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Abstract: Layer-specific cortical microcircuits have been explored through invasive animal studies,
yet it is not possible to reliably characterize them functionally and noninvasively in the human brain.
However, recent advances in ultra-high-field functional magnetic resonance imaging (fMRI) have
made it feasible to reasonably resolve layer-specific fMRI signals with sub-millimeter resolution.
Here, we propose an experimental and analytical framework that enables the noninvasive functional
characterization of layer-specific cortical microcircuits. Specifically, we illustrate this framework by
characterizing layer-specific functional pathways in the corticogeniculate network of the human
visual system by obtaining sub-millimeter fMRI at 7T using a task which engages the magnocellular
pathway between the lateral geniculate nucleus (LGN) and the primary visual cortex. Our results
demonstrate that: (i) center-surround inhibition in magnocellular neurons within LGN is detectable
using localized fMRI responses; (ii) feedforward (LGN — layers VI/IV, layer IV — layer VI) and
feedback (layer VI — LGN) functional pathways, known to exist from invasive animal studies, can
be inferred using dynamic directional connectivity models of fMRI and could potentially explain the
mechanism underlying center-surround inhibition as well as gain control by layer VI in the human
visual system. Our framework is domain-neutral and could potentially be employed to investigate
the layer-specific cortical microcircuits in other systems related to cognition, memory and language.

Keywords: layer-specific fMRI; high-resolution 7T fMRI; cortical layers; magnocellular lateral genic-
ulate neurons; dynamic directional connectivity; primary visual cortex; corticogeniculate feedback;
center-surround inhibition

1. Introduction

The lateral geniculate nucleus (LGN), a small subcortical structure that is part of
the thalamus, is a very important relay center in the visual system. There is a dense
network of feedforward and feedback projections between the LGN of the thalamus and
the primary visual cortex. In the feedforward pathway, three distinct classes of neurons in
LGN—magnocellular, parvocellular and koniocellular neurons—receive signals from the
retina and transmit them (in parallel) to layer IV and layer VI of the primary visual cortex.
In the feedback pathway, the corticogeniculate neurons in layer VI of the primary visual
cortex exert influence on those three classes of neurons within the LGN in parallel [1-7].
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These feedforward and feedback parallel processing streams are recognized ubiquitously
in the primate visual system, and they are most prominent in the LGN, where three types
of neurons (magnocellular, parvocellular and koniocellular neurons) are segregated into
distinct strata. Previous studies about the physiology of magnocellular and parvocellular
LGN have shown that they have different spatial, temporal, luminance and chromatic
stimulus preference [8-12]. The magnocellular neurons respond well for monochromatic,
low spatial frequency, high temporal frequency and high contrast visual stimuli with motion
compared with parvocellular neurons, which have a preference for color, high spatial
frequency, low temporal frequency and low contrast. Consequently, the magnocellular
pathway is useful for the perception of “where” information and is processed in the dorsal
visual stream, while the parvocellular pathway is useful for the perception of “what”
information and is processed in the ventral visual stream. (It is to be noted here that
the segregation of magnocellular and parvocellular pathways and their preference for
processing specific types of visual information is not mutually exclusive, and a significant
amount of cross-talk exists. See Merigan et al [13] for details. However, we only assume
that the magnocellular pathway is recruited more than the parvocellular pathway for
monochromatic, low spatial frequency, high temporal frequency and high contrast visual
stimuli with motion. We do not intend to imply that the magnocellular pathway does not
process other types of visual information.) Our focus in this report is on the parts of the
magnocellular pathway between LGN and the primary visual cortex.

The corticogeniculate neurons in layer VI of the primary visual cortex are sensitive
to visual stimulus orientation and direction of motion. Therefore, the dynamic influence
of the feedback to the magnocellular neurons in LGN will depend on how the visual
input drives the receptive fields of neurons in layer VI of the primary visual cortex [14].
Although magnocellular neurons in LGN are not selective for orientation or direction,
they have circular concentric center-surround receptive fields in which responses from the
stimulation of the central receptive field are antagonized by the simultaneous stimulation
of the surround receptive field [15-18]. In particular, the feedback from corticogeniculate
neurons in layer VI of the primary visual cortex modulates the strength of this center-
surround interaction for moving stimuli. Feedback can make this surround antagonism for
moving stimuli stronger and reduce the response further [19]. The magnocellular neurons
in LGN seem to be inhibited by projections from neurons in the primary visual cortex via
inhibitory neurons in the thalamus, while neurons that project from the LGN to the primary
visual cortex are excitatory; in other words, this feedback loop is negative.

To date, most findings about these feedforward and feedback pathways come from
anaesthetized animals with invasive methods such as single unit recordings [2,3,20-24].
Although these studies have certainly increased our knowledge of corticogeniculate feed-
back mechanisms, it is imperative that they be confirmed in conscious humans. Therefore,
we propose an experimental paradigm employing noninvasive imaging methods such
as high-resolution functional magnetic resonance imaging (fMRI) at ultra-high fields (77T)
coupled with an analysis framework which could potentially be generalized to investigate
laminar-level microcircuitry in any part of the human brain. Recent noninvasive studies
have successfully employed high-resolution fMRI to investigate the top-down feedback ef-
fects on laminar fMRI response in the primary visual cortex [25,26]. However, they infer the
effects of feedback and feedforward pathways by clever manipulation of the experimental
design by masking some of the effects to indirectly infer these mechanisms. For example,
Muckli et al. found that bottom-up feedforward sensory information from external stimuli
predominantly activate the mid-layers of the visual cortex while contextual feedback from
higher-order regions (inferred by masking the external stimulus) predominantly activated
superficial layers. This agrees with what we know about laminar anatomy, i.e., feedback
from neurons in higher order regions terminate in superficial layers of the visual cortex.
Therefore, using clever experimental manipulation, it is possible to indirectly infer laminar
connectivity at a functional level using laminar activation profiles. In contrast, we propose a
framework wherein these effects can be directly tested using standard fMRI paradigms and
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the use of advanced brain connectivity models. To the best of our knowledge, no previous
fMRI studies have directly investigated laminar-level feedback or feedforward pathways in
the human brain. Here, we pick the example of the magnocellular pathway between LGN
and the primary visual cortex (layer IV and layer VI) in the human brain—the feedback
from layer VI to LGN, and the feedforward from LGN to layers VI and IV of the primary
visual cortex as well as from layer IV to layer VI within the primary visual cortex—since
the visual system in general and the lower level circuit involving the LGN and the primary
visual cortex in particular are largely similar in humans and animals [27-29]. This allows
us to form hypotheses based on invasive animal literature that can be tested in humans.
However, the proposed framework in itself is generally applicable to any other brain sys-
tem. This is important given the fact that the similarities between animal and human brains
begin to diminish beyond sensory systems and hence, once our method is established in
the visual system, it will pave the way for a fine-grained mechanistic understanding of the
brain’s laminar-level functional connectome in more complex domains such as cognition
and language.

Our objective for this study is to investigate the magnocellular pathway between LGN
and the primary visual cortex—the feedback path from corticogeniculate neurons in layer
VI of the primary visual cortex to magnocellular neurons in LGN, and the feedforward
paths from LGN to layer VI and layer IV of the primary visual cortex, as well as from
layer IV to layer VI within the primary visual cortex. We hypothesize that these functional
pathways, known from invasive animal studies, can be inferred by employing the proposed
analysis pipeline on data acquired noninvasively using fMRI in humans engaging in a
visual motion task. In order to test this, we had to overcome three challenges. First, it is
difficult to localize human magnocellular LGN neurons because of the small size and deep
location of this nucleus within the brain. In order to address this, we designed specific
visual stimuli to evoke responses in magnocellular LGN neurons maximally. We used the
typical building block of the visual stimulus in the field of visual neuroscience—Gabor
patches, which can efficiently activate and match the shape of receptive fields in the visual
cortex and therefore help detect center-surround inhibition effects [30-34]. The choice of
the Gabor patch sizes for center-surround inhibition effects is based on the work of Murphy
and Sillito [16]. The Gabor patch in this study was specifically designed with characteristics,
e.g., monochromatic, high contrast, low spatial frequency, and high temporal frequency,
which maximally activate magnocellular neurons within LGN and the corresponding
corticogeniculate neurons in layer VI within the primary visual cortex [3,35-42]. We then
performed the functional mapping of the magnocellular LGN sub-region in the human
brain using high-resolution anatomical and functional MRI data acquired at ultra-high
field (7T). Second, we needed high-resolution imaging and advanced image processing
techniques to resolve cortical layers. Recent advances in high-field functional MRI make it
feasible to measure the blood oxygen level dependent (BOLD) signals with sub-millimeter
resolution [43-46]. In addition, several models to construct laminar profiles have been
proposed, including the equidistant laminae model [47], the equipotential method with
Laplacian equation [48] and the equal-volume model [49]. In this study, we adopted
the equidistant laminae model, which keeps a relatively fixed distance to the cortical
boundaries, because equidistant stratification contains a broad isocontour that follows
the stria of Gennari everywhere in the primary visual cortex [47]. The drawback of the
equipotential model is that the Laplacian equation does not match the anatomical layers
observed from high-resolution MRI. As regards the equal-volume model, it does not
provide improvement over the equidistant model because of its weak estimation of local
cortical curvature [49]. Third, we had to use a dynamic effective connectivity model to
unveil the directional influences between layers in the primary visual cortex and LGN. We
used a state-of-the-art dynamic Granger causality [50-54] method to quantify the dynamic
feedforward and feedback pathways between magnocellular LGN and primary visual
cortex. The method involves building a dynamic multivariate autoregressive model using
time series extracted from LGN as well as different layers of the visual cortex. By allowing
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the model coefficients to vary as a functional of time, we can estimate them using a Kalman
filter framework. The variation of these coefficients with time allows us to bin them into
different experimental conditions corresponding to different times of the experiment and
statistically compare the bins to make inferences about the relative strength of effective
connectivity across different experimental conditions. The advantage with this method is
that it is completely data driven without a need to hypothesize and compare competing
models (as in DCM or structural equation modeling).

2. Materials and Methods
2.1. Subjects

Twenty adult subjects (10 males, 10 females; 24.5 £ 3.3 years of age) participated in
this study. All subjects had normal eyesight or corrected-to-normal visual goggles. All
subjects provided informed consent, and the experimental protocols were approved by
the Auburn University Institutional Review Board. All subjects were scanned on a 7 Tesla
Siemens MAGNETOM MRI scanner.

2.2. Visual Stimuli and Task

In this study, we designed specific visual stimuli—six different sizes of rightward
moving sine wave gratings (Gabor patches), which can maximally elicit the BOLD response
of magnocellular LGN and corticogeniculate neurons in layer VI of the primary visual
cortex. Gabor patches can efficiently match the shape of receptive fields in the visual cortex
and optimally show the enhanced center-surround inhibition effects on magnocellular LGN.
The choice of the Gabor patch sizes for center-surround inhibition effects is in reference to
the work by Murphy and Sillito, 1987.

The stimuli were generated on a Windows computer with MATLAB (The MathWorks
Inc., Natick, MA, USA). Then, using E-prime (Psychology Software tools, Inc., https:
/ /www.pstnet.com/eprime.cfm accessed 20 January 2022) software, the stimuli were
embedded into an event-related fMRI paradigm and displayed through an MR-compatible
Avotec LCD projection system. The projector was located at the rear of the scanner room,
and it projected the images onto a translucent screen attached to the inside of the scanner
bore. The subjects viewed the projected images via a mirror mounted over the subjects’
eyes, with a total viewing distance of 113 to 115 cm. Since the screen position inside
the scanner was fixed, the possible variability was the distance from the mirror to the
subjects” eyes. We measured the distance from the mirror to the center between eyes
for each subject, and the estimated mean total viewing distance across all subjects was
approximately 114 cm. The up—down range (height) of the screen subtended 10.5° of the
visual angle, and the screen width subtended 13° of the visual angle. The stimuli consisted
of six different sizes of rightward drifting gratings and a white cross fixation. Six varying
sizes of moving sine wave gratings (Gabor patch) [31] over the receptive field were used
to localize magnocellular LGN cells and evaluate the feedback effects on magnocellular
LGN cells. The drifting Gabor patch stimuli were 50% luminance contrast, vertical black
and white sinusoidal gratings with a spatial frequency of 1 cpd (cycle per degree). To
maintain comparability, a 60 Hz display refresh rate, a 25 Hz frame rate, a constant stimulus
horizontal velocity of 2.1° s—1 and constant screen brightness were used for all subjects.
The outer borders of the patches faded into gray to avoid sharp edge effects. In order to
obtain center-surround interactions, we had six varying sizes of patches corresponding
to 0.25°, 0.5°, 0.75°, 1°, 2°, and 3° of visual angle (Figure 1). A centered white fixation
cross was used between the patch stimuli, and it subtended 0.1° of the visual angle. The
background was a gray screen. For each run, the display sequence of the six patches was
randomized, and each patch size was repeated 6 times and shown for 5 s. The interval time
for fixation between patches was randomized between 9 and 12 s (Figure 1). A video of the
stimulus is included as a Supplementary File. In summary, for each subject, there were two
runs, and 36 stimuli were shown in each run, lasting around 10 min.
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Figure 1. An illustration of the experimental design. The visual stimuli consisted of six varying sizes
of rightward drifting Gabor patches (6 = 0.25°, 0.5°, 0.75°, 1°, 2°, 3°) and a white cross fixation. Each
Gabor patch was displayed for 5 s, and the intervals were randomized to 9-12 s. The supplementary
video file accompanying this report shows the stimulus as seen by the subjects.

2.3. MRI Data Acquisition

High-resolution whole-brain anatomical images were acquired on a 7T Siemens MAG-
NETOM scanner with a 32 channel head coil (Nova Medical). The whole-brain high resolu-
tion three-dimensional (3D) MPRAGE sequence used the following parameters: 256 slices,
voxel size: 0.6 mm x 0.6 mm x 0.6 mm, TR/TE: 2200/2.8 ms, 7° flip angle, base/phase
resolution: 384/100%, in-plane phase-encode acceleration factor (iPAT) GRAPPA accel-
eration factor of 2, FOV read/ phase: 240 mm/100%, bandwidth: 270Hz/Px, ascending
acquisition.

Two separate high-resolution BOLD runs were obtained with a T2* weighted single-
shot multiband gradient-echo echo planar imaging (EPI) sequence with the following param-
eters: 45 slices acquired parallel to the AC-PC line, voxel size: 0.7 mm x 0.7 mm x 1.5 mm,
TR/TE: 1500/31 ms, 70° flip angle, FOV read 220 mm, base/phase resolution of 260/100%,
the anterior-to-posterior phase encoding direction, in-plane phase-encode (iPAT) GRAPPA
acceleration factor of 3, multiband (MB) slice acceleration factor of 3, partial Fourier of 6/8,
echo spacing of 1 ms, interleaved acquisition, 366 measurements.

Before entering the scanner, the subjects were instructed to pay attention to the drifting
of the Gabor patch. Inside the scanner, subjects lay in the supine position with foam
padding around the head to reduce head motion. To reduce fatigue effects, we gave the
subjects 5 min rest with eyes closed inside the scanner between two fMRI runs. No data
were acquired during this resting period.

2.4. Laminar Surface Reconstruction Using High-Resolution Anatomical MRI

To extract laminar functional MRI data, we need to first obtain cortical laminar profiles
from anatomical MRI since it could provide better brain structural information. A very
popular way to reconstruct cortical surfaces is using FreeSurfer’s (http:/ /freesurfer.net/,
accessed on 21 September 2022) automatic reconstruction pipeline [55]. However, this
pipeline conforms the data to an isotropic resolution of 1 mm?3. Because our MRI data
had an isotropic resolution of 0.6 mm?, we applied Liisebrink’s method [56] to process
our 0.6 mm? isotropic resolution data. This method avoids downsampling high-resolution
MRI data (<1 mm?®) through software modification of FreeSurfer’s standard processing
pipeline. We then reconstructed the white matter and pial surfaces based on the original
MRI resolution of 0.6 mm?>. Laminar profiles were then extracted within the cortical gray
matter surface. They were constructed at a fixed relative distance between the white and
pial surfaces, which was determined from cortical thickness [47]. Two intermediate laminar
surfaces were located at 10% and 50% of cortical thickness away from the white matter
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surface (Figure 2a,b), corresponding to layer VI and layer IV separately. The primary visual
cortex was automatically identified with the FreeSurfer’s high-resolution data analysis
pipeline [57]. The location of the primary visual cortex was confirmed by the cortical folds
in a surface coordinate system.

() (d) (e)

Figure 2. Illustration of surface-based laminar analysis. (a) Four laminar profiles overlaid on the
original volume: white matter surface (red contour), layer VI surface (blue contour), layer IV surface
(green contour), and pial surface (yellow contour). (b) A zoomed version of (a) illustrating the layers
and their relative distances: the distance between the white matter surface to other laminar surfaces
was as follows—0.21 mm (from white matter to layer VI, 10% of the thickness), 1.04 mm (from white
matter to layer IV, 50% of the thickness), and 2.22 mm (from white matter to pial surface, 100% of the
thickness). (c) Significant activation (Z > 2.3 and a FDR-corrected cluster significance threshold of
p < 0.05) overlaid on inflated cortical surface. The white line shows the contour for the left primary
visual cortex. (d) A flat patch consisting of significantly activated clusters (Z > 2.3, threshold at
FDR corrected p < 0.05) on layer VI within left primary visual cortex. (e) A flat patch consisting of
significantly activated clusters (Z > 2.3, threshold at FDR corrected p < 0.05) on layer IV within the
left primary visual cortex.

2.5. Functional MRI Analysis

The pre-processing steps for fMRI data followed standard procedures routinely em-
ployed for task fMRI data. All functional volumes from each run were aligned to the first
volume to correct head motion using FSL software’s MCFLIRT functionality [58,59]. The
Brain Extraction Tool (BET) was also used to remove non-brain tissues from functional
images [60]. Then, the time series from each voxel was detrended to remove low-frequency
noise and slow drift using high-pass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with sigma = 45s).

The statistical analysis to detect activated brain regions was carried out using FILM
(FMRIB’s Improved Linear Model) functionality with local autocorrelation correction in
FSL software [61]. The general linear modeling (GLM) method was used to estimate the
response of each voxel to six different visual stimuli separately with a double-gamma HRF
assumption for each single session. Z statistic images were thresholded using clusters
determined by Z > 2.3 and a (corrected) cluster significance threshold of p < 0.05 (FDR
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corrected). The single-session first-level Z statistic maps were in each individual subject’s
coordinate space.

Since there were two separate task runs for each subject, we performed between-
session higher-level analysis to estimate each subject’s mean response. The estimated
responses of each voxel in each subject’s brain to the six different sizes of drifting Gabor
patches corresponded to six distinct beta activation images (parameter estimate or PE
images), respectively. The between-session mean PE maps for each subject are in standard
MNI space. These between-session PE maps would only be used later to localize magnocel-
lular neurons in LGN. Once the magnocellular LGN were localized, they were transformed
to individual space, and all further analysis was carried out in individual subject space.

2.6. Laminar Functional Data Analysis in the Primary Visual Cortex

To enable time series extraction or statistical analysis from these intermediate surfaces,
it is essential to align the EPI volume to these surfaces. Here, we employed a boundary-
based registration (BBR) method [62] in order to achieve this. It identified the boundary
interface between the gray matter and white matter from EPI volumes and then calculated a
12 degrees of freedom affine transformation, which registered the boundary interface in EPI
to the corresponding white matter surface, which was reconstructed from high-resolution
anatomical MRI data. Careful manual inspections were carried out to check the accuracy of
the registration and were manually edited when necessary.

The single-session thresholded Z statistic images obtained from all six conditions were
then transformed onto two intermediate reconstructed surfaces (they were located at 10%
and 50% of the cortical thickness away from the white matter surface, corresponding to
layers VI and 1V, respectively) separately with the transformation matrix calculated above.
Two corresponding Z statistic surfaces were then masked with the primary visual cortex
region (Figure 2c), which was obtained from FreeSurfer [57].

For each session of each subject, two patches of cortical surface containing significantly
activated clusters within the left or right primary visual cortex were identified and extracted
from each intermediate surface, and then, they were flattened using a near-isometric
flattening algorithm (Figure 2d,e) [63]. Then, we were able to extract and analyze time
series from each flat patch ROI on each intermediate surface within the primary visual
cortex. In summary, we extracted time series from activated regions of the left and right
primary visual cortex separately for layer IV and layer VI. This analysis was performed in
native subject space.

2.7. LGN ROI Definition and Analysis

To investigate corticogeniculate feedback, localizing the LGN region of interest (ROI)
is very important. This is not trivial, since LGN is a very small subcortical region. We first
defined an LGN mask based on the Juelich Histological Atlas in MNI152_T1_1mm_brain
coordinate space, thresholded at 60% [64]. As in previous studies [37], we defined the
top 20% of activated voxels with the 1° visual angle stimulus condition to be our left
or right magnocellular LGN ROI for each subject separately (Figure 3a,b). This specific
stimulus condition was chosen because previous invasive studies in animals have shown
that the response for 1° is expected to be highest compared with stimuli subtending other
angles, as it corresponds to the size of the central receptive field for the magnocellular LGN
neurons [16,17,19,24,41,65-67]. To assess the reliability of magnocellular LGN ROlIs defined
this way, the center coordinate of the left and right magnocellular LGN ROI for each subject
was calculated in each spatial dimension (left-right, anterior—posterior, ventral-dorsal).
These centers were in MNI152_T1_1mm_brain coordinate space. The relative spatial center
(defined as D./My and D,/M,; please refer to Figure 2b for a visual illustration of what
these quantities mean) was then calculated and plotted as a proportion of the extent away
from the center of the LGN mask for left and right brain separately (Figure 3c). In principle,
the magnocellular LGN center is expected to be close to the ventral direction. If the spatial
center is more ventral, we could say the LGN ROl is more likely to be magnocellular LGN.
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Figure 3. LGN definition and spatial analysis of top 20% activated voxels in LGN. (a) LGN mask
from Juelich Histological Atlas (thresholded at 60%) overlaid onto MNI brain template. (b) The top
20% of activated voxels obtained with the 1° visual angle stimulus overlaid on the left LGN mask
(the white region in (b) corresponds to the LGN mask shown in (a)) for one subject. The relative
position of activated voxels is calculated as Dx/Mx and Dy/My where these quantities are depicted
in (b). (c) The top panel plots the relative position of left and right magnocellular LGN identified in
(b) with respect to the center for 20 subjects (red star) and the associated group average (green cross);
the bottom panel shows the histological coronal sections of human LGN, the red layers represent
magnocellular LGN and blue parts represent parvocellular LGN (referred and modified from [3]).

After the definition of our magnocellular LGN ROlIs for each subject, we converted
the activation beta (PE) values to percentage change in order to help interpret the results
and then extracted the mean percentage changes corresponding to each visual stimulus
condition (0.25°, 0.5°, 0.75°, 1°, 2° and 3°) from the defined magnocellular LGN ROlIs for
each subject. Finally, the mean time series from magnocellular LGN ROIs were extracted.

2.8. Dynamic Granger Causality Analysis

Granger causality is a technique used to quantify directional influences between brain
regions [68-70]. The underlying principle is that the directional causal influence from region
A to region B can be inferred if past values of region A help predict the present and future
values of region B [71]. One form of Granger causality uses multivariate autoregressive
models (MVAR) to characterize the predictive relationship between time series [72-79].
In the “classical” form of Granger causality used in these previous studies, the model
coefficients are independent of time, and hence, the model is “static”. Consequently, it does
not capture nonstationarities in fMRI time series [80] or the spatiotemporal dynamics of
different layers under spontaneous cortical activity and evoked activity [81]. In addition,
with static models, it is difficult to delineate the contributions of spontaneous and evoked
activity toward the estimated connectivity value. Therefore, we employed a variation of the
MVAR model wherein the model coefficients are a function of time [82-84]. This allowed
us to calculate dynamic Granger causality (DGC) [85,86]. Specifically, in DGC, coefficients
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A(p) of the MVAR model are allowed to vary over time [87-89], therefore, giving A(p, t)
in the model as:

Y(t) = A, )Y (t) + A(LH)Y(t—=1)+...+ A(p,t)Y(t — p) + E(t)

where Y(t) is a matrix containing the k different time series, p is the model order, ¢ is time
and E(t) is the model error. The diagonal elements of A(0, t) are set to zero, while the non-
diagonal elements model the instantaneous influences between time series to compensate
for zero-lag cross correlation effects [90]. The dynamic coefficients are estimated in a
Kalman filter framework using variable parameter regression [91,92]. The DGC is then
estimated as [53,54]:

|4
DGCi]'(t) = Z agj(n, f)
n=1

where DGC;;(t) is the effective connectivity value from ROI i to ROI j at a given time point
t. a;]. are the elements of matrix A.

Recent studies have shown that the variability of hemodynamic response across brain
regions can be a confounding factor for Granger causality analysis using raw fMRI time
series [90,93]. Therefore, we performed blind hemodynamic deconvolution of raw BOLD
time series to obtain latent neural signals and used them in DGC estimation. This approach
has been employed and validated in multiple previous studies [93-98]. We employed a
recently validated framework based on the Cubature Kalman filter and smoother to invert
a nonlinear hemodynamic model [50]. Even though this model is highly parameterized,
recent research indicates that it does not overfit the data [99].

In this study, we had six ROIs including layer IV and layer VI of the bilateral primary
visual cortex and magnocellular LGN ROI for the left and right brain separately. After the
extraction of average time series from these 6 ROIs, they were deconvolved as mentioned
above and input into the DGC model. We obtained a 6 x 6 x 366 connectivity matrix
(366 time points) for every run of every subject by employing DGC. Finally, DGC values
corresponding to specific conditions of interest were populated into different samples;
e.g., we grouped all DGC values for 18 time points corresponding to the 1° Gabor patch
condition (6 x 6 x 18 matrix) for each run. According to our data, 40 runs were included
into our analysis (2 runs each for 20 subjects). Therefore, we obtained a 6 x 6 x 18 x 40
connectivity matrix for each experimental condition. This matrix was then resized to
6 X 6 x 720 for each condition by merging connectivity values obtained across all runs
and subjects for each path and condition. Statistical tests were carried out using the third
dimension of this matrix as the sample in order to compare different conditions for our
paths of interest. Figure 4 schematically illustrates the pipeline of the data processing.



Brain Sci. 2022, 12, 1361

10 of 25

EC values
s

025 05 075

V1 laminar time series

1
— ] 1
(LT TN U AR H |
lqu"{(’i“'ﬁ.‘-g f’f‘ﬁ"’;\'ﬁlp i"»k\r J"!.‘ﬂ\'l\'\r‘{‘l; ‘l‘ijﬂ‘ﬁ,‘;‘-’{'{ g -
i ! il Cubature

- Kalman Filter HRF

iy AN e

LGN time series

Hemodynamic deconvolution

Deconvolve Time
step=TR/10

2
Degree of Visual Stimuli

Latent neuronal time
series

| Dynamic MVAR model |

— I Dynamic effective connectivity I

* indicated significant at p<0.05

Figure 4. An illustration of the data processing pipeline. First, we performed surface-based laminar
analysis including laminar surface reconstruction and the registration of functional MRI data to
the laminar surfaces. Second, we extracted mean time series from activated vertices (voxels in the
volume become vertices on a surface) within each laminar surface and the magnocellular LGN ROIs.
Third, blind deconvolution was performed to obtain latent neuronal time series. Fourth, we utilized
the dynamic MVAR model to obtain dynamic effective connectivity (one directional connectivity
matrix for each time point; the connectivity direction is from row to column). Fifth, separation of
condition-specific effective connectivity (18 x 40 EC values for each condition) for each path. An
example is shown for the path from layer VI to LGN. Finally, we performed one sample T-test to
determine paths whose strengths significantly differed from zero (red * indicates significant at FDR
corrected p < 0.05).

3. Results
3.1. The Validity of the Spatial Localization of Magnocellular Neurons in LGN

We defined the top 20% of activated voxels with a 1° visual angle stimulus condition
(Figure 1) to be our left or right magnocellular LGN ROI (region of interest) for each subject
separately. This specific stimulus condition was chosen because previous invasive studies
in animals have shown that the response for 1° is expected to be highest compared with
stimuli subtending other angles, as it corresponds to the size of the central receptive field for
the magnocellular LGN neurons [16,17,19,24,41,65-67]. We then located the spatial center
of the magnocellular LGN ROIs in each spatial dimension (left-right, anterior—posterior,
ventral-dorsal). These centers were in MNI152 coordinate space. The relative spatial center
(defined as D,/M, and Dy/My ; please refer to Figure 3b for a visual illustration of what
these quantities mean) was then calculated and plotted as a proportion of the extent away
from the center of the LGN mask for left and right LGN separately (Figure 3c).

As we can see from Figure 3¢, the group-averaged spatial center of the activated
magnocellular LGN cluster (green cross) is prone to be more ventral for both the right and
left side, which is consistent with histological studies. To some extent, this means those
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activated neurons within LGN are more likely to be magnocellular neurons. Therefore, the
functional localization of magnocellular neurons in LGN with MRI is a feasible method,
since it matches histological findings obtained from the human LGN [3].

3.2. The Enhanced Center-Surround Inhibition Effect on LGN

We extracted the mean percentage signal changes corresponding to each visual stimu-
lus condition (0.25°, 0.5°, 0.75°, 1°, 2° and 3°) from the defined magnocellular LGN ROlIs
for each subject. The BOLD response in magnocellular LGN increased with the size of
rightward moving Gabor patches until the stimulus attained a 1° angle and then decreased
with subsequent increase in the size of the Gabor patch. Here, it is noteworthy that a
1° stimulus corresponds to the size of the central receptive field for the magnocellular
LGN neurons [16,17,67,100,101], and hence, increasing the size of the patch beyond that
meant that it breached in the surrounding receptive field. Consequently, if center-surround
inhibition was in place, then increasing the size of the Gabor patch beyond 1 degree should
decrease the BOLD response due to surround inhibition. As shown in Figure 5b,d, this is
exactly what we found. Statistical comparison of the BOLD response elicited from each
condition is shown in Table 1 (we only show comparisons for corrected p < 0.05, FDR cor-
rected). The results showed that the responses within magnocellular LGN under both 0.75°
and 1° visual stimuli were significantly greater than the responses under other conditions
(Table 1). The maximum center-surround suppression (defined as the difference in BOLD
response between 1°, and 2° or 3°, whichever is higher, as in previous studies [16,17,102])
at the individual subject level reached up to 59.67% for left magnocellular LGN (subject
4, shown in Figure 5a and Supplementary Figure S1) and 78.42% for right magnocellular
LGN (subject 13, Figure 5c and Supplementary Figure S1). From Supplementary Figure S1,
more than 20% center-surround inhibition (the bigger difference between 1° and 2° or 3°
condition) in both left and right magnocellular LGN was found from 13 out of 20 subjects.
Previous invasive studies in animals found center-surround inhibition of approximately
20% in magnocellular neurons within the LGN in the absence of negative feedback from the
primary visual cortex [19]. Therefore, 20% inhibition represents a null benchmark against
which we could compare the percentage inhibition obtained by us. Though individual
differences exist, by and large at the group level, the enhanced center-surround inhibition
effect on magnocellular neurons within human LGN is salient and detectable using nonin-
vasive methods such as functional MRI. To our knowledge, this is the first study to detect
the enhanced center-surround inhibition in human LGN noninvasively using fMRI.

Table 1. Paired t-test between the BOLD responses obtained from different conditions (condition A <
condition B) for left (a) and right (b) magnocellular LGN, shown here only for comparisons for which
FDR corrected p < 0.05. The results showed that the BOLD response within magnocellular LGN for
0.75° and 1° visual stimuli was significantly greater than the responses under other conditions.

(@)
Paired t-Test for Condition A < Condition B at Alpha = 0.05 in Left M Type LGN

A B p Value
0.25° 0.75° 2.40 x 1073
0.5° 0.75° 3.60 x 1073

2° 0.75° 8.99 x 107°

3° 0.75° 9.32 x 1074
0.25° 1° 2.07 x 1078
0.5° 1° 2.07 x 1078

2° 1° 221 x 1078

3° 1° 3.07 x 1078
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(b)
Paired t-Test for Condition A < Condition B at Alpha = 0.05 in Right M Type LGN
A B p Value
0.25° 0.75° 1.10 x 1073
0.5° 0.75° 6.37 x 1077
20 0.75° 1.00 x 1074
3° 0.75° 550 x 10~8
0.25° 1° 406 x 1076
0.5° 1° 7.17 x 107
2° 1° 2.10 x 1073
3° 1° 1.90 x 1073
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Figure 5. The BOLD response in magnocellular LGN for Gabor patch stimuli. (a,b) correspond to left
magnocellular LGN, and (c,d) correspond to right magnocellular LGN. (a,c) the responses of each
subject for each visual stimuli (0.25° dark blue, 0.5° blue, 0.75° cyan, 1° yellow, 2° red, 3° dark red),
x axis is subject number, and y axis is the response (the percentage of change); (b,d) the plot of the
mean response over all subjects vs. stimulus degree (red line), 95% confidence interval (red shade).

3.3. Center-Surround Inhibition Effects in Different Layers of Primary Visual Cortex

Two flattened patches of cortical surface containing significantly activated clusters
within the left or right primary visual cortex were identified and extracted from each
intermediate surface (Figure 2). Within the defined ROIs of the primary visual cortex,
the mean percentage signal changes corresponding to each visual stimulus condition for
each subject were determined. We found center-surround inhibition in primary visual
cortical neurons as shown in Figure 6a,c and Table.2. The maximum center-surround
inhibition (the larger of the difference in responses (1°-2°) or (1°-3°)) reached up to 54.86%
for layer IV and 53.62 % for layer VI of the left primary visual cortex (Figure 6b, subject 10),
29.92% for layer IV, and 27.84% for layer VI of the right primary visual cortex (Figure 6d,
subject 11). More than 20% center-surround inhibition was found in 14 subjects within
the left primary visual cortex (Figure 6b) and in 10 subjects within the right primary
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visual cortex (Figure 6d). A comparison of the BOLD response due to different stimulus
conditions for layer VI (shown in Tables 2a and 3a for left and right primary visual cortex,
respectively) and layer IV (shown in Tables 2b and 3b for left and right primary visual
cortex, respectively) within the primary visual cortex showed that the responses for 0.5°,
0.75°, and 1° conditions were significantly greater than the response for 0.25°, 2°, and
3° stimuli. Moreover, the fMRI response in layer IV was stronger than that in layer VI
during the display of six different types of stimuli targeted at the magnocellular visual
pathway (Tables 2c and 3c¢). In addition, using a two-way ANOVA, we assessed the main
effects of two different factors—visual stimuli and layers. We found both main effects to be
significant (p < 0.05 FDR corrected), but the interaction between them was not (Table 4).

Table 2. Paired t-test between the BOLD responses (FDR corrected p < 0.05) obtained from different
conditions (condition A < condition B) for layer VI (a) and layer IV (b) within the left primary visual
cortex. (c) Paired t-test of the BOLD responses obtained from layers IV and VI under each stimulus
condition within the left primary visual cortex. p-values correspond to paired t-tests conducted to
test the following contrast: layer IV > VI at FDR corrected p < 0.05.

(@)
Paired t-Test for Condition A < Condition B in Layer VI of Left Primary Visual Cortex
A B p Value
0.25° 0.5° 1.98 x 1077
0.25° 0.75° 2.07 x 1078
0.25° 1° 2.39 x 1078
2° 0.5° 3.67 x 107>
2° 0.75° 2.07 x 1074
2° 1° 2.09 x 1078
3° 0.5° 718 x 107°
3° 0.75° 255 x 1078
3° 1° 1.87 x 1077
(b)
Paired #-Test for Condition A < Condition B in Layer IV of Left Primary Visual Cortex
A B p Value
0.25° 0.5° 1.98 x 1077
0.25° 0.75° 2.07 x 108
0.25° 1° 2.39 x 1078
2° 0.5° 3.67 x 1072
2° 0.75° 2.07 x 10~*
2° 1° 2.09 x 1078
3° 0.5° 718 x 10°°
3° 0.75° 255 x 1078
3° 1° 1.87 x 1077
(0)
p-Value of Paired t-Test for Layer IV > VI under Six Conditions
0.25° 0.5° 0.75° 1° 2° 3°

471 x 10712 745 x 1075 353 x 108 239x 108 554 x10712 269 x10°10
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Table 3. Paired t-test between the BOLD responses (FDR corrected p < 0.05) obtained from different
conditions (condition A < condition B) for layer VI (a) and layer IV (b) within right primary visual
cortex. (c) Paired t-test of the BOLD responses obtained from layers IV and VI under each stimulus
condition, within the right primary visual cortex. p-values correspond to paired ¢-tests conducted to
test the following contrast: layer IV > VI at FDR corrected p < 0.05.

(a)
Paired t-Test for Condition A < Condition B in Layer VI of Right Primary Visual Cortex
A B p Value
0.25° 0.5° 2.07 x 1078
0.25° 0.75° 2.06 x 1078
0.25° 1° 2.06 x 1078
2° 0.5° 2.06 x 107°
2° 0.75° 2.06 x 1074
2° 1° 2.05 x 1078
3° 0.5° 2.08 x 107°
3° 0.75° 2.07 x 108
3° 1° 3.10 x 1077
(b)
Paired ¢-Test for Condition A < Condition B in Layer IV of Right Primary Visual Cortex
A B p Value
0.25° 0.5° 244 x 1078
0.25° 0.75° 2.10 x 1078
0.25° 1° 228 x 1078
2° 0.5° 2.13 x 108
2° 0.75° 4.87 x 1077
2° 1° 2.07 x 1078
3° 0.5° 1.19 x 1074
3° 0.75° 1.65 x 107
3° 1° 4.60 x 103
(0)
p-Value of Paired t-Test for Layer IV > VI under Six Conditions
0.25° 0.5° 0.75° 1° 2° 3°

150 x 1071*  8.06 x 10~? 1.49 x 102 9.75 x 10~? 124 x 1071% 584 x 10712

Table 4. Two-way ANOVA F test results (p-value) for left and right primary visual cortex separately.
The two main factors—visual stimuli and layers—were both significant, but the interaction between
them was not.

Left Primary Visual Cortex Right Primary Visual Cortex
Visual Stimuli Factor 3.02 x 1071 3.10 x 10~ 14
Layer Factor 2.07 x 107° 9.97 x 10~20
Interaction 0.87 0.40
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Figure 6. Center-surround inhibition in different layers of the primary visual cortex. Panel (a) shows
the results for the left primary visual cortex and panel (c) shows the results for the right primary
visual cortex. In both these panels, the mean BOLD response across all subjects (dash line) is plotted
on the y-axis and the stimulus degree is plotted on the x-axis. The 95% confidence interval is shown
as the shadow around the dash line. Red represents layer IV, and blue represents layer VI. Panels (b,d)
show the center-surround inhibition (the larger of the difference in responses (1°-2°) or (1°-3°)) in
each subject for the left and right primary visual cortex, respectively. Here, the red * represents layer
IV, and blue * represents layer VI.

3.4. Dynamic Effective Connectivity

We employed a surface-based laminar analysis pipeline to extract fMRI time series
from the identified magnocellular LGN and primary visual cortex ROIs separately. With
the raw fMRI time series, we performed hemodynamic deconvolution to recover the latent
neuronal time series. Then, we fed the obtained latent neuronal time series into the dynamic
MVAR (multivariate autoregressive) model to estimate the directional connectivity between
magnocellular LGN and layers IV and VI of the primary visual cortex at each time point
(i.e., dynamic effective connectivity). Subsequently, we separated the dynamic effective
connectivity according to conditions (Figure 4) to obtain a sample distribution of directional
connectivity for every condition, pathway and subject. As described in the Methods section,
we obtained 720 (18 x 40, 18 time points for each run, 40 runs corresponding to 2 runs in
20 subjects) different effective connectivity values for each pathway, under each condition.
We specifically extracted all effective connectivity values for the corticogeniculate feedback
pathway and the three feedforward pathways under six conditions only in subjects who
showed center-surround inhibition in their BOLD response above 20%.

The major goal of this study was to determine whether the effective connectivity
determined from layer-resolved fMRI in humans is sensitive to the negative feedback from
layer VI of the primary visual cortex to magnocellular LGN. This negative feedback has
been previously indicated by invasive animal studies [16,17,65,67] and is known to cause
an enhanced center-surround inhibition effect on magnocellular LGN (demonstrated in the
previous section). Additionally, we also wanted to investigate the feedforward pathway
from magnocellular LGN to layers IV and VI in the primary visual cortex as well as that
from layer IV to layer VI within the primary visual cortex (shown in Figure 6). Therefore, we
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investigated whether these pathways can be inferred by employing the dynamic effective
connectivity modeling of layer-resolved human fMRI data.

First, the corticogeniculate feedback pathway from the primary visual cortex layer VI
to magnocellular LGN was investigated under six different conditions. One-sample t-tests
(stimulus > rest) were conducted for all six conditions; however, we found this feedback
pathway to be significantly negative only for the 2° and 3° conditions Figure 7c). Under the
2° condition, mean connectivity was -0.155, t (719) = —3.2142, p = 0.0014; and under the 3°
condition, mean connectivity values of —0.154, t (719) = —2.6536, p = 0.0083 were observed.
This demonstrates that this negative feedback pathway is significantly enhanced when the
receptive field of the visual stimuli exceeds its center (which happens when the Gabor path
tends an angle of 2° or more) and corroborates the sharp drop in BOLD response observed
in magnocellular LGN (Figure 5).

Lei'ft Ri$ht Primary visual cortex
Vi IV LGN VI IV LGN
Left 0.4
a2 | W
0.2
.,.‘““ \"l
-0 I’
I
Right | Moo Interneuron ‘\
LGN
-04

(a) (b)
EC from Layer VI to LGN
0.2

0.1

EC values

025 05 075 1 2
Degree of Visual Stimuli

(c)

Figure 7. Dynamic effective connectivity results. (a) One example of the connectivity matrix at a
given time point, the direction is from row to column, e.g., the left corticogeniculate feedback pathway
from layer VI to LGN corresponds to the first row /third column, and the left feedforward pathway
from layer VI to IV corresponds to the first row/second column. (b) An illustration of the neuronal
circuits involving LGN and primary visual cortex: the black round shape represents an inhibitory
interneuron, the red triangle is a neuron in layer VI of the primary visual cortex, and the green star
is a neuron in layer IV. The blue dotted line represents the negative feedback pathway, and the red
dotted lines are the feedforward pathways (LGN — IV, LGN — VI, and IV — VI). (c¢) Mean/standard
deviations of effective connectivity values vs. stimulus degree for corticogeniculate feedback pathway
from layer VI to LGN. This pathway is only significantly smaller than zero under 2° and 3° conditions.
The red star indicates significance at FDR corrected p < 0.05.

Subsequently, we performed a similar one-sample t-test for the feedforward pathways—
from LGN to layers IV and VI in the primary visual cortex, and from layer IV to VI within
the primary visual cortex (Figure 8). We found these positive feedforward pathways to be
significantly greater than zero for all conditions except the 0.25° condition. This pattern
mimicked that of the BOLD response within the magnocellular LGN and the primary visual
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cortex wherein the connectivity increased from 0.25° condition onwards, peaking at 1°
condition and then decreasing.
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Figure 8. Mean/standard deviations of effective connectivity values vs. stimulus degree for feedfor-
ward pathway from LGN to layer IV in the primary visual cortex (a), LGN to layer VI (b), and layer
IV to VI (0).

4. Discussion

The results presented in the previous section point to the following conclusions which
we will discuss here: (1) functional localization of magnocellular neurons in LGN with
high-resolution (<1 mm) fMRI has been demonstrated to be a feasible method; (2) the
enhanced center-surround inhibition effect on magnocellular neurons within human LGN
is salient and detectable using BOLD responses within the magnocellular LGN to moving
Gabor patch stimuli of different sizes, being shown here for the first time in the literature;
(3) with high-resolution, layer-specific fMRI at ultra-high fields, the effective connectivity
determined from laminar fMRI is sensitive to the corticogeniculate negative feedback path-
way from layer VI of the primary visual cortex to magnocellular LGN, and the feedforward
positive pathways from magnocellular LGN to layers IV and VI of the primary visual cortex
as well as from layer IV to layer VI within the primary visual cortex. To our knowledge,
this is the first study to investigate whether fMRI-based effective connectivity can be used
to investigate the directional information flow between cortical layers at the submillimeter
spatial scale (and more specifically in the corticogeniculate pathway).

Many previous studies have tried to use noninvasive methods such as fMRI to func-
tionally localize small subcortical regions such as the LGN in the human brain [37,103-109].
However, only a few of those studies have been successful in identifying the magnocellu-
lar part of LGN [37,108,110]. These studies attempted to classify the magnocellular and
parvocellular voxels in LGN based on the contrast sensitivity difference—magnocellular
LGN response saturates under monochrome, high luminance contrast visual stimuli, and
parvocellular LGN is more receptive to visual stimuli with high color contrast and low
luminance contrast [10]. The voxel size used in these studies was around 2 mm3, which is
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pretty large compared to the size of the magnocellular and parvocellular parcels within
LGN. In this study, we designed specific visual stimuli, which could maximally activate
and help localize the magnocellular voxels in LGN with our whole-brain submillimeter
fMRI data. We validated the location of magnocellular LGN using the expected spatial
position obtained from previous histological findings [111].

Notably, this is the first study to detect the enhancement of the center-surround in-
hibition effect in magnocellular neurons within human LGN using fMRI. The maximum
center-surround inhibition could reach up to 59.67% for left magnocellular LGN and 78.42%
for right magnocellular LGN in individual subjects; however, the group mean center-
surround suppression was only up to 26.52%. It did not reach up to 70% suppression
observed in previous invasive animal studies [16,112], in which a single-unit recording was
used to measure the inhibition from multiple neurons. In contrast, with ultra-high resolu-
tion fMR], the inhibition is estimated from a small cluster, which may contain thousands of
neurons. Therefore, the inability to accurately localize magnocellular neurons with fMRI
(which is not surprising given that even the smallest voxel size achievable with fMRI is an
order of magnitude larger than that needed to accurately localize magnocellular neurons)
may have played a part in the magnitude of center-surround inhibition we observed at the
group level. However, it is still very impressive that we were able to observe enhanced
center-surround inhibition in human magnocellular LGN using fMRI.

Previous invasive studies have found a dense network of feedforward and feedback
projections between LGN and the primary visual cortex [1-7,20-24]. After neurons in LGN
receive visual input from the retina, feedforward pathways would relay it to layers IV
and VI of the primary visual cortex. The feedback pathway consists of corticogeniculate
neurons in layer VI projecting onto the magnocellular neurons in the LGN via inhibitory
interneurons. In this work, we employed a dynamic effective connectivity model to
reveal the directional information flow for the feedforward and feedback pathways, with
high-resolution, layer-specific fMRI data. We found a negative corticogeniculate feedback
pathway from layer VI to magnocellular LGN (Figure 7) when the angle subtended by the
Gabor patch stimulus was larger than the central visual field, thereby facilitating center-
surround inhibition. It is noteworthy that negative effective connectivity from layer VI
to magnocellular LGN implies that an increase in signal amplitude in layer VI predicts a
decrease in signal amplitude in magnocellular LGN. This might explain the sharp drop in
the BOLD response we observed in magnocellular LGN for larger Gabor patches (Figure 5).

We also found positive feedforward pathways from magnocellular LGN to layers IV
and VI of the primary visual cortex as well as from layer IV to layer VI within the primary
visual cortex (Figure 8). It is interesting to note that those feedforward pathways mimicked
the center-surround pattern of BOLD response observed in LGN. Therefore, we speculate
that this might be a mechanistic explanation for how the response in one brain region is
propagated to another, specifically from LGN to the primary visual cortex in our case.

These findings indicate that layer VI of the primary visual cortex has a crucial role in
controlling the gain of brain activity involved with vision. The tuning of the gain in the
corticogeniculate control system is achieved by both feedback and feedforward pathways
anchored by layer VI in the primary visual cortex. Similar conclusions about gain control by
layer VI were reached by Olsen et al. by performing invasive electrical recordings in mice
by using a technique that can selectively label neurons in layer VI 24. It is very encouraging
that it is now possible to derive mechanistic insights about cortical layer-specific micro-
circuits using fMRI which agree with the gold standard in neuroscience, viz. invasive single
unit recordings.

Our framework is domain-neutral; i.e., it can easily be extended to study layer-specific
microcircuits in other brain systems. The cortical laminar separation was carried out
using whole brain data for each individual. Further, the connectivity model was agnostic
about the context in which it was applied and was not fine-tuned in any way to suit
the network we were trying to characterize. The only part of the analysis pipeline that
was not domain-neutral was the experimental and analysis paradigm used to localize
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magnocellular neurons in the LGN. Therefore, our framework could potentially be used
to investigate the laminar connectional architecture anywhere in the human brain as long
as an experimental paradigm is developed to localize the regions/layers of interest using
high-resolution fMRI. For example, future studies could potentially investigate the laminar
connections between Broca’s area to language-related thalamic nuclei. Broca’s area and
language-related thalamic nuclei are connected in two parallel layer-specific pathways: one
thalamic pathway targets the middle cortical layers in Broca’s area, and the other projects
to cortical layer I. The feedback pathway from Broca’s area to thalamic nuclei originates
from cortical layers V and VI. Neuroimaging studies could investigate these pathways from
aphasic patients with damage to the thalamic nuclei [113]. The language function is unique
to humans (like many other social and cognitive functions), and therefore, it is difficult to
investigate such layer-specific functional microcircuits with invasive studies in animals.

5. Limitations and Future Work

Laminar effective connectivity may provide novel insights into cortical microcircuits
in the human brain connectome; however, a few limitations of this study need to be
addressed in future laminar fMRI effective connectivity-related research. First, different
methods to differentiate cortical lamina from MRI exist. In this study, we constructed
laminar surfaces by a method called equidistant laminae, which keeps a relatively fixed
distance to cortical boundaries [46,114,115]. Laminar surfaces can also be constructed
along equipotentials, which are computed between the inner white matter surface and pial
surface with the Laplace equation [48]. Moreover, a new model called the equal-volume
model for identifying cortical laminae was proposed by Waehnert and colleagues [49]. In
the future, studies must compare the three different models for how well the connectivity
derived from layers constructed by them matches the underlying anatomical predictions.

Second, the spatial point spread function (PSF) of the BOLD response at different layers
presents poor laminar specificity, since the draining blood flows along the intracortical veins
(ICV) (ICVs are perpendicular to the surface) into pial veins on the pial surface [116]. This
shows that the lower layers always contribute a signal to the upper layers. The traditional
method to resolve this issue is to interpolate the fMRI signal at certain cortical depths and
then average the surface profiles [43,46,47]. The fact that we performed hemodynamic
deconvolution before connectivity analysis also helps in removing some of the contributions
of vasculature [98]. However, we need to come up with a better model to extract laminar
signals to increase the spatial specificity of fMRI. Future studies may employ spin echo
sequences to investigate whether they are better for laminar fMRI analysis since the PSF
for spin-echo EPI is more localized than gradient-echo EPI [116]. While one may lose
sensitivity by using spin echo, the tradeoff between the sensitivity lost by spin echo and
the spatial precision gained by its sharper PSF must be investigated.

Third, despite the small size of LGN, the spatial organization of the magnocellular
neurons in LGN in our study exhibited the expected distribution from previous histological
studies; i.e., the spatial center was biased toward the ventral direction [111]. Previous
studies have investigated the ability of fMRI to localize magnocellular regions within
human LGN [37,108]; however, the spatial resolution of these fMRI studies was relatively
coarse (>1 mm). In this study, we acquired fMRI data with 0.7 mm? in-plane resolution
and validated the reliability of magnocellular LGN distribution across 20 subjects. Still,
there are some aspects that could be improved. Since our voxel size was not isotropic,
partial volume effects could be one confounding factor; i.e., a single voxel could potentially
contain both magnocellular neurons and parvocellular/koniocellular neurons. In such a
scenario, the response from one single voxel could be a mixture of signals from different
types of neurons. Future studies need to use higher spatial resolution to reduce partial
volume effects at 7T. This could potentially be completed using approaches which restrict
the field of view to include just the LGN and the primary visual cortex (more generally,
just the structures of interest in the pathways being investigated). We did not use this
approach because the FreeSurfer analysis pipeline for surface-based analysis requires whole
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brain coverage. However, it should be possible in principle to implement this pipeline
using data with limited coverage and field of view. In addition, we defined the top 20% of
activated voxels as containing magnocellular neurons in this study. While this choice was
indeed conservative and motivated by previous studies, the proportion has been shown to
vary across individuals [111,117]. Therefore, future studies could potentially use multiple
alternative MR contrasts such as susceptibility, proton density and myelination in order to
fine tune the functionally defined magnocellular LGN region.

Fourth, effective connectivity analysis using dynamic Granger causality (DGC) suf-
fers from the poor temporal resolution of fMRI. Although we performed hemodynamic
deconvolution to recover the latent neuronal signals before applying Granger causality, it
is still hard to infer neuronal latency from fMRI data, which is sampled coarsely in time. In
future work, simultaneous EEG and fast laminar fMRI may be fused together to improve
temporal precision of fMRI at the layer level. Recent studies have shown that it is possible
to obtain EEG data simultaneously with fMRI sampled at 600 ms using the multiband EPI
sequence [118]. With higher acceleration factors, one could potentially acquire fMRI with
sampling periods less than half a second, and this will likely improve the performance of
DGC [51] for inferring directional interactions within the human brain at the laminar level.

6. Conclusions

In conclusion, our results demonstrated that: (1) the functional localization of mag-
nocellular cells in LGN with high-resolution MRI is a feasible method; (2) the “enhanced
center surround inhibition” effect on magnocellular cells within human LGN is salient and
detectable using noninvasive high resolution functional MRI at 7T; (3) the feedforward and
corticogeniculate feedback functional pathways can be inferred using dynamic directional
connectivity models of fMRI and could potentially explain the mechanism underlying
center-surround inhibition in the human visual system; (4) our framework is domain-
neutral and could potentially be employed to investigate the human brain’s connectome at
the laminar level in other systems related to cognition, memory and language.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/brainscil2101361/s1, Figure S1: The maximum center-surround inhibition
of left (*) and right () magnocellular LGN for each subject. More than 20% center-surround inhibition
(the bigger difference between 1° and 2° or between 1°and 3° condition) in both left and right
magnocellular LGN was found in 13 out of 20 subjects; Video S1: 2° of rightward moving Gabor
patch used in this experiment.

Author Contributions: G.D. conceived the study and had a major role in the design, data acquisition
and writing of the manuscript. Y.W. performed the data analysis to test the hypotheses and wrote
the initial draft of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Auburn University MRI Center.

Institutional Review Board Statement: All subjects provided informed consent, and the experimen-
tal protocols were approved by the Auburn University Institutional Review Board.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data used in this work is available upon reasonable request to the
corresponding author.

Acknowledgments: We would like to thank the Auburn University MRI Research Center for funding
this study. Our special thanks to Krish Sathian, Emory University for useful discussions and feedback.

Conflicts of Interest: The authors declare that they have no conflict of interest with respect to
this work.


https://www.mdpi.com/article/10.3390/brainsci12101361/s1
https://www.mdpi.com/article/10.3390/brainsci12101361/s1

Brain Sci. 2022, 12, 1361 21 of 25

References

1. Briggs, F; Usrey, WM. Emerging views of corticothalamic function. Curr. Opin. Neurobiol. 2008, 18, 403-407. [CrossRef] [PubMed]

2. Briggs, F.; Usrey, WM. Parallel Processing in the Corticogeniculate Pathway of the Macaque Monkey. Neuron 2009, 62, 135-146.
[CrossRef] [PubMed]

3. Briggs, F; Usrey, W.M. Corticogeniculate feedback and visual processing in the primate. J. Physiol. 2011, 589, 33—40. [CrossRef]
[PubMed]

4. Hendrickson, A.E.; Wilson, ].R.; Ogren, M.P. The neuroanatomical organization of pathways between the dorsal lateral geniculate
nucleus and visual cortex in Old World and New World primates. J. Comp. Neurol. 1978, 182, 123-136. [CrossRef] [PubMed]

5. Ichida, ].M.; Casagrande, V.A. Organization of the feedback pathway from striate cortex (V1) to the lateral geniculate nucleus
(LGN) in the owl monkey (Aotus trivirgatus). J. Comp. Neurol. 2002, 454, 272-283. [CrossRef]

6. Lund, J.S.; Lund, R.D.; Hendrickson, A.E.; Bunt, A.H.; Fuchs, A.F. The origin of efferent pathways from the primary visual cortex,
area 17, of the macaque monkey as shown by retrograde transport of horseradish peroxidase. J. Comp. Neurol. 1975, 164, 287-303.
[CrossRef]

7. Conley, M.; Raczkowski, D. Sublaminar organization within layer VI of the striate cortex in Galago. J. Comp. Neurol. 1990, 302,
425-436. [CrossRef]

8.  Merigan, W.H.; Katz, L.M.; Maunsell, ].H. The effects of parvocellular lateral geniculate lesions on the acuity and contrast
sensitivity of macaque monkeys. J. Neurosci. 1991, 11, 994-1001. [CrossRef]

9.  Livingstone, M.; Hubel, D. Segregation of Depth: Form, Anatomy, Color, Physiology, and Movement, and Perception. Sci. New
Ser. 1988, 240, 740-749. [CrossRef]

10. Derrington, A.M.; Lennie, P. Spatial and temporal contrast sensitivities of neurones in lateral geniculate nucleus of macaque.
J. Physiol. 1984, 357, 219-240. [CrossRef] [PubMed]

11.  Schiller, PH.; Logothetis, N.K. The color-opponent and broad-band channels of the primate visual system. Trends Neurosci. 1990,
13, 392-398. [CrossRef]

12.  Nassi, ].J.; Callaway, E.M. Parallel processing strategies of the primate visual system. Nat. Rev. Neurosci. 2009, 10, 360-372.
[CrossRef] [PubMed]

13.  Merigan, W.H.; Maunsell, ].H. How parallel are the primate visual pathways? Annu. Rev. Neurosci. 1993, 16, 369-402. [CrossRef]
[PubMed]

14. Grieve, K.L,; Sillito, A.M. Differential properties of cells in the feline primary visual cortex providing the corticofugal feedback to
the lateral geniculate nucleus and visual claustrum. J. Neurosci. 1995, 15, 4868-4874. [CrossRef] [PubMed]

15. Jones, H.E.; Andolina, I.M.; Grieve, K.L.; Wang, W.; Salt, T.E.; Cudeiro, J.; Sillito, A.M. Responses of primate LGN cells to
moving stimuli involve a constant background modulation by feedback from area MT. Neuroscience 2013, 246, 254-264. [CrossRef]
[PubMed]

16.  Murphy, P.C;; Sillito, A.M. Corticofugal feedback influences the generation of length tuning in the visual pathway. Nature 1987,
329, 727-729. [CrossRef]

17. Sillito, A.M.; Jones, H.E. Corticothalamic interactions in the transfer of visual information. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2000, 357, 1739-1752. [CrossRef] [PubMed]

18.  Wandell, B.A.; Winawer, J.; Kay, K.N. Computational Modeling of Responses in Human Visual Cortex. In Brain Mapping; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 651-659.

19. Sillito, A.M.; Cudeiro, J.; Jones, H.E. Always returning: Feedback and sensory processing in visual cortex and thalamus. Trends
Neurosci. 2006, 29, 307-316. [CrossRef]

20. Angelucci, A.; Sainsbury, K. Contribution of feedforward thalamic afferents and corticogeniculate feedback to the spatial
summation area of macaque V1 and LGN. J. Comp. Neurol. 2006, 498, 330-351. [CrossRef] [PubMed]

21. Andolina, LM.; Jones, H.E.; Wang, W.; Sillito, A.M. Corticothalamic feedback enhances stimulus response precision in the visual
system. Proc. Natl. Acad. Sci. USA 2007, 104, 1685-1690. [CrossRef]

22. Briggs, F; Kiley, C.W,; Callaway, E.M.; Usrey, WM. Morphological Substrates for Parallel Streams of Corticogeniculate Feedback
Originating in Both V1 and V2 of the Macaque Monkey. Neuron 2016, 90, 388-399. [CrossRef] [PubMed]

23. Briggs, F.; Usrey, WM. A fast, reciprocal pathway between the lateral geniculate nucleus and visual cortex in the macaque monkey.
J. Neurosci. 2007, 27, 5431-5436. [CrossRef] [PubMed]

24. Olsen, S.R.; Bortone, D.S.; Adesnik, H.; Scanziani, M. Gain control by layer six in cortical circuits of vision. Nature 2012, 483, 47-52.
[CrossRef] [PubMed]

25. Kok, P; Bains, L.J.; Van Mourik, T.; Norris, D.G.; De Lange, F.P. Selective activation of the deep layers of the human primary
visual cortex by top-down feedback. Curr. Biol. 2016, 26, 371-376. [CrossRef] [PubMed]

26. Muckli, L.; De Martino, F; Vizioli, L.; Petro, L.S.; Smith, EW.; Ugurbil, K.; Goebel, R.; Yacoub, E. Contextual Feedback to
Superficial Layers of V1. Curr. Biol. 2015, 25, 2690-2695. [CrossRef]

27. Hevner, RF. Development of connections in the human visual system during fetal mid-gestation: A Dil-tracing study.
J. Neuropathol. Exp. Neurol. 2000, 59, 385-392. [CrossRef] [PubMed]

28. Krubitzer, L. The magnificent compromise: Cortical field evolution in mammals. Neuron 2007, 56, 201-208. [CrossRef]

29. Stevens, C.F. An evolutionary scaling law for the primate visual system and its basis in cortical function. Nature 2001, 411, 193-195.

[CrossRef] [PubMed]


http://doi.org/10.1016/j.conb.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18805486
http://doi.org/10.1016/j.neuron.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19376073
http://doi.org/10.1113/jphysiol.2010.193599
http://www.ncbi.nlm.nih.gov/pubmed/20724361
http://doi.org/10.1002/cne.901820108
http://www.ncbi.nlm.nih.gov/pubmed/100530
http://doi.org/10.1002/cne.10441
http://doi.org/10.1002/cne.901640303
http://doi.org/10.1002/cne.903020218
http://doi.org/10.1523/JNEUROSCI.11-04-00994.1991
http://doi.org/10.1126/science.3283936
http://doi.org/10.1113/jphysiol.1984.sp015498
http://www.ncbi.nlm.nih.gov/pubmed/6512690
http://doi.org/10.1016/0166-2236(90)90117-S
http://doi.org/10.1038/nrn2619
http://www.ncbi.nlm.nih.gov/pubmed/19352403
http://doi.org/10.1146/annurev.ne.16.030193.002101
http://www.ncbi.nlm.nih.gov/pubmed/8460898
http://doi.org/10.1523/JNEUROSCI.15-07-04868.1995
http://www.ncbi.nlm.nih.gov/pubmed/7623117
http://doi.org/10.1016/j.neuroscience.2013.04.055
http://www.ncbi.nlm.nih.gov/pubmed/23644057
http://doi.org/10.1038/329727a0
http://doi.org/10.1098/rstb.2002.1170
http://www.ncbi.nlm.nih.gov/pubmed/12626008
http://doi.org/10.1016/j.tins.2006.05.001
http://doi.org/10.1002/cne.21060
http://www.ncbi.nlm.nih.gov/pubmed/16871526
http://doi.org/10.1073/pnas.0609318104
http://doi.org/10.1016/j.neuron.2016.02.038
http://www.ncbi.nlm.nih.gov/pubmed/27041497
http://doi.org/10.1523/JNEUROSCI.1035-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17507565
http://doi.org/10.1038/nature10835
http://www.ncbi.nlm.nih.gov/pubmed/22367547
http://doi.org/10.1016/j.cub.2015.12.038
http://www.ncbi.nlm.nih.gov/pubmed/26832438
http://doi.org/10.1016/j.cub.2015.08.057
http://doi.org/10.1093/jnen/59.5.385
http://www.ncbi.nlm.nih.gov/pubmed/10888368
http://doi.org/10.1016/j.neuron.2007.10.002
http://doi.org/10.1038/35075572
http://www.ncbi.nlm.nih.gov/pubmed/11346795

Brain Sci. 2022, 12, 1361 22 of 25

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

Daugman, ].G. Two-dimensional spectral analysis of cortical receptive field profiles. Vis. Res. 1980, 20, 847-856. [CrossRef]
Gabor, D. Theory of communication. J. Inst. Electr. Eng. 1946, 93, 429-457. [CrossRef]

Jones, J.P; Palmer, L.A. An evaluation of the two-dimensional Gabor filter model of simple receptive fields in cat striate cortex.
J. Neurophysiol. 1987, 58, 1233-1258. [CrossRef] [PubMed]

Jones, ].P,; Palmer, L.A. The two-dimensional spatial structure of simple receptive fields in cat striate cortex. |. Neurophysiol. 1987,
58,1187-1211. [CrossRef]

Fredericksen, R.E.; Bex, PJ.; Verstraten, F.a. How big is a Gabor patch, and why should we care? |. Opt. Soc. Am. A Opt. Image Sci.
Vis. 1997, 14, 1-12. [CrossRef] [PubMed]

Alitto, H.].; Moore, B.D.; Rathbun, D.L.; Usrey, W.M. A comparison of visual responses in the lateral geniculate nucleus of alert
and anaesthetized macaque monkeys. J. Physiol. 2011, 589, 87-99. [CrossRef] [PubMed]

Alitto, H.]J.; Usrey, WM. Origin and Dynamics of Extraclassical Suppression in the Lateral Geniculate Nucleus of the Macaque
Monkey. Neuron 2008, 57, 135-146. [CrossRef] [PubMed]

Denison, R.N.; Vu, A.T.; Yacoub, E.; Feinberg, D.A_; Silver, M.A. Functional mapping of the magnocellular and parvocellular
subdivisions of human LGN. Neuroimage 2014, 102, 358-369. [CrossRef] [PubMed]

Kaplan, E.; Benardete, E. The dynamics of primate retinal ganglion cells. Prog. Brain Res. 2001, 134, 17-34.

Mazer, J.A.; Vinje, W.E.; McDermott, J.; Schiller, P.H.; Gallant, J.L. Spatial frequency and orientation tuning dynamics in area V1.
Proc. Natl. Acad. Sci. USA 2002, 99, 1645-1650. [CrossRef]

Sceniak, M.P,; Hawken, M.].; Shapley, R. Contrast-dependent changes in spatial frequency tuning of macaque V1 neurons: Effects
of a changing receptive field size. J. Neurophysiol. 2002, 88, 1363-1373. [CrossRef]

Sillito, A.M.; Cudeiro, J.; Murphy, P.C. Orientation sensitive elements in the corticofugal influence on centre-surround interactions
in the dorsal lateral geniculate nucleus. Exp. Brain Res. 1993, 93, 6-16. [CrossRef]

Wang, W.; Jones, H.E.; Andolina, L.M.; Salt, T.E.; Sillito, A.M. Functional alignment of feedback effects from visual cortex to
thalamus. Nat. Neurosci. 2006, 9, 1330-1336. [CrossRef] [PubMed]

Koopmans, PJ.; Barth, M.; Norris, D.G. Layer-specific BOLD activation in human V1. Hum. Brain Mapp. 2010, 31, 1297-1304.
[CrossRef] [PubMed]

Feinberg, D.A.; Moeller, S.; Smith, S.M.; Auerbach, E.; Ramanna, S.; Glasser, M.E; Miller, K.L.; Ugurbil, K.; Yacoub, E. Multiplexed
echo planar imaging for sub-second whole brain fmri and fast diffusion imaging. PLoS ONE 2010, 5, €15710. [CrossRef]
Yacoub, E.; Harel, N.; Ugurbil, K. High-field fMRI unveils orientation columns in humans. Proc. Natl. Acad. Sci. USA 2008, 105,
10607-10612. [CrossRef] [PubMed]

Olman, C.A.; Harel, N.; Feinberg, D.A.; He, S.; Zhang, P.; Ugurbil, K.; Yacoub, E. Layer-specific fmri reflects different neuronal
computations at different depths in human V1. PLoS ONE 2012, 7, e32536. [CrossRef] [PubMed]

Polimeni, J.R.; Fischl, B.; Greve, D.N.; Wald, L.L. Laminar analysis of 7T BOLD using an imposed spatial activation pattern in
human V1. Neuroimage 2010, 52, 1334-1346. [CrossRef]

Jones, S.E.; Buchbinder, B.R.; Aharon, I. Three-dimensional mapping of cortical thickness using Laplace’s equation. Hum. Brain
Mapp. 2000, 11, 12-32. [CrossRef]

Waehnert, M.D.; Dinse, J.; Weiss, M.; Streicher, M.N.; Waehnert, P.; Geyer, S.; Turner, R.; Bazin, PL. Anatomically motivated
modeling of cortical laminae. Neuroimage 2014, 93, 210-220. [CrossRef]

Havlicek, M,; Jan, J.; Brazdil, M.; Calhoun, V.D. Dynamic Granger causality based on Kalman filter for evaluation of functional
network connectivity in fMRI data. Neuroimage 2010, 53, 65-77. [CrossRef]

Wang, Y.; Katwal, S.; Rogers, B.; Gore, J.; Deshpande, G. Experimental Validation of Dynamic Granger Causality for Inferring
Stimulus-evoked Sub-100ms Timing Differences from fMRI. IEEE Trans. Neural Syst. Rehabil. Eng. 2016, 25, 539-546. [CrossRef]
Bellucci, G.; Chernyak, S.; Hoffman, M.; Deshpande, G.; Dal Monte, O.; Knutson, KM.; Grafman, J.; Krueger, F. Effective
connectivity of brain regions underlying third-party punishment: Functional MRI and Granger causality evidence. Soc. Neurosci.
2016, 12, 1-11. [CrossRef] [PubMed]

Hampstead, B.M.; Khoshnoodi, M.; Yan, W.; Deshpande, G.; Sathian, K. Patterns of effective connectivity during memory
encoding and retrieval differ between patients with mild cognitive impairment and healthy older adults. Neuroimage 2016, 124,
997-1008. [CrossRef] [PubMed]

Feng, C.; Deshpande, G.; Liu, C.; Gu, R.; Luo, Y.J.; Krueger, F. Diffusion of responsibility attenuates altruistic punishment: A
functional magnetic resonance imaging effective connectivity study. Hum. Brain Mapp. 2016, 37, 663—677. [CrossRef] [PubMed]
Fischl, B. FreeSurfer. Neurolmage 2012, 62, 774-781. [CrossRef]

Liisebrink, F.; Wollrab, A.; Speck, O. Cortical thickness determination of the human brain using high resolution 3T and 7T MRI
data. Neuroimage 2013, 70, 122-131. [CrossRef]

Hinds, O.P; Rajendran, N.; Polimeni, J.R.; Augustinack, J.C.; Wiggins, G.; Wald, L.L.; Diana Rosas, H.; Potthast, A.; Schwartz, E.L.;
Fischl, B. Accurate prediction of V1 location from cortical folds in a surface coordinate system. Neuroimage 2008, 39, 1585-1599.
[CrossRef] [PubMed]

Jenkinson, M.; Bannister, P.; Brady, M.; Smith, S. Improved Optimization for the Robust and Accurate Linear Registration and
Motion Correction of Brain Images. Neuroimage 2002, 17, 825-841. [CrossRef]

Jenkinson, M.; Beckmann, C.F.; Behrens, T.E.J.; Woolrich, M.W.; Smith, S.M. FSL. Neurolmage 2012, 62, 782-790. [CrossRef]
[PubMed]


http://doi.org/10.1016/0042-6989(80)90065-6
http://doi.org/10.1049/ji-1.1947.0015
http://doi.org/10.1152/jn.1987.58.6.1233
http://www.ncbi.nlm.nih.gov/pubmed/3437332
http://doi.org/10.1152/jn.1987.58.6.1187
http://doi.org/10.1364/JOSAA.14.000001
http://www.ncbi.nlm.nih.gov/pubmed/8988615
http://doi.org/10.1113/jphysiol.2010.190538
http://www.ncbi.nlm.nih.gov/pubmed/20603332
http://doi.org/10.1016/j.neuron.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18184570
http://doi.org/10.1016/j.neuroimage.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25038435
http://doi.org/10.1073/pnas.022638499
http://doi.org/10.1152/jn.2002.88.3.1363
http://doi.org/10.1007/BF00227775
http://doi.org/10.1038/nn1768
http://www.ncbi.nlm.nih.gov/pubmed/16980966
http://doi.org/10.1002/hbm.20936
http://www.ncbi.nlm.nih.gov/pubmed/20082333
http://doi.org/10.1371/journal.pone.0015710
http://doi.org/10.1073/pnas.0804110105
http://www.ncbi.nlm.nih.gov/pubmed/18641121
http://doi.org/10.1371/journal.pone.0032536
http://www.ncbi.nlm.nih.gov/pubmed/22448223
http://doi.org/10.1016/j.neuroimage.2010.05.005
http://doi.org/10.1002/1097-0193(200009)11:1&lt;12::AID-HBM20&gt;3.0.CO;2-K
http://doi.org/10.1016/j.neuroimage.2013.03.078
http://doi.org/10.1016/j.neuroimage.2010.05.063
http://doi.org/10.1109/TNSRE.2016.2593655
http://doi.org/10.1080/17470919.2016.1153518
http://www.ncbi.nlm.nih.gov/pubmed/26942651
http://doi.org/10.1016/j.neuroimage.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26458520
http://doi.org/10.1002/hbm.23057
http://www.ncbi.nlm.nih.gov/pubmed/26608776
http://doi.org/10.1016/j.neuroimage.2012.01.021
http://doi.org/10.1016/j.neuroimage.2012.12.016
http://doi.org/10.1016/j.neuroimage.2007.10.033
http://www.ncbi.nlm.nih.gov/pubmed/18055222
http://doi.org/10.1006/nimg.2002.1132
http://doi.org/10.1016/j.neuroimage.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21979382

Brain Sci. 2022, 12, 1361 23 of 25

60.
61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Smith, S.M. Fast Robust Automated Brain Extraction. Hum. Brain Mapp. 2002, 17, 143-155. [CrossRef]

Woolrich, M.W.; Ripley, B.D.; Brady, M.; Smith, S.M. Temporal autocorrelation in univariate linear modeling of FMRI data.
Neuroimage 2001, 14, 1370-1386. [CrossRef] [PubMed]

Greve, D.N,; Fischl, B. Accurate and robust brain image alignment using boundary-based registration. Neuroimage 2009, 48, 63-72.
[CrossRef] [PubMed]

Balasubramanian, M.; Polimeni, J.R.; Schwartz, E.L. Near-isometric flattening of brain surfaces. Neuroimage 2010, 51, 694-703.
[CrossRef] [PubMed]

Biirgel, U.; Schormann, T.; Schleicher, A.; Zilles, K. Mapping of Histologically Identified Long Fiber Tracts in Human Cerebral
Hemispheres to the MRI Volume of a Reference Brain: Position and Spatial Variability of the Optic Radiation. Neuroimage 1999,
10, 489-499. [CrossRef]

Bolz, J.; Gilbert, C.D.; Gilbert, C.D. Generation of end-inhibition in the visual cortex via interlaminar connections. Nature 1986,
320, 362-365. [CrossRef]

Murphy, P.C.; Duckett, S.G.; Sillito, A.M. Feedback Connections to the Lateral Geniculate Nucleus and Cortical Response
Properties. Science 1999, 286, 1552-1554. [CrossRef]

Spillmann, L. Receptive fields of visual neurons: The early years. Perception 2014, 43, 1145-1176. [CrossRef]

Deshpande, G.; Sathian, K.; Hu, X.; Buckhalt, ].A. A rigorous approach for testing the constructionist hypotheses of brain function.
Behav. Brain Sci. 2012, 35, 148-149. [CrossRef] [PubMed]

Deshpande, G.; Hu, X,; Stilla, R.; Sathian, K. Effective connectivity during haptic perception: A study using Granger causality
analysis of functional magnetic resonance imaging data. Neuroimage 2008, 40, 1807-1814. [CrossRef]

Deshpande, G.; Hu, X. Investigating effective brain connectivity from fMRI data: Past findings and current issues with reference
to Granger causality analysis. Brain Connect. 2012, 2, 235-245. [CrossRef]

Granger, CW]. Investigating Causal Relations by Econometric Models and Cross-spectral Methods. Econometrica 1969, 37,
424-438. [CrossRef]

Deshpande, G.; LaConte, S.; James, G.A.; Peltier, S.; Hu, X. Multivariate granger causality analysis of fMRI data. Hum. Brain
Mapp. 2009, 30, 1361-1373. [CrossRef] [PubMed]

Deshpande, G.; Hu, X.; Lacey, S.; Stilla, R.; Sathian, K. Object familiarity modulates effective connectivity during haptic shape
perception. Neuroimage 2010, 49, 1991-2000. [CrossRef] [PubMed]

Hampstead, B.M.; Stringer, A.Y,; Stilla, R.F,; Deshpande, G.; Hu, X.; Moore, A.B.; Sathian, K. Activation and effective connectivity
changes following explicit-memory training for face-name pairs in patients with mild cognitive impairment: A pilot study.
Neurorehabilit. Neural Repair 2011, 25, 210-222. [CrossRef] [PubMed]

Lacey, S.; Hagtvedt, H.; Patrick, V.M.; Anderson, A; Stilla, R.; Deshpande, G.; Hu, X.; Sato, ].R.; Reddy, S.; Sathian, K. Art for
reward’s sake: Visual art recruits the ventral striatum. Neuroimage 2011, 55, 420-433. [CrossRef]

Krueger, F.; Landgraf, S.; Van Der Meer, E.; Deshpande, G.; Hu, X. Effective connectivity of the multiplication network: A
functional MRI and multivariate granger causality mapping study. Hum. Brain Mapp. 2011, 32, 1419-1431. [CrossRef]

Preusse, F; Elke, V.D.M.; Deshpande, G.; Krueger, F; Wartenburger, I. Fluid intelligence allows flexible recruitment of the
parieto-frontal network in analogical reasoning. Front. Hum. Neurosci. 2011, 5, 22. [CrossRef]

SSathian, K.; Lacey, S.; Stilla, R.; Gibson, G.O.; Deshpande, G.; Hu, X.; LaConte, S.; Glielmi, C. Dual pathways for haptic and
visual perception of spatial and texture information. Neuroimage 2011, 57, 462-475. [CrossRef]

SStrenziok, M.; Krueger, F.; Deshpande, G.; Lenroot, R.K.; Van der meer, E.; Grafman, J. Fronto-parietal regulation of media
violence exposure in adolescents: A multi-method study. Soc. Cogn. Affect. Neurosci. 2011, 6, 537-547. [CrossRef]
Gaschler-Markefski, B.; Baumgart, F.; Tempelmann, C.; Schindler, E; Stiller, D.; Heinze, H.J.; Scheich, H. Statistical methods in
functional magnetic resonance imaging with respect to nonstationary time-series: Auditory cortex activity. Magn. Reson. Med.
1997, 38, 811-820. [CrossRef]

Sakata, S.; Harris, K.D. Laminar Structure of Spontaneous and Sensory-Evoked Population Activity in Auditory Cortex. Neuron
2009, 64, 404-418. [CrossRef]

Kapogiannis, D.; Deshpande, G.; Krueger, F.; Thornburg, M.P.; Grafman, ].H. Brain networks shaping religious belief. Brain
Connect. 2014, 4, 70-79. [CrossRef] [PubMed]

Sathian, K.; Deshpande, G.; Stilla, R. Neural changes with tactile learning reflect decision-level reweighting of perceptual readout.
J. Neurosci. 2013, 33, 5387-5398. [CrossRef] [PubMed]

Grant, M.M.; White, D.; Hadley, J.; Hutcheson, N.; Shelton, R.; Sreenivasan, K.; Deshpande, G. Early life trauma and directional
brain connectivity within major depression. Hum. Brain Mapp. 2014, 35, 4815-4826. [CrossRef] [PubMed]

Wheelock, M.D.; Sreenivasan, K.R.; Wood, K.H.; Ver Hoef, L.W.; Deshpande, G.; Knight, D.C. Threat-related learning relies on
distinct dorsal prefrontal cortex network connectivity. Neuroimage 2014, 102, 904-912. [CrossRef]

Lacey, S.; Stilla, R.; Sreenivasan, K.; Deshpande, G.; Sathian, K. Spatial imagery in haptic shape perception. Neuropsychologia 2014,
60, 144-158. [CrossRef]

Grant, M.M.; Wood, K; Sreenivasan, K.; Wheelock, M.; White, D.; Thomas, J.; Knight, D.C.; Deshpande, G. Influence of Early Life
Stress on Intra- and Extra-Amygdaloid Causal Connectivity. Neuropsychopharmacology 2015, 40, 1-12. [CrossRef]

Libero, L.E.; DeRamus, T.P,; Lahti, A.C.; Deshpande, G.; Kana, R.K. Multimodal neuroimaging based classification of autism
spectrum disorder using anatomical, neurochemical, and white matter correlates. Cortex 2015, 66, 46-59. [CrossRef]


http://doi.org/10.1002/hbm.10062
http://doi.org/10.1006/nimg.2001.0931
http://www.ncbi.nlm.nih.gov/pubmed/11707093
http://doi.org/10.1016/j.neuroimage.2009.06.060
http://www.ncbi.nlm.nih.gov/pubmed/19573611
http://doi.org/10.1016/j.neuroimage.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20149886
http://doi.org/10.1006/nimg.1999.0497
http://doi.org/10.1038/320362a0
http://doi.org/10.1126/science.286.5444.1552
http://doi.org/10.1068/p7721
http://doi.org/10.1017/S0140525X1100149X
http://www.ncbi.nlm.nih.gov/pubmed/22617657
http://doi.org/10.1016/j.neuroimage.2008.01.044
http://doi.org/10.1089/brain.2012.0091
http://doi.org/10.2307/1912791
http://doi.org/10.1002/hbm.20606
http://www.ncbi.nlm.nih.gov/pubmed/18537116
http://doi.org/10.1016/j.neuroimage.2009.08.052
http://www.ncbi.nlm.nih.gov/pubmed/19732841
http://doi.org/10.1177/1545968310382424
http://www.ncbi.nlm.nih.gov/pubmed/20935339
http://doi.org/10.1016/j.neuroimage.2010.11.027
http://doi.org/10.1002/hbm.21119
http://doi.org/10.3389/fnhum.2011.00022
http://doi.org/10.1016/j.neuroimage.2011.05.001
http://doi.org/10.1093/scan/nsq079
http://doi.org/10.1002/mrm.1910380518
http://doi.org/10.1016/j.neuron.2009.09.020
http://doi.org/10.1089/brain.2013.0172
http://www.ncbi.nlm.nih.gov/pubmed/24279687
http://doi.org/10.1523/JNEUROSCI.3482-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23516304
http://doi.org/10.1002/hbm.22514
http://www.ncbi.nlm.nih.gov/pubmed/24737710
http://doi.org/10.1016/j.neuroimage.2014.08.005
http://doi.org/10.1016/j.neuropsychologia.2014.05.008
http://doi.org/10.1038/npp.2015.28
http://doi.org/10.1016/j.cortex.2015.02.008

Brain Sci. 2022, 12, 1361 24 of 25

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Hutcheson, N.L.; Sreenivasan, K.R.; Deshpande, G.; Reid, M.A.; Hadley, J.; White, D.M.; Ver Hoef, L.; Lahti, A.C. Effective
connectivity during episodic memory retrieval in schizophrenia participants before and after antipsychotic medication. Hum.
Brain Mapp. 2015, 36, 1442-1457. [CrossRef]

Deshpande, G.; Sathian, K.; Hu, X. Assessing and compensating for zero-lag correlation effects in time-lagged granger causality
analysis of fMRI. IEEE Trans. Biomed. Eng. 2010, 57, 1446-1456. [CrossRef]

Biichel, C.; Friston, K.J. Dynamic changes in effective connectivity characterized by variable parameter regression and Kalman
filtering. Hum. Brain Mapp. 1998, 6, 403—408. [CrossRef]

Arnold, M.; Miltner, W.H.R.; Witte, H.; Bauer, R.; Braun, C. Adaptive AR modeling of nonstationary time series by means of
kaiman filtering. IEEE Trans. Biomed. Eng. 1998, 45, 545-552. [CrossRef] [PubMed]

David, O.; Guillemain, I; Saillet, S.; Reyt, S.; Deransart, C.; Segebarth, C.; Depaulis, A. Identifying neural drivers with functional
MRI: An electrophysiological validation. PLoS Biol. 2008, 6, 2683-2697. [CrossRef] [PubMed]

Ryali, S.; Chen, T.; Supekar, K.; Tu, T.; Kochlka, J.; Cai, W.; Menon, V. Multivariate dynamical systems-based estimation of causal
brain interactions in fMRI: Group-level validation using benchmark data, neurophysiological models and human connectome
project data. J. Neurosci. Methods 2016, 268, 142-153. [CrossRef] [PubMed]

Ryali, S.; Shih, Y.Y.I; Chen, T.; Kochalka, J.; Albaugh, D.; Fang, Z.; Supekar, K.; Lee, ].H.; Menon, V. Combining optogenetic
stimulation and fMRI to validate a multivariate dynamical systems model for estimating causal brain interactions. Neuroimage
2016, 132, 398-405. [CrossRef] [PubMed]

Ryali, S.; Supekar, K.; Chen, T.; Menon, V. Multivariate dynamical systems models for estimating causal interactions in fMRI.
Neuroimage 2011, 54, 807-823. [CrossRef]

Goodyear, K.; Parasuraman, R.; Chernyak, S.; de Visser, E.; Madhavan, P; Deshpande, G.; Krueger, F. An fMRI and effective
connectivity study investigating miss errors during advice utilization from human and machine agents. Soc. Neurosci. 2016, 12,
1-12. [CrossRef]

Deshpande, G.; Wang, Y.; Robinson, J. Resting state fMRI connectivity is sensitive to laminar connectional architecture in the
human brain. Brain Inform. 2022, 9, 2. [CrossRef]

Sreenivasan, K.R.; Havlicek, M.; Deshpande, G. Nonparametric hemodynamic deconvolution of fMRI using homomorphic
filtering. IEEE Trans. Med. Imaging 2015, 34, 1155-1163. [CrossRef]

Dumoulin, S.O.; Wandell, B.A. Population receptive field estimates in human visual cortex. Neuroimage 2007, 39, 647-660.
[CrossRef]

Horton, J.C.; Sherk, H. Receptive field properties in the cat’s lateral geniculate nucleus in the absence of on-center retinal input.
J. Neurosci. 1984, 4, 374-380. [CrossRef]

Grieve, K.L,; Sillito, A.M. The length summation properties of layer VI cells in the visual cortex and hypercomplex cell end zone
inhibition. Exp. Brain Res. 1991, 84, 319-325. [CrossRef] [PubMed]

Chen, W.; Zhu, X.H. Correlation of activation sizes between lateral geniculate nucleus and primary visual cortex in humans.
Magn. Reson. Med. 2001, 45, 202-205. [CrossRef]

Schneider, K.A.; Kastner, S. Effects of sustained spatial attention in the human lateral geniculate nucleus and superior colliculus.
J. Neurosci. 2009, 29, 1784-1795. [CrossRef]

Schneider, K.A. Subcortical mechanisms of feature-based attention. J. Neurosci. 2011, 31, 8643-8653. [CrossRef] [PubMed]
Ugurbil, K.; Hu, X.; Chen, W.; Zhu, X.H.; Kim, S.G.; Georgopoulos, A. Functional mapping in the human brain using high
magnetic fields. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1999, 354, 1195-1213. [CrossRef]

Wunderlich, K.; Schneider, K.A.; Kastner, S. Neural correlates of binocular rivalry in the human lateral geniculate nucleus. Nat.
Neurosci. 2005, 8, 1595-1602. [CrossRef]

Schneider, K.A.; Richter, M.C.; Kastner, S. Retinotopic organization and functional subdivisions of the human lateral geniculate
nucleus: A high-resolution functional magnetic resonance imaging study. J. Neurosci. 2004, 24, 8975-8985. [CrossRef] [PubMed]
Chang, D.H.E; Hess, R.F,; Mullen, K.T. Color responses and their adaptation in human superior colliculus and lateral geniculate
nucleus. Neuroimage 2016, 138, 211-220. [CrossRef]

Zhang, P.; Wen, W.; Sun, X.; He, S. Selective reduction of fMRI responses to transient achromatic stimuli in the magnocellular
layers of the LGN and the superficial layer of the SC of early glaucoma patients. Hum. Brain Mapp. 2016, 37, 558-569. [CrossRef]
[PubMed]

Selemon, L.D.L.; Begovic, A. Stereologic analysis of the lateral geniculate nucleus of the thalamus in normal and schizophrenic
subjects. Psychiatry Res. 2007, 151, 1-10. [CrossRef]

Li, P; Jin, C.-H,; Jiang, S.; Li, M.-M.; Wang, Z.-L.; Zhu, H.; Chen, C.-Y.; Hua, T.-M. Effects of surround suppression on response
adaptation of V1 neurons to visual stimuli. Dongwuxue Yanjiu 2014, 35, 411-419. [PubMed]

Barbas, H.; Garcia-Cabezas, M.A.; Zikopoulos, B. Frontal-thalamic circuits associated with language. Brain Lang. 2013, 126, 49-61.
[CrossRef]

Sereno, M.L; Lutti, A.; Weiskopf, N.; Dick, F. Mapping the human cortical surface by combining quantitative T1 with retinotopy.
Cereb. Cortex 2013, 23, 2261-2268. [CrossRef] [PubMed]

Trampel, R.; Bazin, P.-L.; Schifer, A.; Heidemann, R M.; Ivanov, D.; Lohmann, G.; Geyer, S.; Turner, R. Laminar-specific fingerprints
of different sensorimotor areas obtained during imagined and actual finger tapping. Proc. Int. Soc. Magn. Reson. Med. 2012, 20,
663.


http://doi.org/10.1002/hbm.22714
http://doi.org/10.1109/TBME.2009.2037808
http://doi.org/10.1002/(SICI)1097-0193(1998)6:5/6&lt;403::AID-HBM14&gt;3.0.CO;2-9
http://doi.org/10.1109/10.668741
http://www.ncbi.nlm.nih.gov/pubmed/9581053
http://doi.org/10.1371/journal.pbio.0060315
http://www.ncbi.nlm.nih.gov/pubmed/19108604
http://doi.org/10.1016/j.jneumeth.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27015792
http://doi.org/10.1016/j.neuroimage.2016.02.067
http://www.ncbi.nlm.nih.gov/pubmed/26934644
http://doi.org/10.1016/j.neuroimage.2010.09.052
http://doi.org/10.1080/17470919.2016.1205131
http://doi.org/10.1186/s40708-021-00150-4
http://doi.org/10.1109/TMI.2014.2379914
http://doi.org/10.1016/j.neuroimage.2007.09.034
http://doi.org/10.1523/JNEUROSCI.04-02-00374.1984
http://doi.org/10.1007/BF00231452
http://www.ncbi.nlm.nih.gov/pubmed/2065737
http://doi.org/10.1002/1522-2594(200102)45:2&lt;202::AID-MRM1027&gt;3.0.CO;2-S
http://doi.org/10.1523/JNEUROSCI.4452-08.2009
http://doi.org/10.1523/JNEUROSCI.6274-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21653868
http://doi.org/10.1098/rstb.1999.0474
http://doi.org/10.1038/nn1554
http://doi.org/10.1523/JNEUROSCI.2413-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15483116
http://doi.org/10.1016/j.neuroimage.2016.04.067
http://doi.org/10.1002/hbm.23049
http://www.ncbi.nlm.nih.gov/pubmed/26526339
http://doi.org/10.1016/j.psychres.2006.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25297081
http://doi.org/10.1016/j.bandl.2012.10.001
http://doi.org/10.1093/cercor/bhs213
http://www.ncbi.nlm.nih.gov/pubmed/22826609

Brain Sci. 2022, 12, 1361 25 of 25

116.

117.

118.

Markuerkiaga, I.; Barth, M.; Norris, D.G. A cortical vascular model for examining the specificity of the laminar BOLD signal.
Neuroimage 2016, 132, 491-498. [CrossRef] [PubMed]

Andrews, T.J.; Halpern, S.D.; Purves, D. Correlated size variations in human visual cortex, lateral geniculate nucleus, and optic
tract. J. Neurosci. 1997, 17, 2859-2868. [CrossRef]

Kyathanahally, S.; Franco-Watkins, A.; Zhang, X.; Calhoun, V.; Deshpande, G. A realistic framework for investigating decision-
making in the brain with high spatio-temporal resolution using simultaneous EEG/fMRI and joint ICA. IEEE |. Biomed. Health
Inform. 2016, 2194, 1.


http://doi.org/10.1016/j.neuroimage.2016.02.073
http://www.ncbi.nlm.nih.gov/pubmed/26952195
http://doi.org/10.1523/JNEUROSCI.17-08-02859.1997

	Introduction 
	Materials and Methods 
	Subjects 
	Visual Stimuli and Task 
	MRI Data Acquisition 
	Laminar Surface Reconstruction Using High-Resolution Anatomical MRI 
	Functional MRI Analysis 
	Laminar Functional Data Analysis in the Primary Visual Cortex 
	LGN ROI Definition and Analysis 
	Dynamic Granger Causality Analysis 

	Results 
	The Validity of the Spatial Localization of Magnocellular Neurons in LGN 
	The Enhanced Center-Surround Inhibition Effect on LGN 
	Center-Surround Inhibition Effects in Different Layers of Primary Visual Cortex 
	Dynamic Effective Connectivity 

	Discussion 
	Limitations and Future Work 
	Conclusions 
	References

