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Abstract
In resting-state functional magnetic resonance imaging (fMRI) experiments, correlation analysis
can be used to identify clusters of cortical regions that may be functionally connected. Although
such functional connectivity is often assumed to reflect cortico-cortical connections, a potential
confound is the contribution of subcortical brain regions, many of which have strong anatomical
connectivity to cortical regions and may also enable cortico-cortical interactions through trans-
thalamic pathways. To investigate this, we performed resting state fMRI of the human visual
system, including cortical regions and subcortical nuclei of the pulvinar and lateral geniculate.
Regression analysis was used to investigate the dependence of the measured inter-regional
correlations upon afferents from specific retinal, thalamic and cortical regions as well as systemic
global signal fluctuation. A high level of interhemispheric correlation (cc = 0.95) was found in the
visual cortex that could not be explained by activity in the subcortical nuclei investigated; in
addition a relatively low level of inter-hemispheric correlation (cc = 0.39–0.42) was found in
vision-related thalamic nuclei that could not be explained by direct anatomical connections or their
cortical inputs. These findings suggest that spontaneous fMRI signal correlations within the
human visual system originate from a mixture of independent signal sources that may be
transmitted through thalamo-cortical, cortico-thalamic, and cortico-cortical connections either
trans-callosal or trans-thalamic in origin. Our findings thus call for more cautious interpretation of
resting state functional connectivity in terms of any single type of anatomical connectivity.
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Introduction
Blood oxygen-level dependent (BOLD) functional magnetic resonance imaging (fMRI)
experiments are increasingly used to study brain function in absence of overt activity in
order to map clusters of functionally related cortical regions. These studies are based on the
phenomenon that functionally related cortical regions often show highly correlated
spontaneous BOLD signal fluctuations. An example of this is the signal correlation found
between homologous functional regions in each cerebral hemisphere, for example bi-lateral
sensory-motor cortices (Cordes et al. 2000; Biswal et al. 1995, 1997). Correlated activity
between homologous regions in both hemispheres is interpreted to indicate the presence of
cortico-cortical connections, a notion that is consistent with the elaborate inter-hemispheric
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connectivity mediated by the corpus callosum. However, it is possible that the inter-
hemispheric correlations found in fMRI studies are at least partly caused by subcortical
regions that directly or indirectly innervate both hemispheres, without relying on the corpus
callosum (Drew et al. 2008). Examples are modulatory process of arousal, selective attention
and awareness, whose effect on cortical activity is mediated through subcortical regions
(Saalmann and Kastner 2009, 2011; Theyel et al. 2010). Cortico-thalamo-cortical pathways
that complement callosal corticocortical pathways have been proposed for such modulatory
control (Sherman and Guillery 2011) and in fact have been inferred from analysis of specific
cortico-thalamic fMRI resting state correlations (Zhang et al. 2008). Because of its extensive
connections with much of the neocortex, the thalamus may mediate many of the cortico-
cortical correlations observed in resting state fMRI.

To investigate the contribution of cortico-cortical connections to inter-hemispheric fMRI
correlations, several groups have studied brains with abnormal corpus callosum. The results
found so far are discordant: in epilepsy patients that underwent surgical transection of much
of the corpus callosum, both reduced (Johnston et al. 2008) and largely normal (Uddin et al.
2008) inter-hemispheric fMRI correlations have been found. Similarly, in studies of humans
whose brain developed without corpus callosum (acallosal brains), both reduced (Quigley et
al. 2003) and normal (Tyszka et al. 2011) inter-hemispheric correlations have been found. In
acallosal mice, inter-hemispheric correlations in electrical activity as observed with voltage
sensitive dye imaging were found to be much reduced compared to normal mice
(Mohajerani et al. 2010). Taken together, these studies suggest that inter-hemispheric
cortico-cortical connectivity may not be directly inferred from correlated fluctuations in
spontaneous fMRI activity. More generally, a number of studies have indicated the difficulty
to interpret cortico-cortical fMRI correlations in terms of direct (mono-synaptic) fiber
connections (Damoiseaux and Greicius 2009; Rykhlevskaia et al. 2008; Adachi et al. 2012).

To further study this issue, and assess the contribution of subcortical input to inter-
hemispheric cortico-cortical correlations, we preformed fMRI experiments of the visual
system in normal human subjects. This system was chosen as its anatomical and functional
substrates are relatively well established, and it has a large cortical representation that
generally shows robust spontaneous activity. Spontaneous fMRI signals were extracted from
bilateral visual cortices (VIS), the subcortical (thalamic) bilateral lateral geniculate nuclei
(LGN), and several other deep brain nuclei such as the bilateral nuclei of the pulvinar
(PUL), after which correlation analysis was performed to establish potential contributors to
cortical activity.

Materials and Methods
Background

As can be observed from a schematic summarizing the major processing nodes in early
visual processing (Fig. 1), there are several subcortical regions that can exert strong
influence on activity in VIS (Van Essen et al. 1982; Saalmann and Kastner 2011; Sherman
and Guillery 2006). During natural vision, the largest and retinotopically most specific part
of visual information received with the eyes is processed along a primary pathway through
the LGN to VIS sub-regions V1 and MT, and from these regions onto high order visual
areas. A secondary pathway of information flow to V1 runs through PUL, either directly or
indirectly through the superior colliculi (SC). PUL also has extensive bidirectional
connections with VIS. Both these primary and secondary pathways receive modulatory
control from various brain stem nuclei, including those from the so-called ascending
reticular activating system (ARAS) (Moruzzi and Magoun 1949).
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The often strong inter-hemispheric correlation observed between bilateral VIS may originate
from a number of sources, and may reflect inter-hemispheric connections between cortical
as well as between subcortical regions. For example, there are extensive callosal connections
between most sub-regions of VIS, with the notable exception of bilateral V1, between which
anatomical connections are sparse. In contrast, the subcortical LGN and PUL have no
known direct inter-hemispheric connections, but they both receive extensive modulatory
input from ARAS and/or SC, regions that have either direct or indirect inter-hemispheric
connections.

In order to distinguish between subcortical and cortical contributions to the inter-
hemispheric functional connectivity that has been observed in VIS, one would ideally want
to monitor spontaneous activity in all major nodes of the visual pathway as indicated in Fig.
1. Unfortunately, for various reasons, fMRI activity in retina, SC and ARAS has proven
difficult to measure (albeit SC fMRI has been previously demonstrated (Schneider and
Kastner 2005)). With this in mind, we focused our study on VIS, LGN, and PUL. (An atlas-
based SC ROI was included, as will be explained below, but could not be specifically
targeted to the most relevant SC-layers). Since the influence of retina, SC, and ARAS on
activity in VIS is effectuated through LGN and PUL, this limitation was not expected to
affect our primary aim of investigating subcortical effects on cortico-cortical connectivity.

MRI Experiments
MRI experiments were conducted on healthy human volunteers (7 male, 6 female, average
age 36.4 ± 10.5 years), all of which provided informed consent as part of an institutional
review board approved protocol. The experiments were performed on a General Electric
(Milwaukee, WI, USA) Signa 7 T scanner equipped with a 32-channel receive-coil array
(Nova Medical, Wilmington, MA, USA) and head transmit coil (Nova Medical). Each
experiment included a 12-min fMRI scan to functionally localize cortical and subcortical
visual regions (first 5 min), and to record spontaneous activity in these regions (2 min of
eyes-open (EO) rest and 5 min of eyes-closed (EC) rest), and a separate anatomical scan to
further localize the LGN.

The localizer paradigm consisted of a 30/30 s on/off, 7.5 Hz full-field checkerboard task and
was used to identify left and right LGN as well as visual cortex (Chen et al. 1998). During
localizer and EO rest, volunteers were instructed to focus on a dot in the center of the image,
which alternated in color between red and pink at a randomly varying interval of between 4
and 16 s. Volunteers were instructed to press a button on an MR compatible button box
(fORP, Current Designs, Philadelphia, PA, USA) to mark the timing of the color changes.
Button presses, as well as MR slice timing triggers, were recorded using Presentation
software (Neurobehavioral Systems, Albany, CA, USA), which was also used to present the
stimulus images. A message briefly displayed on the screen 7 min into the experiment, at the
end of EO rest, prompted volunteers to close their eyes for the last 5 min of the scan, after
which the screen turned black. Only the block-paradigm task and EC-rest periods of the data
were analyzed for this study. The fMRI experiment used a gradient-echo echo-planar
imaging (EPI) technique with the following parameters: 2.5 × 2.5 × 2.0 mm3 voxels; 30 ms
echo time (TE); 2 s repetition time (TR); twenty 2-mm axial slices with 1 mm inter-slice
gap; rate-2 sensitivity encoding (SENSE) (Pruessmann et al. 1999); 240 × 180 mm2 field-of-
view (FOV); 90° nominal flip angle; 250 kHz acquisition bandwidth; ramp sampling on
approximately 50 % of the ramps (ramp duration is 164 μs). The echo train length and
spacing were 21.7 ms and 592 μs, respectively.

High-resolution anatomical data were acquired as well to aid in selection of bilateral LGN
regions of interest (ROIs). For this purpose, dual-echo susceptibility weighted gradient echo
data were acquired with scan parameters: rate-3 SENSE acceleration, 1024 × 256 acquisition
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matrix size (1024 × 768 following SENSE reconstruction), 0.23 × 0.23 × 1.0 mm3

resolution, 39 slices, 0.5 mm inter-slice gap, 240 × 180 mm2 FOV, 15.0 and 34.3 ms TE,
1200 ms TR, 60-degree nominal flip angle. Slices were positioned such that every other
slice in the high-resolution data coincided with a slice in the fMRI data. Fully-sampled
lower-resolution data (128 × 96 matrix size; 1.9 × 1.9 mm2 in-plane resolution) were
acquired in the same slice locations to serve as coil-sensitivity data for use in the SENSE
reconstruction of the high-resolution data. To keep scan time of this coil sensitivity scan
short (~1 min) a 6-ms TE was used in combination with 550-ms TR and a 45-degree
nominal flip angle. An example of high-resolution anatomical data for the first echo is
shown in Fig. 2.

Cardiac and respiratory traces were recorded using the pulse oximeter and respiratory
bellows, respectively, which were part of the MRI system. These signals, recorded at 250
Hz, were used for physiological noise regression during data analysis. For synchronization,
MR timing in the form of one TTL trigger per acquired volume was recorded using the same
software. For respiration, the actual waveform was available, whereas for the cardiac cycle
only the heart beat timing was available in the form of TTL pulses.

Data Analysis
Five volunteers were excluded because they either performed the attention task poorly, or
because the localizer block paradigm scan failed to identify significantly activated voxels in
either left or right LGN. The remaining eight volunteers (five male, three female, average
age 36.4 ± 7.6 years) demonstrated continued attention to the task, as indicated by a correct
button press ratio of 0.94 ± 0.03 (mean ± standard error), accounting for both missed color
changes as well as erroneous button presses. The worst performer showed a 0.81 ratio. One
volunteer had misunderstood the task and only pressed the button for color changes from red
to pink, not from pink to red. The resulting ‘missed’ button presses were not counted as
erroneous in that particular case.

After image registration, the functional localizer data were analyzed using a conventional
general linear model (GLM) analysis, assuming a hemodynamic response function (HRF)
with a latency and full-width at half maximum (FWHM) of 3.5 s each. Four trend regressors
(zeroth through third order) were also included in the design matrix to account for slow
signal drifts. LGN ROIs were manually selected in the resulting activation maps using the
high-resolution gradient-echo data as an anatomical reference. All significantly activated
voxels that anatomically corresponded to the left and right LGN were included in the left
and right LGN mask, respectively. As expected, the LGN activation typically appeared as
two clearly distinct, contiguous bilateral areas (e.g. see Fig. 2). All significantly activated
voxels that were not part of LGN were assigned to the visual cortex ROI (referred to as
VIS), which was subsequently split along brain midline after a 3-voxel wide strip
encompassing the midline was discarded. The resulting two ROIs are referred to as VISL
and VISR hereafter.

Before cross-correlation (CC) of the signal in LGN and VIS ROIs was carried out, multi-
regression analysis was performed to remove several nuisance signals related to both the
time of acquisition with respect to cardiac and respiratory events (= phase) as well as
changes in the period of the cardiac and respiratory cycle (= rate). For this purpose, four
cardiac and respiratory phase regressors were derived using RETROICOR (Glover et al.
2000), using two harmonics for both cardiac and respiratory signals. Two cardiac rate
regressors with lag −3 and +9 s (Shmueli et al. 2007), and two respiratory rate regressors
with lags −9 and +9 s, derived in similar fashion as was described in (Birn et al. 2006), were
also regressed out.
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The initial analysis focused on the primary visual pathway (retina → LGN → VIS). CC of
ROI-averaged time series signals was performed on the resulting filtered data, both for the
eyes-closed rest period and the data acquired during the block-paradigm checkerboard task.
The block paradigm data were included in the analysis to investigate to what extent the
findings were affected by coherent signal input to the retina, which subsequently yields
coherent signals in both hemispheres without the need for callosal synchronization.

Note that for each area only the overall temporal signal fluctuation is known, which may
contain contributions of several independent signals, such as: a fluctuation shared with
another area; an independent signal only found locally; and random noise. The presence of
these independent signals as well as their relative contribution to the signal in each ROI is
unknown, since they cannot be assessed independently using resting-state BOLD fMRI. To
further investigate the possible source of the signal coherences thus established, regression
was employed to remove the mean signal in one area from the voxel time courses in other
areas, and to investigate the effect of this removal on the various cross correlation values.
This is a basic form of partial correlation analysis (Whittaker 1990), which can shed light on
the presence and relative importance of common signal fluctuations, thus aiding in
understanding the observations.

Several of these regression-based signal removal strategies were employed here. First, we
evaluated how the correlation between bilateral LGN depended upon their respective
cortical (feedback) afferents from the visual cortex. The ROI-averaged visual cortex signal
in each hemisphere was removed from the individual signal time courses in the voxels in the
corresponding LGN ROI. (The mean signal in VISL was regressed out from the voxels in
LGNL, and the mean from VISR was regressed out from the LGNR voxels). After this
regression step the cross correlation analysis was repeated. Similarly, we also evaluated how
the correlation between bilateral VIS depended on their subcortical (feedforward) afferents
from LGN. The mean LGN signal time course for each hemisphere was removed from the
visual cortex voxels in the same hemisphere before cross correlation analysis was
performed. This was done for both the eyes-closed resting state and task data.

The task data were included in the investigation to examine the effect of retinal input on the
observed interregional correlations. Assessing the task-independent interregional coherences
requires removal of the task-related response. Therefore, on the visual task data, one of the
following three additional regression-based removal strategies was performed in order to
discount stimulus-driven retinal inputs in the correlations between cortical and subcortical
areas:

- The modeled response to the block paradigm was removed from the data (this is the
same regressor that was used to detect activation, see above) before regression analysis
was performed.

- The mean time course signal in the visual cortex was computed. It was separated in
five sections, each corresponding to a 1-min period centered around one ‘on’ block.
These five 30-sample sections were subsequently averaged and the result replicated five
times to yield a regressor describing the mean response to the five task ‘on’ blocks (see
Fig. 3). Regression analysis was performed after removal of this mean response time
course.

- The equivalent of this procedure was performed using the mean time course signal in
LGN instead of the visual cortex, yielding a mean LGN response time course.
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Monte Carlo Simulation
In order to provide more insight into the source of the observed correlation between the
bilateral Lateral Geniculate Nuclei, independent source signals were generated for a Monte
Carlo simulation and combined with various amplitudes to represent the observed fMRI
signals (S) in LGN and VIS regions. This was done to establish the ranges of the relative
contributions of these independent signals that yield experimentally observed correlation
values. To this extent, the following five independent signals (I) were generated:

Iall—A signal common to both the visual cortex and LGN, in both hemispheres, Ivis—A
signal found only inside the visual cortex (in both hemispheres), Ilgn,com—A signal found in
both left and right LGN but not in visual cortex, Ilgn,latL—A signal present only in the left
LGN, Ilgn,latR—A signal present only in the right LGN.

These five signals were all assumed to have the characteristics of normally distributed noise.
Using combinations of these five unique signals, simulated resting state signals for the
visual cortex, the left LGN and the right LGN were derived. The above source signals were
multiplied with amplitudes (a) that were iteratively adjusted:

Source amplitudes aall, avis, algn,com and algn,lat were each independently modified in a
stepwise fashion in the Monte Carlo simulation. Note that the left and right visual cortex
where not separately simulated, since in the experimental data they were found to be highly
correlated (CC ~ 0.95, see “Results” section, below), and therefore they were assumed to be
identical in this simulation. Similar to what was done when analyzing the experimental data,
the VIS signal (Svis) was regressed out of both SlgnL and SlgnR, yielding two additional
signals referred to as SlgnL,filt and SlgnR,filt. Four cross correlation values were computed
from these different data sets, namely: CC(Svis, SlgnL), CC(SlgnL, SlgnR), CC(Svis, SlgnL,filt)
and CC(SlgnL,filt, SlgnR,filt). Since SlgnL and SlgnR behave similarly (albeit without being
identical), corresponding values such as CC(Svis, LGNR,filt) were not computed. For the
same reason the term Slgn is used below, which is meant to represent either SlgnL or SlgnR.

In this simulation, the amplitudes of all four independent source signals (aall, avis, algn,com
and algn,lat) were separately changed in 64 steps (ranging linearly from 0 to 63), and random
signals were repeatedly (256 repeats) calculated for each set of amplitude indices and each
independent source (Iall, Ivis, Ilgn,com, Ilgn,latL and Ilgn,latR). Each signal consisted of 150 time
points, similar to the number of time points acquired during the eyes-closed resting state
period in the actual fMRI experiments. After calculating the combined signals in each
region, correlations between all node pairs were calculated and averaged across the 256
repeats. Simulated and experimentally determined cross correlation values were compared
and considered consistent if they were within one standard error as determined from the
experimental data (see Table 1).
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Selection of Reference Regions and ROIs for Relevant Deep-Brain Nuclei
To investigate whether the observed cross correlations may have been caused by some non-
specific (e.g. systemic) signal fluctuation instead of signals specific to the visual system, the
analysis was repeated using comparable thalamic and cortical areas that were not part of the
visual system. An arbitrarily-picked thalamic area near LGN (and outside other possibly
relevant thalamic nuclei, such as the PUL) was selected in each hemisphere, approximately
located in the ventral medial nucleus. In addition, bilateral insular cortex was selected to
serve as a cortical reference, because of its independence of visual cortex.

The thalamic reference area was selected with aid of a stereotactic atlas of the human
thalamus (Morel 2007) as follows: The location of the center of gravity (COG) of the LGN
nucleus in the atlas was determined, as well as the COG for the thalamic reference area. The
displacement vector (in mm) for these two atlas-based ROI-COGs was then computed.
Independently for each hemisphere, the COG of the LGN in EPI data space was determined
based on the LGN activation ROI derived from experimental data. This LGN-COG was
subsequently used, in combination with the atlas-derived displacement vector, to determine
the center of a 3 × 3 × 3-voxel ROI in the MR data. This is to ensure that even if artifacts,
such as geometrical distortions due to B0 inhomogeneities, or anatomical inter-individual
differences, caused the thalamus as a whole to be in a somewhat different location, the ROI
would still correctly represent the nucleus as long as the thalamus size and shape did not
vary drastically. This is plausible since the various thalamic nuclei of interest are in close
proximity of each other and EPI distortions in the thalamus were found to be on a sub-voxel
level (data not shown).

The insula area was selected in the following manner. First, the insular cortex in both
hemispheres was manually outlined in three of the imaging slices, using both an atlas of the
human brain (Duvernoy 1999) and the anatomical scan for the same volunteer as a guide.
For each hemisphere independently, the mean signal during eyes-closed rest within the ROI
for that hemisphere was computed. The correlation between this mean and the time course
of each individual voxel in the ROI for that hemisphere was then computed. Voxels that
yielded a correlation greater than or equal to 0.5 were used to define the insula ROI for that
hemisphere.

In addition to the brain areas along the primary visual pathway (LGN and VIS), other deep-
brain nuclei are known to be involved in vision. Since task-based selection of those nuclei
was not feasible, the method employed to derive the thalamic reference ROI was used. In
that fashion, bilateral ROIs of 3 × 3 × 3 voxels per hemisphere were also selected for PUL
and SC, as well as for the anteriodorsal and mediodorsal thalamic nuclei, which play a role
in attention and alertness modulation. Note that SC is rather small (Schneider and Kastner
2005), so that the SC ROI risks including some signal from neighboring tissue. However,
since our atlas-based localization might be imprecise, the larger ROI allowed for a 1-voxel
tolerance in each direction.

Finally, a global mean signal regressor mask was obtained by selecting the entire brain
(defined as all voxels in which the signal exceeded 3 % of the maximum signal in the 10th
imaging volume) and excluding from it the voxels that were in any of the ROIs described
earlier.

Results
Localization of LGN and Visual Cortex

Figure 2 shows an example of LGN and visual cortex activation obtained from the block
paradigm experiment, superimposed on the high-resolution anatomical gradient echo image.
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The number of activated voxels in LGN for the eight volunteers that were included in data
analysis is 7.3 ± 1.8 for LGNL and 7.8 ± 1.7 for LGNR, (mean ± standard error over
volunteers). Sizes of the visual cortex ROIs were 804 ± 163 and 801 ± 225 for VISL and
VISR, respectively. Insular ROIs were respectively 157 ± 29 and 144 ± 23 voxels in size.

Cross Correlation Analysis During Eyes-Closed Rest
Cross correlation analysis of spontaneous activity during the rest period showed that
significant correlation between left and right LGN (0.39 ± 0.07) (mean ± standard error over
volunteers, Table 1), despite the absence of a direct callosal connection. The significance
thresholds (p < 0.05) for the reported correlation values are 0.17 and 0.21 without and with a
correction for multiple (8) comparisons, respectively. Correlation between left and right
visual cortex was consistently found to be very high (0.95 ± 0.01). Regression-based
exclusion of the mean visual cortex signal from LGN voxel time courses for the same
hemisphere shows persistence of the correlation between left and right LGN, as can be seen
in Table 1. This table also shows the results of cross correlation analyses following the other
regression strategies for both eyes-closed rest and task data. Importantly, the results suggest
a correlation between left and right LGN not caused by feedback from the visual cortex.

This finding was further confirmed by partial correlation analysis (e.g. (Salvador et al.
2005)), where the correlation between each pair of areas of interest is corrected for the
contribution of all other areas of interest. This partial correlation analysis was performed on
the basis of the mean resting state signal in each hemisphere in the eight areas investigated,
yielding a total of 16 source signals, see Fig. 4. The partial correlation for LGNL–LGNR was
found to be 0.30 ± 0.05, and 0.29 ± 0.05 after global signal regression. This further
demonstrates that a significant interhemispheric correlation between LGNs exists, which
cannot be simply attributed to any of the areas taken into account, or by non-specific global
signal fluctuations.

Similarly, regression-based removal of LGN did not eliminate the correlation between VISL
and VISR, indicating that LGN resting state fluctuations are not fully synchronized with
visual cortex fluctuations and vice versa. Persistence of the interhemispheric LGN
correlation indicates that the lower level of correlation between LGNL and LGNR, when
compared to the strong VISL–VISR correlation, is not merely the result of reduced image
SNR (increased intrinsic noise level) in LGN, or a partial volume effect yielding reduced
cross correlation between left and right LGN. This is supported by the amplitude of the
fluctuations in both LGN and visual cortex, which exceed the intrinsic (thermal) noise level
by at least a factor of two (Table 2).

Monte Carlo Simulations of Causality
Results of Monte Carlo simulations were searched to find conditions (combinations of signal
amplitudes aall, avis, algn,com and algn,lat) that yielded cross correlation values which matched
the experimental findings within a range of one standard error (as was reported in Table 1).
The amplitude of Slgn relative to Svis served as an additional exclusion criterion, since the
measured fluctuation levels in LGN and VIS were similar (see Table 2). Since measured
LGN/VIS fluctuation level ratio was 0.93 ± 0.40 (mean ± standard deviation over the 8
volunteers), it was decided that Svis and Slgn amplitudes that deviate by more than a factor of
2 were not realistic. Therefore only combinations yielding Svis and Slgn amplitudes in this
range (0.5 ≤ Slgn/Svis ≤ 2.0) were selected.

A total of 169126 conditions matched all criteria, constituting 1.01 % of the total number of
simulated conditions. The component signal amplitudes (a), all scaled relative to Slgn, for
these matching conditions are shown in Fig. 5. Results indicate that the finding of persistent
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correlation between left and right LGN, independent of removal of the visual cortex signal
using regression, does not require a bilateral LGN signal independent from visual cortex
(algn,com, the x-axis in Fig. 5). This because valid sets of [aall, avis, algn,com, algn,lat] exist
where algn,com is zero, as is shown in Fig. 5. Furthermore, the simulations suggest the
simultaneous presence of a bilateral source signal in visual cortex that is not present in LGN
(avis, the green curve in Fig. 5), lateralized signals originating in the LGN (or upstream
areas) (Ilgn,lat, the black curve in Fig. 5) and a (somewhat smaller) source signal common to
all nodes investigated (aall, the blue curve in Fig. 5). This is demonstrated by the fact that
aall, avis and algn,lat for the results shown in Fig. 5 are all distinctly non-zero. Simulations
with one or more of these amplitudes close to and at zero were performed (see “Materials
and Methods” section), but none of these yielded a valid match that could explain the
experimental data.

Cross Correlation Analysis During Task
Cross correlation analysis on the task-phase of the data shows that independent signals are
present in that brain state as well (Table 1). Removal of VIS signal from LGN voxels, or
LGN signal from VIS voxels, for the corresponding hemisphere does lead to a reduced
interhemispheric cross correlation in those regions, but the remaining cross correlation is
still significantly larger than zero. Note that removal of the paradigm regressor (block
paradigm convolved with HRF, see “Materials and Methods” section) yields a smaller
decrease in cross correlation in both LGN and VIS than removal of the mean VIS or LGN
time courses, further evidence that signal fluctuations not directly related to the task are
simultaneously present in both areas. To demonstrate that this finding is not merely a result
of an incorrect HRF model, the average response to an event block (mean over the five task
‘on’ blocks of the ROI-averaged response, see Fig. 3) in LGN or VIS was also used as a
regressor. Use of this block-averaged regressor also yields a diminished cross correlation
decrease compared to when the ROI-averaged response itself was used, again demonstrating
that signal fluctuations that are not related to the block-paradigm task, but are common to
both LGN and VIS, are present during this experimental phase.

The level of signal fluctuation was only marginally higher during task than rest, namely 1.5
± 0.6 % of baseline signal (task) versus 1.1 ± 0.1 % (rest) in VIS, and 1.3 ± 0.3 % versus 0.9
± 0.1 % in LGN, respectively, all on an ROI level. After regression-based paradigm
removal, residual fluctuation level decreases to 1.0 ± 0.3 % in LGN and 0.9 ± 0.3 % in VIS,
not significantly different from the fluctuation level during the rest-phase of the experiment.
Removal of the mean VIS signal (instead of the HRF-convolved paradigm) from LGN led to
a residual fluctuation level of 0.9 ± 0.3 % in LGN, whereas removal of the mean LGN signal
from VIS resulted in a fluctuation level of 1.1 ± 0.3 in VIS.

Contribution of Systemic Fluctuations
To investigate contribution of systemic fluctuations to the above findings, cross correlation
analysis was repeated after regression-based removal of the global mean signal. The global
mean signal regressor was defined as the mean signal time course in most of the brain,
excluding only the voxels that were a member of any of the ROIs used. The correlation
analysis was also performed using the reference thalamic and insula ROIs, as well as the
other nuclei of interest, and compared to the CC data obtained when global mean signal was
not removed. Results of these analyses are shown in Table 3.

It was found that significant correlation with visual cortex and LGN exists for most of the
other regions investigated, including both the thalamic reference region and insula, if global
signal regression (GSR) is not performed. However, GSR reduces these correlations
substantially, resulting in non-significant correlation with LGN and VIS for several of the
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areas investigated. However, global signal regression leads to only a minor reduction in the
cross correlation between LGN and visual system, and the inter-hemispheric correlation of
all regions investigated (including the reference regions unrelated to the visual system) is
also retained following GSR. Note that some CC values become negative following GSR
(albeit without reaching statistical significance), suggesting some degree of over-correction,
where some signal of interest is also removed by GSR. This post-GSR analysis demonstrates
that while some global signal fluctuation is present in these data, it is not the source of the
findings presented above. This indicates that the fluctuations observed in the visual system
are predominantly functionally specific, a notion supported by the observation that unlike
other thalamic nuclei, the correlation of both PUL and LGN with VIS does not become
negative following GSR. This distinction between PUL and LGN, with known involvement
in vision, on one hand and other thalamic nuclei on the other also implies that visual cortex
signal coherence with LGN does not involve all of thalamus. The consistently negative CC
between thalamus and VIS described previously (Zou et al. 2009) was not observed here.

The somewhat diminished cross correlation values found after global signal regression do
not alter the conclusions drawn from Monte Carlo simulations, as a comparable set of
simulated source amplitude distributions matched these post-GSR experimental data (results
not shown).

Table 2 shows the fluctuation level in the various regions of interest before and after GSR,
both at the voxel level and the ROI level during the EC resting state phase of the
experiment. The image (intrinsic) noise level (derived from the inverse of the image SNR) is
also shown. The reduction in fluctuation level is minimal when global signal is removed,
further evidence that such global fluctuations are not the dominant source of signal
coherence in any of the areas investigated. Furthermore, the signal fluctuation level is at
least two times larger than the intrinsic noise level in all areas.

Discussion
In the present work, the coherence of resting state signal fluctuations between components
of the human visual system was investigated, with a focus on LGN and the visual cortex.
Strong bilateral correlations were found in VIS, consistent with earlier reports (Lowe et al.
1998). It was also found that left and right LGN show strong inter-hemispheric correlation,
despite the absence of a direct neuronal connection. Furthermore, intra-hemispheric resting
state correlation between LGN and visual cortex was relatively low, and regression-based
removal of LGN signal from visual cortex, and vice versa, showed that fluctuations in either
one of these areas does not solely reflect (a component of) the fluctuation present in the
other area. In addition, correlated bilateral fluctuations in PUL and other thalamic brain
areas directly or indirectly involved in modulatory control of visual throughput to the visual
cortex are too weak to explain the observed inter-hemispheric VIS correlation. Therefore,
this inter-hemispheric cortico-cortical correlation found in VIS appears to reflect cortico-
cortical connectivity. The computed partial correlation matrix and results of Monte Carlo
simulations support these findings, showing that the source of the inter-hemispheric
correlation in LGN is ambiguous and may either lie in the visual cortex or upstream/
modulatory areas such as retina and brainstem (Worgotter et al. 2002). Specifically, the low
but significant inter-hemispheric correlation in LGN and PUL may arise from cortical
feedback or be the result of subcortical effects in upstream areas mediated by ARAS and
SC. Subcortical sources may include the parabigeminal and parabrachial nucleus of the
Pons, as well as the thalamic reticular nucleus. (A recent study showed the effect of focal
pontine lesions on functional connectivity (Lu et al. 2011), providing evidence of the
contribution of poly-synaptic pathways to functional connectivity.) There also may be inter-
hemispheric correlation introduced by bilateral eye movement mediated by SC. As was

de Zwart et al. Page 10

Brain Topogr. Author manuscript; available in PMC 2013 November 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pointed out above, the analysis indicated that the strong inter-hemispheric VIS correlation
cannot be explained by correlated input from LGN or PUL, suggesting that the strong inter-
hemispheric correlation in VIS reflects cortico-cortical connectivity. Such connectivity is
mostly absent for area V1, with the exception of areas representing the vertical meridian of
the visual field, along the V1/ V2 border, but substantial callosal connections exist for
higher visual areas in primates (Van Essen et al. 1982; Clarke and Miklossy 1990),
including humans.

Since the individual signals that contribute to the various areas cannot be adequately
separated using fMRI (or other non-invasive neuroimaging techniques, such as
Magnetoencephalography, MEG, or Electroencephalography, EEG), but only inferred, and
since BOLD fMRI of the retina is challenging, it may not be possible to reveal the precise
origins of these signals with fMRI. Presumably more invasive electrophysiological
experiments in animals would be required to reveal all contributors to the observed fMRI
correlations with certainty. One such study has recently shown the presence of two distinct
neural activity patterns in supra- and infra-granular VC layers during both rest and
stimulation (Maier et al. 2010), demonstrating the presence of multiple potential contributors
to fMRI correlations within VIS. A recent study has also shown layer specific fMRI
response and correlation patterns in VIS (Polimeni et al. 2010).

This layer-specific phenomenon may explain the relatively low bilateral LGN correlation in
the presence of strong bilateral VC correlation found in the current study. Specifically,
bilateral VC correlation may reflect activity in supra-granular layers, which may not
effectively transfer to the LGN through the infra-granular layers, which appear functionally
distinct (Fig. 6). It would also explain why regression of VIS signal from LGN fails to
reduce bilateral correlation in LGN. If a substantial contributor to the overall VIS signal is
not fed back to LGN, the overall VIS signal does not correctly describe a component of the
LGN signal, and removal of the VIS contribution from LGN will be reduced.

Noise analysis showed that the low level of bilateral correlation in LGN, relative to that in
VC, is not simply the result of lower SNR (increased intrinsic noise level) in LGN, or the
reduced averaging due to the smaller number of voxels. The low contrast to noise level
combined with the small number of voxels in LGN might lead to a minor underestimation of
the correlation values (de Zwart et al. 2013), but correcting for this effect (See “Appendix”)
would only yield a minor increase in CC(LGNL, LGNR) to 0.44 ± 0.08 (from 0.39 ± 0.07,
see Table 1). Note that CC(LGNL, LGNR) is the value most affected by this effect due to
both left and right LGN ROIs being small, the effect of intrinsic noise on other correlation
values is notably smaller. The lower bilateral LGN correlation when compared to VIS may
therefore be an indication of a lower connection strength through direct or indirect synaptic
pathways (Honey et al. 2009). However, this cannot be concluded based on the current set of
data and analysis approaches, which did not allows us to unequivocally establish the
origin(s) of the inter-hemispheric LGN–LGN correlation.

Another potential confound that could affect this kind of inter-regional correlation analysis
is differences in HRF between the various areas involved. Significant differences in HRF
could lead to different degrees of filtering of the neuronal signals underlying the measured
BOLD-fluctuation time courses. This is not inconceivable, since we have previously shown
that even within a cortical brain area there are notable differences in HRF (de Zwart et al.
2009; de Zwart et al. 2005). We assessed the extent to which this contributed to our findings
by re-analyzing the data following low-pass filtering (≤0.1 Hz), which would suppress the
effects of such HRF differences. No substantial differences in correlation values were found,
suggesting the findings did not originate from regional differences in HRF.
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In summary, correlated spontaneous activity exists between all visual system nodes studied,
including those without monosynaptic connections. Correlations between bilateral LGN did
not entirely arise from bilateral visual cortex activity or vice versa, suggesting that other
pathways contribute to these. Potential contributors are other nodes of the visual pathway,
either upstream or downstream from the areas studied. These findings demonstrate that
inter-hemispheric correlations may be observed in various brain areas that do not have direct
callosal connections; such correlations may be supported by multi-synaptic pathways that do
not necessarily involve corpus callosum and that may be transmitted through thalamo-
cortical, cortico-thalamic, and cortico-cortical connections. It thus calls for more cautious
interpretation of resting state functional connectivity in terms of any single type of
anatomical connectivity.
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Appendix
Correction of Attenuation of Correlation

(This Appendix is based on (de Zwart et al. 2013).)

It is well established that noise sources may attenuate the temporal correlation between
signals, an effect first described in (Spearman 1904). This effect, known as attenuation of
correlation, may be important for the interpretation of resting state fMRI, where non-
neurogenic noise sources coexist with signals of interest. We propose a procedure for
determining functionally relevant CC based on estimates of the amplitude of thermal noise.
The level of random (thermal) noise in regions a and b of the image can be estimated from a
zero-flip angle measurement. Based on this, the noise-corrected CC between two time series
measurements (i.e. signal + noise) ua and ub in regions a and b can be calculated as follows:

(1)

where var(·) is the variance in the time-series signal or noise measurement (n). It should be
noted that this correction does not improve significance of the result but merely improves
accuracy of the estimated CC, e.g. allowing for CC comparisons between areas suffering
from different levels of thermal noise.
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Fig. 1.
Schematic overview summarizing the various brain regions involved in human vision and
the pathways connecting them. Forward connections are shown in black/grey, feedback
connections in red, and connections between regions interconnected by both forward and
feedback afferents are shown in green. (Arrow-heads further indicate the direction of each
connection.) Acronyms were used for LGN lateral geniculate nucleus, TRN thalamic
reticular nucleus, ARAS ascending reticular activating system, V1 primary visual cortex,
MT middle-temporal visual area 5. This figure is based on pathways described in literature,
see “Introduction” section for more details (Color figure online)
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Fig. 2.
Example activation map for the 5-min block paradigm for three slices of one of the
volunteers. Arrows highlight the distinct bilateral LGN activation in the central of these
three slices. A significance threshold of t = 4.96 (p < 0.05, corrected for multiple
comparisons) was used for the activation overlay. The first echo of the high resolution
anatomical data (with 15 ms echo time) for those same three slices, which were used for
LGN identification, was used as the underlay
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Fig. 3.
The average signal in the visual cortex of one of the volunteers during presentation of the
visual task is shown (black trace in a). Data were split (at dotted vertical blue lines in a) in
the five individual task block periods (black traces in b), and averaged (red trace in b). This
average signal was subsequently repeated 5 times to yield a regressor for the average
response to the block paradigm stimulus (red trace in a), which is referred to as the avgresp
regressor in the main text and Table 1 (Color figure online)
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Fig. 4.
Partial correlation matrices for the regions investigated here. ROI-averaged signal from each
hemisphere was analyzed separately. The analysis was performed on ROI-averaged time
course signals from data not subject to (left) and subject to (right) global signal regression.
Partial correlation was not significant (determined using the variance over volunteers) in
areas shaded in blue. Values in the other, significantly non-zero, areas are the partial
correlation value for that pair or regions multiplied by 100
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Fig. 5.
Plot of the various source signal amplitudes for sets of Monte Carlo simulation results that
are in agreement with experimental findings. The signal component amplitudes (aall, avis and
algn,lat) for all valid simulated conditions are plotted as a function of algn,com, the amplitude
of a bilateral LGN signal not present in visual cortex. Since the absolute amplitudes (a) of
the simulated components is not relevant, but merely their relative contribution to the signal
in a given area, all amplitudes are scaled to the overall amplitude of the simulated signal in
LGN (Slgn), to which several components contribute. (See text for details.)
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Fig. 6.
Schematic drawing of the connections needed to explain our experimental findings during
rest in light of a recent findings by Maier et al. (2010), where correlation in supra-granular
layers (‘supra’) shows a strong cortico-cortical connectivity with the other hemisphere,
whereas a distinct pattern in infra-granular layers (‘infra’) correlates with LGN, where a
lateralized local fluctuation also exists
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Table 1

Inter-regional cross correlation values and standard error over volunteers (n = 8), where the value for
CC(LGN, VIS) is the mean of CC(LGNL, VISL) and CC(LGNR, VISR) and VISavgresp and LGNavgresp are the
mean responses in the visual cortex and LGN over the 5 task blocks, respectively (see text and Fig. 3 for more
details)

State Regressed
out

Cross correlation (standard error)

CC(LGNL,
LGNR)

CC(LGN,
VIS)

CC(VISL,
VISR)

EC rest – 0.39 (0.07) 0.29 (0.07) 0.95 (0.01)

VIS (from LGN) 0.35 (0.06) – –

LGN (from VIS) – – 0.85 (0.03)

Task – 0.67 (0.07) 0.72 (0.04) 0.98 (0.00)

VIS (from LGN) 0.36 (0.08) – –

LGN (from VIS) – – 0.65 (0.03)

Paradigm (from all) 0.50 (0.07) 0.50 (0.05) 0.96 (0.00)

VISavgresp (from LGN) 0.49 (0.08) 0.25 (0.03) –

LGNavgresp (from VIS) – 0.28 (0.03) 0.83 (0.03)

The significance thresholds (p < 0.05) for the reported correlation values are 0.17 and 0.21 without and with a correction for multiple (8)
comparisons, respectively
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Table 2

Intrinsic (image) noise level and mean fluctuation levels, computed as the standard deviation over time during
eyes-closed rest, as a percentage of baseline signal for the various regions investigated, both before and after
global signal regression

ROI Intrinsic noise (%) Fluctuation level over time (%)

Voxel level ROI averaged

No GSR GSR No GSR GSR

LGN 0.61 (0.03) 1.56 (0.09) 1.51 (0.08) 0.87 (0.06) 0.83 (0.07)

Visual cortex 0.96 (0.24) 3.34 (0.45) 3.08 (0.42) 1.07 (0.15) 0.67 (0.09)

Thalamic reference 1.07 (0.24) 2.95 (0.48) 2.88 (0.48) 0.71 (0.03) 0.64 (0.02)

Insula 0.38 (0.02) 2.06 (0.18) 1.80 (0.14) 1.19 (0.11) 0.78 (0.08)

Pulvinar 0.59 (0.02) 1.51 (0.13) 1.44 (0.12) 0.56 (0.05) 0.46 (0.03)

Anterodorsal nucleus 0.75 (0.06) 2.83 (0.41) 2.73 (0.40) 1.01 (0.15) 0.91 (0.14)

Mediodorsal nucleus 0.63 (0.03) 2.08 (0.18) 2.00 (0.18) 0.92 (0.06) 0.82 (0.07)

Superior colliculus 0.88 (0.08) 5.22 (0.66) 5.01 (0.61) 1.51 (0.14) 1.31 (0.12)

Values between parentheses are the standard error over volunteers
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Table 3

Inter-regional cross correlation values with their standard error over volunteers (n = 8), showing the cross
correlation of the various regions with LGN and visual cortex, both with and without global signal regression

Global signal regression SIG Cross correlation (standard error over volunteers)

CC(SIGL, SIGR) CC(SIG, LGN) CC(SIG, VIS)

No LGN 0.39 (0.07) – 0.29 (0.07)

Visual cortex 0.95 (0.01) 0.29 (0.07) –

Thalamic reference 0.30 (0.07) 0.16 (0.06) 0.12 (0.07)

Insula 0.82 (0.03) 0.09 (0.08) 0.47 (0.06)

Pulvinar 0.42 (0.05) 0.23 (0.06) 0.37 (0.03)

Anterodorsal nucleus 0.58 (0.10) 0.14 (0.04) 0.14 (0.10)

Mediodorsal nucleus 0.65 (0.07) 0.31 (0.05) 0.20 (0.08)

Superior colliculus 0.49 (0.04) 0.13 (0.07) 0.23 (0.10)

Yes LGN 0.39 (0.06) – 0.20 (0.06)

Visual cortex 0.87 (0.03) 0.20 (0.06) –

Thalamic reference 0.22 (0.09) 0.12 (0.05) −0.15 (0.05)

Insula 0.63 (0.09) −0.08 (0.06) −0.08 (0.06)

Pulvinar 0.27 (0.06) 0.14 (0.06) 0.17 (0.05)

Anterodorsal nucleus 0.51 (0.12) 0.09 (0.05) −0.14 (0.09)

Mediodorsal nucleus 0.57 (0.09) 0.26 (0.04) −0.12 (0.07)

Superior colliculus 0.38 (0.07) 0.07 (0.05) −0.03 (0.05)

The significance thresholds (p < 0.05) for the reported correlation values are 0.17 and 0.21 without and with a correction for multiple (8)
comparisons, respectively
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