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The effect of congenital blindness
on resting-state functional
connectivity revisited

Maria J. S. Guerreiro*?*, Madita Linke?, Sunitha Lingareddy?, Ramesh Kekunnaya* &
Brigitte Réder?

Lower resting-state functional connectivity (RSFC) between ‘visual’ and non-'visual’ neural circuits
has been reported as a hallmark of congenital blindness. In sighted individuals, RSFC between visual
and non-visual brain regions has been shown to increase during rest with eyes closed relative to rest
with eyes open. To determine the role of visual experience on the modulation of RSFC by resting
state condition—as well as to evaluate the effect of resting state condition on group differences in
RSFC—, we compared RSFC between visual and somatosensory/auditory regions in congenitally blind
individuals (n=9) and sighted participants (n=9) during eyes open and eyes closed conditions. In the
sighted group, we replicated the increase of RSFC between visual and non-visual areas during rest
with eyes closed relative to rest with eyes open. This was not the case in the congenitally blind group,
resulting in a lower RSFC between ‘visual’ and non-‘visual’ circuits relative to sighted controls only in
the eyes closed condition. These results indicate that visual experience is necessary for the modulation
of RSFC by resting state condition and highlight the importance of considering whether sighted
controls should be tested with eyes open or closed in studies of functional brain reorganization as a
consequence of blindness.

Resting-state functional connectivity (RSFC) has increasingly been used to investigate functional brain organiza-
tion in humans'~. Initially motivated by the observation that spontaneous fluctuations of the blood-oxygen-level-
dependent (BOLD) signal are not randomly organized, but appear to be temporally correlated between spatially
distributed regions with similar functionality*®, these studies have identified a number of primary resting-state
networks (e.g., medial visual, somatosensory-motor, auditory)®®, which closely resemble patterns of co-activation
observed during task-based functional magnetic resonance imaging (fMRI) studies®’.

Although early studies have suggested that patterns of RSFC are largely consistent across resting state condi-
tions (i.e., whether participants rested with their eyes open or closed)'®!!, subsequent studies have indicated that
RSFC can, in fact, be modulated by resting state condition>!2-%. In particular, recent studies seem to converge
on the notion that RSFC between visual and non-visual (i.e., somatosensory-motor, auditory) neural systems
is increased when participants rest with their eyes closed, an effect that appears to be reduced or even reversed
when participants rest with their eyes open'®!1821232526 T contrast, some studies have suggested that RSFC within
the visual system is increased during rest with eyes open relative to rest with eyes closed'®?"*. Furthermore,
studies using graph theory approaches to investigate the organization of whole-brain functional networks across
resting states have provided evidence for higher global efficiency?!, as well as lower average network connection
distance'’, during rest with eyes closed relative to rest with eyes open. In contrast, local efficiency and cliquishness
were both found to be increased during rest with eyes open relative to rest with eyes closed?'. Taken together,
these results have been interpreted as indicating that eye closure acts as a toggle between a more specialized (or
exteroceptive) mode of information processing during rest with eyes open and a more integrated (or interocep-
tive) mode of information processing during rest with eyes closed*".

The effect of resting state condition on RSFC (and derived measures of functional network topology) is
consistent other known effects of resting state condition on brain organization. For example, resting-state brain
activity (as measured by e.g. the amplitude of low-frequency fluctuations) has been shown to be higher in
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somatosensory and auditory regions—but lower in many visual regions—during rest with eyes closed relative
to rest with eyes open'>'#2427-31 Furthermore, block-design fMRI studies have provided evidence for increased
activation in visual, somatosensory, and auditory cortical regions—but decreased activation in oculomotor
and attentional regions—during blocks of eyes closed relative to blocks of eyes open®-**. Finally, studies using
electroencephalography (EEG) have provided evidence for enhanced posterior alpha activity during rest with
eyes closed relative to rest with eyes open®>.

Importantly, the role of visual experience on the modulation of RSFC across resting state conditions remains
hitherto unknown. A previous resting-state fMRI study in the normally sighted population has suggested that
the effects of resting state condition (i.e., eyes open vs. eyes closed) on different parameters of brain activity
are independent of exogenous visual input’, as they were shown to occur regardless of visual input (i.e., lights
on vs. lights off). Accordingly, a recent study has found no evidence for an effect of congenital blindness on
the modulation of resting-state brain activity across resting state conditions, inasmuch as none of the regions
where an effect of resting state condition was found exhibited a significant Condition x Group interaction®”.
Two other lines of evidence do, however, suggest that visual experience may be necessary for patterns of RSFC
to be modulated by resting state condition. First, EEG studies have revealed that the enhanced posterior alpha
activity which is typically observed in sighted individuals during rest with eyes closed (relative to rest with eyes
open)***¢ is reduced in blind individuals®*****. Second, a block-design fMRI study has shown that the increased
activation in visual, somatosensory, and auditory cortical regions that is observed in sighted individuals during
blocks of eyes closed (relative to blocks of eyes open)*-** is largely attenuated in congenitally blind individuals*.

Interestingly, a growing number of studies examining the effect of congenital or early-onset blindness on
RSFC have provided converging evidence for lower RSFC between ‘visual and non-‘visual’ (i.e., somatosensory-
motor, auditory) sensory cortical regions in blind individuals relative to sighted controls*-% Some of these stud-
ies have additionally provided evidence for lower inter-hemispheric RSFC within ‘visual’ regions, particularly
within extrastriate cortex*143444647.51.53-55 Because these studies have (understandably) strived to compare blind
individuals and sighted controls under perceptually equivalent conditions (i.e., eyes closed)—and because, as
reviewed above, RSFC between visual and non-visual sensory systems has been shown to be increased in sighted
individuals during rest with eyes closed'®!%21:2>26 this raises the intriguing possibility that previously reported
group differences*'~5? may have been due to a state-dependent enhancement of RSFC in sighted individuals
during rest with eyes closed, rather than due to a genuine reduction of RSFC in congenitally blind individuals.
Indeed, to truly demonstrate that RSFC between ‘visual’ and non-‘visual’ sensory cortices is reduced in congenital
blindness requires demonstrating that such effects are independent of whether RSFC is compared between groups
during rest with eyes closed or during rest with eyes open.

The goal of the present study was, therefore, twofold. First, we aimed to examine the role of visual experience
on the modulation of RSFC by resting state condition (i.e., eyes open vs. eyes closed). To this end, we evaluated
whether the effect of resting state condition on RSFC between ‘visual’ and non-‘visual’ sensory cortices differs
between a group of congenitally blind individuals (n=9) and a group of age- and gender-matched sighted par-
ticipants (n=9). In doing so, this study critically allowed us to additionally assess whether group differences in
RSFC between congenitally blind individuals and sighted controls depend on resting state condition (second
goal). Importantly—because different acquisition parameters and analytical strategies have been proposed to
affect the results and interpretation of RSFC studies®—, we started by probing the validity of our methodologi-
cal approach (e.g., parcellation scheme) in an initial study conducted in a larger sample of sighted participants
(n=28), which aimed to replicate the effect of resting state condition on RSFC between visual and non-visual
sensory cortical regions in the normally sighted population'®!%21:25:2¢,

We hypothesized that sighted controls, but not congenitally blind individuals, would show a significant
increase in RSFC between visual and non-visual sensory cortices during rest with eyes closed relative to rest with
eyes open'®18212526 Burthermore, we hypothesized that group differences in RSFC between congenitally blind
individuals and sighted participants depend on resting state condition, such that they are observed during rest
with eyes closed*! =2, but not—or to a lesser extent—during rest with eyes open.

Results

Study 1. In this study, we investigated the effect of resting state condition (i.e., eyes open vs. eyes closed) on
RSFC between visual and somatosensory cortices, as well as between visual and auditory regions, in a group of
healthy individuals with normal or corrected-to-normal vision (n=28).

As expected!®!8212326 paired-sample t-tests revealed a significant effect of resting state condition in most
instances of RSFC examined (Fig. 1; see also Table 1). The most predominant effect was that of an increase in
RSFC during rest with eyes closed relative to rest with eyes open, particularly between visual and somatosensory
regions, but also between visual and auditory regions. Post-hoc comparisons (i.e., one-sample ¢-test, separately
by condition) revealed that RSFC was generally nonsignificant during rest with eyes open, but tended to become
significantly positive during rest with eyes closed (Supplementary Table S1). In contrast to these effects, but again
as expected'®?"%5, RSFC between left and right visual regions increased during rest with eyes open relative to rest
with eyes closed (Fig. 1; see also Table 1), being significantly positive in both of these conditions (Supplementary
Table S1). There was no significant correlation between the strength of (any of) these effects and age (Table 1).

The results of Study 1 replicated those of recent reports showing that RSFC between visual and somatosensory
cortical regions, as well as between visual and auditory cortical regions, is increased in both sighted adolescents®
and sighted adults'®'®2126, Importantly, we replicated these effects despite substantial differences in the parcel-
lation scheme used here and those used in previous reports'®?»?, indicating that our approach is adequate
for investigating functional connectivity between sensory systems defined at the level of primary resting-state
networks. Accordingly, a similar—though not as strong—pattern of results emerged when using a different
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Figure 1. Effects of resting state condition in sighted individuals in Study 1. Shown is the average functional
connectivity with the standard error of the mean in the eyes open condition (light red bars) and in the eyes
closed condition (dark red bars) for each instance of functional connectivity examined (for details, see Table 1).

RSFC instance Region 1 Region 2 n* Condition® Age®

FCO1 VIS_LH SOM_LH 28 3.67* 0.10
FC02 VIS_LH SOM_RH 28 4.22* 0.08
FC03 VIS_RH SOM_LH 28 3.86* 0.22
FC04 VIS_RH SOM_RH 27 3.10* 0.23
FCO05 VIS_LH AUD_LH 28 2.29% -0.14
FC06 VIS_LH AUD_RH 28 1.53 -0.36
FCo07 VIS_RH AUD_LH 23 4.52* 0.09
FC08 VIS_RH AUD_RH 28 2.19 -0.25
FC09 SOM_LH AUD_LH 27 0.14 0.04
FC10 SOM_LH AUD_RH 28 —2.46* -0.08
FC11 SOM_RH AUD_LH 28 2.49% 0.11
FC12 SOM_RH AUD_RH 28 0.09 0.07
FC13 VIS_LH VIS_RH 25 —2.54% -0.31
FC14 SOM_LH SOM_RH 28 0.32 0.13
FC15 AUD_LH AUD_RH 28 -1.26 0.17

Table 1. Summary of statistical analyses (t and r values) in Study 1. RSFC =resting-state functional
connectivity; FC = functional connectivity; VIS =visual region; LH =left hemisphere; SOM = somatosensory
region; RH =right hemisphere; AUD =auditory region. *Sample size after outlier removal. "Positive ¢ values
indicate that the mean was higher in the eyes closed condition than in the eyes open condition, whereas
negative ¢ values indicate that the mean was lower in the eyes closed condition than in the eyes open
condition. “Positive r values indicate that the mean difference between the eyes closed condition and the eyes
open condition was higher with increasing age, whereas negative r values indicate that the mean difference
between the eyes closed condition and the eyes open condition was lower with increasing age. *p <.050 (FDR

corrected).
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P
RSFCinstance | Region1l | Region2 |SC |CB | Group | Condition | Conditionx Group
FCo1 VIS_LH SOM_LH |9 9 2.54 0.04 7.98*

FC02 VIS_LH SOM_RH |9 9 0.62 0.01 8.04*

FC03 VIS_RH SOM_LH |6 9 10.88* | 0.01 12.19*

FC04 VIS_RH SOM_RH |9 9 1.85 0.01 4.25

FC05 VIS_LH AUD_LH |9 9 0.02 0.01 6.37

FC06 VIS_LH AUD_RH |9 9 0.08 3.66 2.02

FCo07 VIS_RH AUD_LH |9 9 1.20 0.37 8.61*

FC08 VIS_RH |AUD_RH |9 8 5.22 0.31 2.92

FC09 SOM_LH |AUD_LH |9 9 1.20 0.02 0.07

FC10 SOM_LH |AUD_RH |8 9 1.24 0.01 1.18

FC11 SOM_RH |AUD_LH |9 8 0.99 4.08 0.09

FC12 SOM_RH | AUD_RH |9 9 0.92 0.22 0.02

FCI13 VIS_LH VIS_RH 9 9 14.42* 10.03 1.92

FCl14 SOM_LH |SOM_RH |9 9 0.03 1.64 9.09*

FC15 AUD_LH |AUD_RH |7 9 0.01 0.52 5.47

Table 2. Summary of statistical analyses (F values) in Study 2. RSFC =resting-state functional connectivity;
CB = congenitally blind; SC=sighted controls; FC = functional connectivity; VIS =visual region; LH =left
hemisphere; SOM = somatosensory region; RH =right hemisphere; AUD =auditory region. *Sample size after
outlier removal. *p <.050 (FDR corrected).

parcellation scheme (see Supplementary Material), further corroborating the adequacy of our approach for
investigating the effect of resting state condition on RSFC between sensory cortices.

Study 2. In this study, we investigated the role of visual experience on the modulation of RSFC across resting
state conditions (i.e., eyes open vs. eyes closed), by comparing a group of congenitally blind individuals (n=9)
with a group of age- and gender-matched sighted participants (n=9). Most important, we additionally examined
whether group differences in RSFC between congenitally blind individuals and sighted controls depend on rest-
ing state condition (i.e., eyes closed or eyes open).

A Condition (2 levels: eyes open, eyes closed) x Group (2 levels: congenitally blind, sighted controls) repeated
measures ANOVA revealed a significant main effect of group on RSFC between left and right visual regions
(Table 2), indicating an overall lower inter-hemispheric RSFC within the visual cortex in congenitally blind
participants (M =0.76, SE=0.05) than in sighted individuals (M =1.04, SE=0.05). Post-hoc comparisons (i.e.,
one-sample t-tests, collapsed across resting state conditions) revealed that inter-hemispheric RSFC within the
visual cortex was significantly positive both in the sighted control group, #(8) =20.64, p <0.001, and in the con-
genitally blind group, #(8) =13.33, p <0.001. The main effect of group on RSFC between the right visual cortex and
the left somatosensory cortex was likewise significant (Table 2), suggesting an overall lower RSFC in congenitally
blind individuals (M =-0.18, SE=0.05) relative to sighted controls (M =0.10, SE=0.06); however, this effect was
qualified by a significant Condition x Group interaction (see below). No other main effects of group, as well as
no main effects of condition, reached significance.

Most important, a number of Condition x Group interactions were significant, particularly between the
visual cortex and the somatosensory cortex, but also between the right visual cortex and the left auditory cortex
(Table 2). Post-hoc comparisons (i.e., paired-sample ¢-tests, separately by group) revealed that most of these
effects were driven by a significant increase in RSFC during rest with eyes closed relative to rest with eyes open
in the sighted group, which was not observed in the congenitally blind group (Fig. 2; see also Table 3). Further
post-hoc comparisons (i.e., one-sample ¢-tests, separately by group and condition) indicated that in the sighted
group these effects were predominantly driven by nonsignificant RSFC during rest with eyes open that tended
to become significantly positive during rest with eyes closed (cf. Supplementary Table S1), whereas in the con-
genitally blind group RSFC was mostly nonsignificant in both conditions (Supplementary Table S2).

Crucially, further post-hoc comparisons (i.e., independent-sample ¢-tests, separately by resting state condi-
tion) indicated that differences in RSFC between groups were exclusively observed during rest with eyes closed,
but not during rest with eyes open (Fig. 3; see also Table 4). In other words, we replicated the previously observed
pattern of lower RSFC between ‘visual’ and non-‘visual’ sensory cortical regions in congenitally blind individuals
relative to sighted controls*'~>? during rest with eyes closed, whereas no such differences between groups were
observed during rest with eyes open.
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Figure 2. Effects of resting state condition in Study 2, separately by group (gray insets highlight the congenitally
blind group). Shown is the average functional connectivity with the standard error of the mean in the eyes

open condition (light red and light blue bars) and in the eyes closed condition (dark red and dark blue bars),
plotted separately for normally sighted controls (red bars) and congenitally blind individuals (blue bars), for
each instance of functional connectivity examined (for details, see Table 3). Note that this figure is equivalent to
Fig. 3; here, the bars were organized to depict the effects of resting state condition separately by group.

Congenitally
Sighted controls | blind

RSFC instance n* | Condition® |n* | Condition®
FCo01 VIS_LH SOM_LH |9 3.73* 9 -1.44
FC02 VIS_LH SOM_RH |9 2.65* 9 -1.65
FCo03 VIS_RH SOM_LH |6 4.61* 9 —-2.32*
FC04 VIS_RH SOM_RH |9 1.68 9 -1.32
FCO05 VIS_LH AUD_LH |9 1.99 9 -1.65
FCo06 VIS_LH AUD_RH |9 -0.30 9 -2.86*
FCo07 VIS_RH AUD_LH |9 3.79* 9 -1.32
FCO08 VIS_RH AUD_RH |9 0.76 8 -1.82
FC09 SOM_LH |AUD_LH |9 0.12 9 -0.25
FC10 SOM_LH |AUD_RH |8 -1.11 9 0.61
FCl11 SOM_RH |AUD_LH |9 1.35 8 1.48
FC12 SOM_RH |AUD_RH |9 0.68 9 0.18
FC13 VIS_LH VIS_RH 9 -0.84 9 1.13
FC14 SOM_LH |SOM_RH |9 -1.25 9 2.99*
FC15 AUD_LH |AUD_RH |7 -1.20 9 2.16

Table 3. Summary of post-hoc, paired-sample t-tests in Study 2. RSFC =resting-state functional connectivity;
FC=functional connectivity; VIS =visual region; LH =left hemisphere; SOM = somatosensory region;

RH =right hemisphere; AUD =auditory region. *Sample size after outlier removal. ®Positive ¢ values indicate
that the mean was higher in the eyes closed condition than in the eyes open condition, whereas negative ¢
values indicate that the mean was lower in the eyes closed condition than in the eyes open condition. *p <.050.
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Figure 3. Effects of group in Study 2, plotted separately by resting state condition (gray insets highlight the
eyes closed condition). Shown is the average functional connectivity with the standard error of the mean in the
sighted group (red bars) and in the congenitally blind group (blue bars), plotted separately for the eyes open
condition (light red and light blue bars) and the eyes closed condition (dark red and dark blue bars), for each
instance of functional connectivity examined (for details, see Table 4). Note that this figure is equivalent to

Fig. 2; here, the bars were reorganized to depict the effects of group separately by resting state condition.

"
RSFC instance Region 1 Region 2 SC CB Eyes open® Eyes closed”
FCO1 VIS_LH SOM_LH 9 9 -0.10 2.46*
FC02 VIS_LH SOM_RH 9 9 -1.06 2.29%
FC03 VIS_RH SOM_LH 6 9 0.85 5.67*

FC04 VIS_RH SOM_RH 9 9 -0.11 2.34*

FCO05 VIS_LH AUD_LH 9 9 -1.25 1.11

FCo6 VIS_LH AUD_RH 9 9 -0.96 0.32

FCo07 VIS_RH AUD_LH 9 9 -0.77 2.26*
FC08 VIS_RH AUD_RH 9 8 0.53 2.90*

FCO09 SOM_LH AUD_LH 9 9 -1.20 -0.65

FC10 SOM_LH AUD_RH 8 9 -0.15 -1.38

FCI11 SOM_RH AUD_LH 9 8 -0.63 -0.79

FC12 SOM_RH AUD_RH 9 9 -0.89 -0.71

FC13 VIS_LH VIS_RH 9 9 4.88* 1.76

FC14 SOM_LH SOM_RH 9 9 1.45 —1.64

FC15 AUD_LH AUD_RH 7 9 1.02 -1.29

Table 4. Summary of post-hoc, independent-sample ¢-tests in Study 2. RSFC =resting-state functional
connectivity; CB = congenitally blind; SC =sighted controls; FC =functional connectivity; VIS = visual region;
LH =left hemisphere; SOM = somatosensory region; RH =right hemisphere; AUD = auditory region. *Sample
size after outlier removal. *Positive ¢ values indicate that the mean was higher in the normally sighted group
than in the congenitally blind group, whereas negative ¢ values indicate that the mean was lower in the
normally sighted group than in the congenitally blind group. *p <.050.
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Discussion

The first goal of the present study was to investigate the role of visual experience on the modulation of RSFC by
resting state condition. In addition, the present study aimed at evaluating whether previously reported group
differences in RSFC between congenitally blind individuals and sighted controls depend on whether RSFC is
assessed during rest with eyes open or during rest with eyes closed.

First, we replicated the typical change in RSFC as a function of resting state condition in a group of sighted
individuals: While interhemispheric RSFC within visual cortex was higher during rest with eyes open than during
rest with eyes closed'®*"%5, RSFC between visual and somatosensory cortices—as well as between visual and audi-
tory regions—was higher during rest with eyes closed than during rest with eyes open!®#2:2>26 In most cases,
RSFC between visual and non-visual brain regions was nonsignificant during rest with eyes open, but became
significantly positive during rest with eyes closed. These results are consistent with those of block-design fMRI
studies, showing increased activation in visual, auditory, and somatosensory cortical regions during blocks of eyes
closed (relative to blocks of eyes open) in sighted individuals*>-*%. These findings—together with an increase in
topological network properties denoting functional integration (e.g., increased global efficiency?', lower average
connection distance'”)—have been interpreted as reflecting an integrated mode of (multisensory) information
processing during rest with eyes closed?!. Moreover, given that increased RSFC between visual and non-visual
sensory systems has been shown to be related to posterior alpha activity in sighted participants®, these results
are additionally in line with those of EEG studies showing enhanced alpha activity during rest with eyes closed
(relative to rest with eyes open) in sighted individuals®>*. Finally, the present results concur with those of other
resting-state fMRI studies examining the effect of resting state condition on resting-state brain activity (e.g.,
amplitude of low-frequency fluctuations), as they have have shown a particularly consistent effect of resting state
condition not only at the level of visual cortex but additionally on somatosensory and auditory cortices!>!%2427-31,

In contrast to sighted controls—but in line with our hypothesis—, the effect of resting state condition on
RSFC between ‘visual’ and non-‘visual’ sensory cortices was predominantly nonsignificant in congenitally blind
individuals. A previous report in sighted participants had suggested that the modulation of resting-state brain
activity across resting state conditions (eyes open vs. eyes closed) is independent of visual input'’, a finding that
was recently corroborated in a study comparing the effect of resting state condition on resting-state brain activ-
ity between congenitally blind individuals and normally sighted controls””. In contrast to these studies—which
have primarily focused on resting-state brain activity—, here we show that developmental visual experience is
necessary for a significant increase in RSFC between visual and non-visual sensory systems to emerge in the
eyes closed condition relative to the eyes open condition. The present findings are, however, consistent with the
results of previous EEG and fMRI studies, demonstrating that the enhanced alpha activity and the increased
activations in visual, auditory, and somatosensory cortical regions observed in sighted individuals during blocks
of eyes closed relative to blocks of eyes open®>* were substantially reduced or absent in blind individuals®>*.
Importantly, here we extend these findings by showing that visual experience appears to be necessary for the
development of what has been proposed to be a more integrated mode of information processing (characterized
by enhanced activation of visual and non-visual cortices, as well as higher functional connectivity between visual
and non-visual sensory systems) that is induced by eye closure in sighted individuals*>2.

Interestingly, our observation of group differences in the modulation of RSFC between visual and non-visual
sensory systems across resting state conditions (i.e., eyes open vs. eyes closed) is in line with the results of a recent
study demonstrating that visual experience is likewise critical for the modulation of functional connectivity
between visual and auditory regions across rest and (auditory) task states®. Whereas sighted controls exhibited
lower functional connectivity between visual and auditory cortical regions during auditory processing than dur-
ing rest (both of which were conducted with eyes closed), the reverse pattern was found in congenitally blind
individuals. Based on the present RSFC findings for the visual and somatosensory cortices, we would predict to
find similar results for a somatosensory task condition vs. rest with eyes closed.

If the effect of resting state condition on RSFC differs—as we have shown here—between congenitally blind
individuals and sighted controls, then the type of resting state condition used in a study may have non-trivial
effects on whether group differences in RSFC are observed or not. In line with this, we have replicated previous
findings of lower RSFC between ‘visual’ and non-‘visual’ sensory cortices in congenitally blind individuals rela-
tive to normally sighted controls* -2, but only when groups were compared during rest with eyes closed. These
results are consistent with those of an early positron emission tomography (PET) study showing that glucose
metabolism in the medial occipital cortex in individuals with congenital or early-onset blindness resembles
that of sighted controls tested during rest with eyes open, rather than that of sighted controls tested during rest
with eyes closed®’.

In contrast to the above state-dependent effects, we observed that RSFC within the ‘visual’ system was overall
lower (but still significant) in congenitally blind individuals than in sighted controls, and that this effect appeared
to be independent of resting state condition as it was not qualified by a Condition x Group interaction. This result
corroborates previous studies*!*346475133-55 showing that the full maturation of interhemispheric RSFC within
the visual cortex is dependent on visual experience. This finding is reminiscent of structural differences in the
splenium—the major pathway connecting left and right regions of the occipital cortex—in congenital blindness.
Indeed, a number of studies have provided evidence for reduced volume or surface area®®>’, as well as reduced
fractional anisotropy®-%, in this callosal region in individuals with congenital or early-onset blindness relative
to sighted controls.

Scientific Reports |

(2021) 11:12433 | https://doi.org/10.1038/s41598-021-91976-9 nature portfolio



www.nature.com/scientificreports/

In the present study, we have focused on differences in RSFC between visual and non-visual sensory systems
across resting state conditions because these are the instances of RSFC where both the effect of resting state
condition and the effect of congenital blindness have been shown to be most reliable—therefore allowing us to
investigate whether the effect of resting state condition on RSFC depends on visual experience (first goal) and
whether group differences in RSFC depend on resting state condition (second goal). Given that a number of
resting-state fMRI studies have observed an effect of resting state condition on patterns of RSFC involving other
functional networks (e.g., default mode network®!>1%252% salience or attentional networks>!9-2%2%26)  future
studies could investigate whether such effects—in functional networks beyond sensory cortices—are likewise
dependent on visual experience, as well as the extent to which such differences (if any) may contribute to the
present results. Furthermore, given that the organization of whole-brain functional networks has likewise been
shown to differ across resting state conditions®, future studies could investigate the extent to which topological
network properties differ between congenitally blind individuals and normally sighted controls, as well as the
extent to which such differences may depend on resting state condition. Based on the present and previous* find-
ings, we predict that whole-brain functional network organization is more likely to differ between congenitally
blind individuals and sighted controls during rest with eyes closed—when congenitally blind individuals may
exhibit a more segregated functional network organization than sighted controls—, with a potential reversal of
these effects during auditory and tactile processing.

Finally, in the present study we have interpreted group differences as stemming primarily from differences in
developmental visual experience, as have most studies comparing brain organization between congenitally blind
individuals and normally sighted controls. The observation of numerical differences between congenitally blind
individuals with light perception and congenitally blind individuals without light perception on the modulation
of RSFC between visual and non-visual sensory cortices across resting state conditions (Supplementary Fig. S3)—
as well as on group differences in RSFC between visual and non-visual sensory cortices during rest with eyes
closed (Supplementary Fig. S4)—, appear to be consistent with this interpretation; however, we note that these
observations should be followed up in larger samples of congenitally blind humans. It could alternatively be
argued that the group differences found in the present study may have resulted from differences between groups
in other factors, in particular eye movements and/or motion during scanning. Although some blind individuals
are known to show oculomotor abnormalities, others do not (e.g., those with severe microphthalmia). Thus, it
is unlikely that the consistent group differences observed in the present study could have resulted from some
blind participants with oculomotor abnormalities. Furthermore, although differences in the amount of motion
during scanning have been acknowledged to play an important role on group differences in RSFC®%, this pos-
sibility cannot account for the present pattern of results for a number of reasons. First, we found no significant
differences in mean framewise displacement between groups, F(1,16) =1.36, p=0.261, resting state conditions,
F(1,16)=1.25, p=0.279, or their interaction, F(1,16) =0.24, p=0.632. Second, we reduced the potential confound-
ing effects of motion on the data by regressing out variance associated with the six motion parameters obtained
during motion correction. Third, we employed a censoring approach to further mitigate the impact of residual
motion-induced artifacts on the data®.

In summary, the results of the present study replicate those of previous studies in the normally sighted
population'®'#212526, by showing that RSFC between visual and non-visual (i.e., somatosensory, auditory) sen-
sory brain regions is increased during rest with eyes closed relative to rest with eyes open. Importantly, however,
the results of the present study extend this previous finding in two novel ways: First, we show that these effects
seem to depend on visual experience, as they were observed in sighted participants but not in congenitally blind
individuals; second, we demonstrate that group differences in RSFC between ‘visual’ and non-‘visual’ sensory
cortices depend on resting state condition, as they were observed during rest with eyes closed but not during
rest with eyes open. To the extent that the significantly positive RSFC between visual and non-visual sensory
systems during rest with eyes closed observed here and in previous studies'®!$21:?>26 reveal a more integrated
mode of (multisensory) information processing in normally sighted individuals?, our results suggest that visual
experience is necessary for the emergence of such an integrated processing mode by eye closure in the resting
state. Finally, our study underscores the critical role of whether sighted controls are tested with eyes open or with
eyes closed in studies of functional brain reorganization as a consequence of blindness.

Methods

Participants. Participants in Study 1 were 28 individuals with normal or corrected-to-normal vision (aged
6-56 years, M =21.6, SD=11.8, 9 females), who had been recruited as controls in the context of a larger research
project. Participants in Study 2 were 10 individuals with congenital blindness of peripheral (ocular) origin
(aged 9-39 years, M=19.6, SD=7.8, 3 females) and a subgroup of 10 sighted individuals from Study 1 who
were matched to the congenitally blind participants on the basis of age and gender (aged 10-41 years, M=20.4,
SD=38.2, 3 females). Importantly, one congenitally blind participant (who had anophthalmia) was excluded from
the analyses because resting-state data had only been acquired in the eyes closed condition. The final sample of
Study 2 therefore comprised nine congenitally blind individuals (aged 9-39 years, M =20.0, SD=8.1, 3 females)
and nine age- and gender-matched sighted participants (aged 10-41 years, M =20.8, SD=8.6, 3 females).

In the congenitally blind group, blindness was due to microphthalmia (n=5), Leber’s congenital amaurosis
(n=2), and phthisis bulbi and corneal opacities (n=2). In addition, visual acuity in the congenitally blind group
ranged from no light perception (n=2) to ability to perceive light (n=3), fixing and following light (n=1), abil-
ity to report the location of light (n=1), and counting fingers close to face (n=1) (for one participant, we were
unable to retrieve this information).
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All participants were recruited from the local area of Hyderabad and surrounding regions, and data acquisi-
tion was conducted in accordance with the principles outlined in the Declaration of Helsinki (2013). Prior to
being included in the study, participants received information about the procedures and were screened to ensure
that they had no conditions that would preclude their participation in an MRI examination (e.g., metal implants,
pregnancy, claustrophobia). Written informed consent was obtained from all participants (or from their parents
or legal guardians, in case of underage participants) before scanning.

The study was approved by the Ethics Commission of the German Psychological Society (BR 09_2013),
the Local Ethics Committee of the Faculty of Psychology and Human Movement Science of the University of
Hamburg (R6éder 10/2015), and the Ethics Committee of the L. V. Prasad Eye Institute (LEC 11-086 and LEC
12-15-124).

Experimental design. Each participant underwent two resting-state runs, each of which lasted 8.5 min.
Before each run, participants were instructed to keep their eyes closed (i.e., eyes closed condition) or to keep
their eyes open in low-level illumination (i.e., eyes open condition). In addition, participants were asked to try
not to think about anything in particular, to move as little as possible, and to refrain from falling asleep.

The order of the two resting state conditions was set out to be counterbalanced across subjects; however, due
to miscommunication, 18 sighted participants (rather than 14) were scanned with their eyes open first and 10
sighted participants (rather than 14) were scanned with their eyes closed first. Likewise, 7 congenitally blind
participants (rather than 5) were scanned with their eyes open first and 3 congenitally blind participants (rather
than 5) were tested with their eyes closed first.

Due to technical limitations (scanning was performed in a private radiology department)—but similarly to
the vast majority of studies investigating the effect of resting state condition on resting-state brain activity and/
or RSFC in the normally sighted population®!>-2224-31— we have not used an eye-tracker during scanning to
ensure that participants complied with the instructions to keep their eyes open or closed throughout scanning.
However, previous studies which have investigated the effect of eyes open and eyes closed conditions in sighted
individuals or in congenitally blind individuals, and which did use an eye tracker, suggest that both participant
groups are able to keep their eyes open or closed as instructed?**. Accordingly none of our blind participants
reported feeling weird about the instruction to keep their eyes open or closed.

Data acquisition. Images were acquired on a 1.5 T GE Signal HDxt scanner (General Electric, Milwaukee,
WI, USA), equipped with an 8-channel head coil, at a healthcare facility (Lucid Medical Diagnostics, Hyderabad,
India).

In each functional run, 256 T2*-weighted images were obtained using a gradient-echo echo-planar imaging
(EP/GR) sequence. The scanned volume included 32-38 axial slices to cover the entire brain (repetition time
[TR] =2000 ms; echo time [TE] =30 ms; flip angle [FA] =90°; field of view [FOV] =220 x 220 mm; in-plane
matrix size = 64 x 64; slice thickness = 3 mm; interslice gap =4 mm; interleaved acquisition in ascending order).

In addition, anatomical T1-weighted images were obtained using a 3D-spoiled gradient recalled (3D-SPGR)
sequence. The scanned volume included 168-196 axial slices to cover the entire brain (TR=15 ms; TE=7 ms;
inversion time =500 ms; FA =15° FOV =220 x 220 mm; in-plane matrix size=512x 512; slice thickness = 1.6 mm;
interslice gap=0.8 mm).

Data processing. Functional and anatomical data were processed using BrainVoyager 2.8.2 (BrainInnova-
tion, Maastricht, the Netherlands). After excluding the first four volumes of each functional run (to account for
T1 saturation effects), functional data underwent default processing, which included slice scan time correction
(cubic spline interpolation), head motion correction (trilinear/sinc interpolation, using the first volume as ref-
erence), and removal of linear and non-linear drifts using a high-pass temporal filter (GLM-Fourier, 2 sines/
cosines), but no spatial smoothing. The resulting, preprocessed functional datasets were then co-registered to
the anatomical images and transformed into Talairach space (trilinear interpolation), resulting in an interpo-
lated functional voxel size of 3 x 3 x 3 mm.

Based on the normalized (i.e., Talairach-transformed) 3D anatomical datasets, ventricle and while matter
regions were defined for each participant. The average time course in these two regions, as well as the six param-
eters obtained by rigid body head motion correction (i.e., three translations and three rotations), were regressed
out of the functional data to mitigate potential sources of spurious (i.e., non-neural-related) correlations (e.g.,
physiological noise, motion). Regression of these signals was performed simultaneously and the residual volumes
were then retained for functional connectivity analysis.

Because our goal was to investigate RSFC between sensory brain systems—and in order to keep data dimen-
sionality low (given the limited sample sizes inherent to studies involving special populations)—, we defined
sensory systems in terms gray matter regions corresponding to well-known primary resting-state networks®=,
which have been shown to be highly consistent across individual participants’. Specifically, we defined the follow-
ing regions, separately by hemisphere: a medial visual region, comprising the calcarine sulcus, the lingual gyrus
and the cuneus (Fig. 4); a somatosensory region, comprising the central sulcus, the postcentral gyrus, and the
postcentral sulcus (Fig. 5); and an auditory region, comprising the superior temporal gyrus and the superior tem-
poral sulcus (Fig. 6). These seed regions were created by anatomically labeling gyri and sulci in each participant’s
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Figure 4. Left and right medial visual seeds (blue) used in the present study. For comparison, the medial
visual system, as described in previous studies, is likewise depicted. Images modified from Beckmann et al.5,
Damoiseaux et al.”, Smith et al.?, and Nickerson’, and generated using Microsoft® PowerPoint™.

brain hemisphere after aligning the respective cortical surface reconstruction to the atlas brain provided by
BrainVoyager QX (in which gyri and sulci have been predefined) and transforming them back to volume space
by expanding them (-1 to + 3 mm) along the vertex normal of the white matter-gray matter boundary. As this
procedure makes use of cortical curvature information, it allows for an accurate remapping of predefined cortical
regions form the atlas brain provided by BrainVoyager QX to each individual’s brain.

Statistical analysis. Functional connectivity strength was quantified by calculating Pearson’s correlations
between the average time courses from each pair of seed regions, resulting in 15 (6 x5/2) unique connections.
A Fisher’s r-to-z transformation was additionally applied to improve normality of the correlation coefficients.
Importantly, in order to mitigate the impact of residual motion-induced artifacts, we employed a censoring
approach in which we withheld volumes with excessive relative displacement from the analyses®. Specifically,
framewise displacement was calculated as the sum of the absolute values of the differences in translational and
rotational realignment estimates (after converting rotational estimates from degrees to millimeters by estimat-
ing displacement on the surface of a sphere with a 50-mm radius) between consecutive volumes®. Subsequently,
volumes exceeding a study-specific framewise displacement threshold of 0.35 mm were removed, provided that
a minimum of 150 uncensored volumes (equivalent to 5 min of data) remained for analysis®. No participant had
to be excluded due to this criterion. Importantly, in order to avoid that different participants and/or conditions
would have different time-course lengths—as well as to reduce any systematic differences in the phase of the run
from which volumes would be removed—, we censored the same amount of volumes (1 =52) across participants
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Figure 5. Left and right somatosensory seeds (cyan) used in the present study. For comparison, the sensory-
motor system, as described in previous studies, is likewise depicted. Images modified from Beckmann et al.’,
Damoiseaux et al.”, Smith et al.?, and Nickerson’, and generated using Microsoft® PowerPoint™.

and conditions, corresponding to those volumes that exceeded our framewise displacement threshold (if any)
and an additional number of (up to 52) randomly selected volumes.

Prior to statistical analyses, z(r) values three median absolute deviations away from the median in either
resting state condition and in either group were considered outliers®>*® and removed from the analyses. Outlier
removal was performed separately for each of the 15 instances of RSFC examined, so as to retain as many par-
ticipants for analyses as possible (since outliers in one instance of RSFC may not be outliers in another instance).
This led to a sample size of n=23-28 sighted participants in Study 1 (for details, see Table 1), as well as to a sample
size of n=28-9 congenitally blind participants and n=6-9 sighted participants in Study 2 (for details, see Table 2).

In Study 1, z(r) values were submitted to a paired-sample -test to examine the effect of resting state condi-
tion (2 levels: eyes open, eyes closed) on the strength of RSFC between each pair of seed regions. In order to
correct for multiple comparisons, we used the Benjamini-Hochberg false discovery rate (FDR) approach® to
find a threshold that would restrict the expected proportion of false-positive errors to lower than 5%. Post-hoc
comparisons (i.e., one-sample ¢-tests against zero) were performed to determine the significance and direction
of RSFC in each resting state condition. In addition, we performed Pearson’s correlations between the age of the
participants and the difference in RSFC across resting state conditions.

In Study 2, z(r) values were submitted to a repeated measures ANOVA with participant group (2 levels:
congenitally blind, sighted controls) as a between-group factor and resting state condition (2 levels: eyes open,
eyes closed) as a within-group factor. As in Study 1, we corrected for multiple comparisons using the Ben-
jamini-Hochberg FDR approach® at a rate of g <0.05. Post-hoc comparisons were performed to determine
whether the effect of resting state condition on RSFC differed across groups (i.e., paired-sample t-tests, separately
by group), as well as to examine whether group differences in RSFC differed across resting state conditions
(i.e., independent-sample ¢-tests, separately by resting state condition). Post-hoc comparisons were additionally
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Figure 6. Left and right auditory seeds (pink) used in the present study. For comparison, the auditory system,
as described in previous studies, is likewise depicted. Images modified from Beckmann et al., Damoiseaux
etal’, Smith et al.%, and Nickerson®, and generated using Microsoft® PowerPoint™.

performed to evaluate the significance and direction of RSFC in each resting state condition and in each group
(i.e., one-sample t-tests against zero).

Data availability

The aggregated data that support the findings of this study are available upon reasonable request to the cor-
responding author. The raw data are not publicly available owing to potentially identifying information that
could compromise participant privacy, as well as due to the lack of explicit consent from the participants for
this purpose.
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