
cant CGC coefficients.

Discussion

Our results showed that neural activity, as measured by the BOLD
signal, in LGN directly influences activity in hMT+, independently
from V1, in the human brain. In fact, when the potential contribution
of V1 was removed by using CGC analysis, the direct influence of the
thalamic nuclei over hMT+ remained significant, in contrast to what
would have occurred if activity in hMT+ was completely mediated
by the primary visual cortex.

As expected, CGC analysis identified also the classical visual net-
work connecting the thalamus to V1 and then reaching hMT+
(Born and Bradley, 2005; Ungerleider et al., 1984) as the most prom-
inent one. Furthermore, our data revealed also the well-established
backward interactions from the cortical areas hMT+ and V1 to the
thalamic nuclei described in the literature (Lamme and Roelfsema,
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Fig. 5. CGC network: scheme representing the network of visual areas considered from a CGC standpoint. The thickness of each arrow is proportional to the mean CGC coefficients
across hemispheres, as indicated by the numbers in parentheses, followed by the number of hemispheres that exhibited such connection.
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2000; Sillito et al., 2006). In contrast, Granger Causality analysis did
not reveal any effective connectivity between LGN and a representa-
tive region not involved in visual motion processing, namely, the gus-
tatory area BA43.

The single-subject approach adopted in this study revealed that
these functional networks were present in the majority of the exam-
ined individuals with some degree of inter-subject variability. This
observation is in agreement with both functional and anatomical
studies that showed a certain degree of variability across subjects in
the functional recruitment of hMT+ and in the detection of anatom-
ical connections between LGN and hMT+ (Della-Justina et al., 2007;
Huk and Heeger, 2001; Lanyon et al., 2009). In contrast, the pulvinar
connections were the less significant in the network since the PUL
was not significantly activated in the majority of the subjects ana-
lyzed. This result is in line with the findings of Kastner et al. (2004),
who explained the non-significant activation in the Pulvinar as possi-
bly due to insufficient spatial resolution or sensitivity of the fMRI
technique.

The demonstration of a direct functional influence of thalamic nu-
clei over hMT+ BOLD activity during visual motion perception raises
the question of its physiological meaning. Electrophysiological studies
in both monkeys (Raiguel et al., 1989, 1999) and humans (Buchner et
al., 1997; Ffytche et al., 1995) reported that neural activity in MT+
may precede that in V1 in response to moving visual stimulation
(Lamme and Roelfsema, 2000).

Taken together with our observations, one could argue that such a
link may play a role in a faster processing of visual motion stimuli. To
investigate this question we performed Coherence analysis to mea-
sure phase delays of the BOLD time series, among regions involved
in the flow of information from the thalamus to the cortex.
Fig. 6. Phase delays: mean phase delays in the connections LGN-hMT+ and LGN-V1
(first and second bars, respectively) and delay differences between LGN-hMT+ and
LGN-V1 (third bar) computed across subjects that displayed significant connectivity
in both connections. Error bars represent standard error.
Considering LGN as the reference region, results in the subjects who
exhibited, for each hemisphere, significant CGC coefficients showed
significantly shorter latencies in hMT+ as compared to those in V1,
consistently with a faster flow of information from the thalamus to
hMT+ than expected if the flow of information passed through V1.

Over the last few years, different methods have been developed to
test effective connectivity between different brain areas based on the
temporal dynamics of the fMRI signal. In particular, two different
techniques, namely Granger Causality and Dynamic Causal Modeling
(DCM), are the most widely used methods. Here, we performed CGC
because this approach appeared to be the most suitable one for our
experimental paradigm. First, Granger Causality analysis is a data
driven exploratory approach that does not need a definite physical in-
terpretation of its state variables since it is based on a linear stochastic
autoregressive model to determine the temporal precedence between
time series (Roebroeck et al., 2011). In contrast to the Dynamic Causal
Modeling (Friston et al., 2003), which is a model-driven confirmatory
approach based on specific hypotheses which need specification of
priors and identifiability of the unknown parameters, the GC ap-
proach enables to avoid the definition of a biophysical model –

which is not possible to measure in any feasible way – for each select-
ed region of the network (Roebroeck et al., 2011). Moreover, since a
number of studies stressed the importance of having spectral repre-
sentation of causal influence to better capture the natural dynamics
of the signals (Bressler and Seth, 2011; Ding et al., 2006; Valdes-Sosa
et al., 2011), we performed CGC measures in the frequency domain.

There are, however, some cautions that must be kept in mind in
applying these analyses to fMRI data (Valdes-Sosa et al., 2011). In
the first place, the evaluation of the causal influence between two re-
gions, if ignoring the potential influence of other regions involved in
the network, may lead to the detection of spurious interactions
(Chen et al., 2006; Ding et al., 2006; Geweke, 1984). This, though, is
not the case of our results, as CGC takes into account the potential
contribution of all the other nodes of the network. We are confident
we considered the main brain structures primarily involved in the
processing of visual motion. We included the primary visual cortex
since it is the principal source of visual inputs to hMT+ and therefore
it is the most likely cause of potential spurious influences of the thal-
amus on hMT+. However, it is well known that hMT+ possesses
both forward and feedback connections with other low-order visual
regions, specifically V2 and V3. Thus, in theory, these regions could
receive visual inputs from V1, or less likely, directly from thalamus,
and send them to hMT+, influencing its activity and determining
the observation of spurious connections between LGN and hMT+ it-
self. However, both our Coherence analysis and consistent findings in
the literature indicate that hMT+ is recruited before other lower-
order visual areas (Lamme and Roelfsema, 2000; Schoenfeld et al.,
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2002). Given these premises, we are confident that these regions did
not influence the causal relation between LGN and hMT+ that we
found in the present study. Thus, the detection of significant CGC co-
efficients for both directions of influence between thalamic nuclei and
hMT+ truly reflects the presence of a direct relationship, at least in
terms of hemodynamics, between these two regions that is not medi-
ated by V1.

One could also argue that the direction of influence reflected by the
BOLD signal is strongly affected by regional differences in terms of
shape and onset time of the hemodynamics. However, the variability
in the hemodynamic responses across different areas within the same
individual is relatively smaller than across subjects (Aguirre et al.,
1997; Handwerker et al., 2004). Thus, the single subject approach that
we have adopted in this study shouldminimize any potential variability
effect. Moreover, recent studies demonstrated that, even in the pres-
ence of different hemodynamic responses, Granger Causality is able to
identify the correct direction of influence between different areas with
a reliable accuracy when temporal resolution is 1.5 s or less (Bressler
and Seth, 2011; Deshpande et al., 2010; Schippers et al., 2011). It is im-
portant, however, to bear in mind these issues and ultimately, similarly
to the case of any evidence based on the dynamics of BOLD signals, val-
idate these results using more direct measurements of neural activity,
such as magnetoencephalography or electroencephalography.

Similarly, the Coherence approach we adopted is robust in infer-
ring BOLD delays between different areas since it does not depend
on any prior assumption on the hemodynamic response function or
on a definition of a biophysical model. Moreover, as shown by
Lauritzen et al. (2009), and Sun (2004), the frequency-based Coher-
ence approach that we used is not affected by interregional differ-
ences in the HRF since it measures the linear time invariant
relationship between time series. The measured range of phase
delay values is consistent with those reported in previous studies
that have used the same methodology (Lauritzen et al., 2009; Sun et
al., 2005). Indeed, the temporal precision of phase delays measures
is in the range of hundreds of milliseconds due to the sluggishness
of the hemodynamics, and therefore does not represent an absolute
estimate of latencies in neural activity. Although this is an indirect
measure of neural latency, a number of studies provided evidence
for a neurovascular coupling between slow fluctuations in fMRI sig-
nals and gamma-band power in local field potentials (Leopold et al.,
2003; Shmuel and Leopold, 2008), and electrophysiological studies
demonstrated an earlier response component in hMT+ as compared
to a later peak of activity in V1 in response to moving stimuli
(Buchner et al., 1997; Ffytche et al., 1995; Prieto et al., 2007).

In conclusion, our results strongly support the existence of a path-
way that conveys at least part of visual information to hMT+ directly
from thalamic nuclei by the means of a direct, non-mediated, flow of
neural information, which is possibly faster than the flow involving
V1.

Moreover, our CGC analysis performed on the concatenated time-
series including moving and static dot stimuli, respectively, indicates
that the involvement of this connection is specific for visual motion
perception, as it is absent during the perception of static stimuli.

These results support the existence of two parallel pathways: the
well-established route involving V1, and an additional direct connec-
tion devoted to the processing of moving stimuli. The physiological
presence of a direct connection from LGN to hMT+ would be the
most parsimonious explanation for the clinical observation of a rela-
tively preserved motion perception in patients with complete or
near-to-complete destructions of primary visual cortex, although
one could alternatively invoke plastic functional rearrangements in
the brain of these patients with blindsight (Schoenfeld et al., 2002;
Zeki, 1995).

This direct link connecting thalamic nuclei and hMT+ may com-
plement the function of motion perception and pursuit accomplished
by the major classical pathway that goes through V1, and may play a
role for a faster and possibly preconscious perception mechanism.
Such a mechanism of fast parallel processing may have played an im-
portant role in the evolution of the (human) brain, and resembles the
one involved with the processing of emotions carried out by the
amygdala, which is activated by the presentation of subliminal stim-
uli with high emotional content, even in the absence of awareness
of the stimulus itself (Morris et al., 1998, 1999; Whalen et al.,
1998). In the context of visual motion processing, the presence of a
mechanism that is independent of (and faster than) awareness
would constitute an important advantage for the detection of poten-
tially dangerous situations at a preconscious stage. To investigate this
aspect, new protocols that combine different methodological ap-
proaches and improve temporal resolution need to be developed.

Conclusion

The results of the present study indicate a direct functional con-
nection between the thalamic nuclei and hMT+ that bypasses V1.
Such a direct connection may be responsible for a faster detection of
movement and may contribute to explain the persistent perception
of visual motion in patients with extensively damaged primary visual
cortex, as well.
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