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General discussion 6

The aim of my thesis was to investigate the extent to which there is neuroana-
tomical organization and functional meaning to be found in resting-state func-
tional magnetic resonance imaging (RS-fMRI) recordings from the human
visual cortex. To this end, I used advanced anatomical MRI and fMRI tech-
niques and novel fMRI analysis methods that allow for characterization of the
spatial and temporal organization of intrinsic fluctuations in BOLD activity
across the striate (V1) and extrastriate (V2 and V3) visual cortex. My results
speak to the link between intrinsic patterns of intra- and inter-areal functional
interactions and the underlying neuroanatomical organization of the visual cor-
tex. They relate changes in those interactions to different behavioral states. My
findings provide evidence that intrinsic fluctuations in fMRI activity recorded
from early cortical visual field maps are pointers to functionally relevant pro-
cesses and support the use of RS-fMRI for characterizing visual cortical func-
tion and connectivity in health and disease.

��� 4VNNBSZ PG mOEJOHT
����� 7JTVPUPQJD NBQT GSPN SFTUJOH TUBUF
In DIBQUFS �, I mapped cortico-cortical population receptive fields between V1,
V2 and V3 using connective field (CF) modelling and showed that retinotopic-
ally organized CF maps —like the those based on visual field mapping data—
can be obtained from RS data. Previous studies have found cortico-cortical con-
nectivity patterns in RS data [12, 20], but did not reveal the detailed visuotopic
maps directly from RS data that I found. However, I found that only part of
the RS data supported the derivation of retinotopically organized maps. One
way to interpret this finding is that the retinotopically organized co-fluctuations
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. General discussion

between cortical visual field maps occur in the form of spatially and temporally
discrete events. Due to the non-stationary nature of RS-fMRI activity, ret-
inotopically organized RS-derived visuotopic maps —which in my case were
computed for 6-minute recordings— might reflect the density of such local
events. Alternatively, physiological factors such as motion, respiration and
changes in input from the autonomous nervous system might contribute differ-
entially from recording to recording [18, 26]. Another interesting possibility is
that this type of activity in early visual areas reflects non-retinal neuronal input
to the visual cortex as well. However, based on the present data, I cannot de-
termine the extent to which the variability is explained by genuine changes in
neuronal activity or such other factors.

����� 4JNJMBS TZODISPOJ[BUJPO DMVTUFST JO SFTUJOH TUBUF BOE WJTVBM
mFME NBQQJOH

In DIBQUFS �, I examined synchronization patterns of fMRI activity across V1,
V2 and V3 in RS and visual field mapping (VFM) fMRI data. I found synchron-
ization clusters that were similar, regardless of whether they were derived from
RS or VFM data. However, phase synchronization is more extensive in VFM,
likely reflecting stimulus induced interactions between local responses. I also
found that synchronization clusters with similar retinotopic selectivity are syn-
chronized across the hierarchy of the visual cortical areas and hemispheres, re-
flecting homotopic anatomical connections. My findings suggest that synchron-
ization clusters obtained from RS and VFM share a common neuroanatomical
origin. My work corroborates previous studies that have found similar patterns
of neuronal interactions using different methods [20, 2, 19]. Importantly, my
findings justify and facilitate the direct comparison of RS and stimulus-evoked
activity.

����� *U JT GFBTJCMF UP PCUBJO DPOOFDUJWF mFME NBQT BOE
TZODISPOJ[BUJPO DMVTUFST GSPN �5 G.3* BDUJWJUZ

In DIBQUFS �, I studied the feasibility of reproducing the findings of DIBQUFS
� � � using 3T instead of 7T fMRI. I found that the results obtained at 3T
are in fair agreement to those obtained previously with 7T data, despite the
lower resolution and reduced signal-to-noise ratio of the 3T data. I categorized
the limitations affecting the feasibility of reproducing the results into factors
related to the acquisition and preprocessing of the data (e.g., artifacts result-
ing from excessive movement, poor segmentation or misaligned volumes that
may hinder an accurate pRF mapping) and factors related to the nature of the
measurements (lower resolution, tissue specificity and SNR) and related the dif-
ferences between 3T- and 7T-derived results mostly to the second category. I
suggest that the quality of the measurements at 3T could be further improved
by avoiding excessive movement, adding a denoising step, and achieving a good
alignment and segmentation.
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6.2. Discussion

����� 1SPQBHBUJPO PG #0-% BDUJWJUZ SFWFBMT UBTL�EFQFOEFOU
DIBOHFT JO FąFDUJWF DPOOFDUJWJUZ

In DIBQUFS �, I modeled cortical excitability and directed interactions across V1,
V2 and V3 to explain task-dependent propagation patterns in BOLD activity
in RS and VFM. I found that the differences in cortical excitability and directed
interactions between RS and VFM point to a task-dependent reconfiguration of
local, feedforward and feedback interactions across the visual system. Previous
studies have shown task-dependent reconfiguration of directed interactions a
the scale of the whole brain [15, 10]. Here, my main contribution is that I show
that this type of change in interactions can also be found at the mesoscopic scale
of cortical visual field maps.

��� %JTDVTTJPO
In order to establish the functional relevance of intrinsic fMRI activity across
visual field maps (V1, V2 and V3), I used a data-driven modeling approach to
compare the spatiotemporal characteristics of intrinsic co-fluctuations in fMRI
recordings acquired while subjects were in RS to those obtained during VFM.
I showed that fMRI activity recorded from these areas during RS followed the
underlying retinotopic organization. Intrinsic variations in BOLD activity and
inter-areal coupling occurred in a coordinated manner between cortical visual
field maps. Importantly, differences in the structure of directed interactions
between RS and VFM reveal a task-dependent reconfiguration of feedforward
and feedback interactions across the visual system. Hence, they constitute state-
dependent interactions between distinct parts of the visual cortices. Therefore,
these patterns suggest that the intrinsic variations are partly a consequence of
functionally relevant brain events. The variations itself need not be relevant, but
can simply be an epiphenomenon related to functional events. They are like the
ripples that indicate that a stone was thrown in the water.

In what follows, I will relate the findings of my thesis to different perspect-
ives.

����� &WPMVUJPO EFWFMPQNFOU BOE IPNFPTUBTJT
Animal nervous systems are intricate and complex, yet smoothly interface the
animal’s internal state to its sensorium [29]. How an organism coordinates its
internal and external affairs efficiently —thereby narrowing an immense num-
ber of possibilities to behaviorally relevant ones— is one of the most challen-
ging questions in contemporary neuroscience. Any attempt to answer this ques-
tion would be impossible without situating the organism in its ecological con-
text. Constrained by evolutionary and developmental expediency forces, the
neuroanatomical circuitry of the human sensory cortices has been shaped ac-
cording to the structural properties of our perceptual habitats. Hence, from
this broader naturalistic perspective, finding patterns of highly organized in-
trinsic activity in the visual cortex —as I did— is not a mystery but something
to be expected.
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For example, it has been shown that —during the development and morpho-
genesis of the nervous system— spontaneous retinal waves contribute to the
formation of ocular dominance columns and retinotopic maps [1]. Moreover,
patterns of intrinsic neuronal activity in the visual cortex can be remarkably
similar to those evoked by visual input, suggesting that sensory input modu-
lates pre-existing patterns rather than evoking the neuronal activity all by itself.
Additional insight on the role of intrinsic brain activity comes from homeo-
static mechanisms [ ]. The balance between excitatory and inhibitory func-
tions within neuronal populations maintains a stable working point in which
the populations can optimally process incoming signals according to the de-
mands posed by different behavioral states and tasks [11]. As a result, neuronal
populations experience transitions between quiescent (Down) and depolarized
(Up) states [25]. Sculpted by the underlying neuroanatomical backbone, in-
trinsic transitions between Down and Up states may result in spatiotemporally
correlated population activity. Indeed, using neuronal calcium and intrinsic
signal imaging in vivo, Matsui and colleagues have found that transient neur-
onal coactivations embedded in widespread propagating waves may underlie
RS hemodynamic fluctuations [14]. Therefore, an interesting possibility is that
these fluctuating dynamics reflect in the RS-fMRI signal as retinotopically or-
ganized fluctuations and patterns of inter-areal coupling. If this is the case, the
retinotopically organized CF maps that I derived from RS-fMRI data might
be the footprint of such dynamic processes.

����� &WPLFE WFSTVT JOUSJOTJD BDUJWJUZ
Compared to understanding the relevance of externally evoked activity (e.g.,
during stimulation), contemporary research has paid relatively little attention
to understanding the meaning of changes in intrinsic activity. In a way, this
is strange since the changes in energy consumption that stimulation evokes in
the brain are small compared to the energy spent in sustaining intrinsic fluctu-
ations in brain activity [3]. Moreover, the common approach of averaging across
many trials effectively allows the identification of consistent responses, but neg-
lects the potential informativeness of variability. Nevertheless, since evoked
responses can be controlled and are relatively robust, intrinsic activity has been
typically regarded as and treated as noise. This has the advantage of being able
to separate meaningful ”signals” from the “noisy” baseline fluctuations. But this
focus holds a risky assumption: the brain is conceived as a passive receiver of
incoming signals transmitted by the world, with the visual system being just a
channel. This view implicates the notion of an ulterior observer, which brings
us back to disparate metaphors such as the Cartesian theater [5]. On the other
hand, if the brain is conceived as being primarily concerned with maintaining
its internal dynamics —and the environmental input modulating rather than
driving it— the spontaneous endogenous dynamics by necessity hold meaning
and are not simply noise.

Seeing the brain in this light, I would like to advocate that —in addition
to externally triggered responses— there is a constant stream of internal pro-
cesses that we should not ignore. Drawing from Shannon’s information theory,
I propose that any responses to external input are affected by the current state
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6.3. Future research and applications

of the receiver and the channel, and not just by the sender [23]. In this sense,
there is no such thing as objective information because information is always
subject to interpretation by a receiver. Put differently, for a signal to be truly
informative, it has to make a difference to a receiver –in this case the brain. In
most contemporary neuroimaging studies, brain signals are interpreted from
the perspective of an external observer (‘experimenter-as-receiver’). However,
the question is whether those signals are actually used by the rest of the brain
(‘cortex-as-receiver’) [4]. Retinotopic maps are a prime example of this.

����� 1SFEJDUJWF DPEJOH BOE FOBDUJPO
Traditional models of brain function and information processing can be re-
garded as ‘sandwich models’ in the sense that they assume three stages of in-
formation processing. Akin to the reflex-arc paradigm, perception, cognition
and action follow each other in a sequential fashion. This view of brain function
has proved useful to understand brain activity and its neuronal correlates in a
variety of experimental and clinical conditions. However, over the past decades,
its limitations have also become apparent and a paradigm shift has taken place.
The new paradigms suggest that information processing can be explained from
a more constructivist and enactive perspective that speaks to recurrent neur-
onal processing and a circular causality among processing stages and the world
[27, 9].

From this perspective, the visual cortex is not just driven by feedforward
external input but by a hierarchical inference machinery built upon internal
models derived from learned associations [28, 16, 21, 13, 30]. According to the
predictive coding hypothesis, the main function of this machinery is to predict
sensory input [8, 21]. The difference between the incoming sensations and the
internally generated predictions gives rise to prediction errors. Subsequently,
these prediction errors are used to update the neuronally encoded models of
the causes that generated the expected sensation [7]. The preponderance of
feedback connections in the visual cortex supports this view [22, 24].

In DIBQUFS �, I observed state-dependent changes in feedforward, feedback,
and local interactions. Interestingly, I found that feedback from V3 to V1 only
could be observed during stimulation. This feedback may well relate to modu-
latory signals generated by the putative predictive coding mechanisms [6]. If
this is the case, the signals underlying these feedforward and feedback interac-
tions are neither purely sensory, nor purely intrinsic or modulatory, but have
sensory and intrinsic components that reveal us as organisms actively involved
in the world, rather than as its passive observers [17, 30].

��� 'VUVSF SFTFBSDI BOE BQQMJDBUJPOT
In the introduction, I stated the expectation that a better understanding of
the relationships between neuronal activity, brain anatomy and hemodynam-
ics would help develop RS-fMRI as a valuable tool for fundamental and ap-
plied —non-invasive— research in humans. I believe my work has contributed
to realizing this goal. I have implemented new techniques to estimate visuo-
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topic connectivity from RS-fMRI data, assessed the similarities between RS
and VFM fMRI data and implemented an approach to measure directed inter-
actions across early visual cortical areas.

The novel analysis techniques and analyses methods implemented in my
thesis have made it possible to establish similarities and differences between RS
and stimulus-evoked fMRI activity. Future studies could assess task-dependent
changes at the mesoscopic scale of cortical visual field maps in different experi-
mental and behavioral conditions in health and disease. With appropriate ana-
lysis techniques, even more details could be extracted from the RS data, such
as the temporal density of retinotopically organized fluctuations. This would
allow to relate moments of organized activity in early visual cortex to activity
in other brain regions and the interpretation of these as the consequences of
non-retinal visual processing.

Future studies could apply and extend the techniques used in my thesis to
study the properties of deafferented parts of visual cortex or cortical lesion pro-
jection zones. This could reveal changes in cortical function in patients with
glaucoma, macular degeneration and other eye or brain diseases. Deficient
top-down processing is implicated in neuropsychiatric diseases, such as schizo-
phrenia. My methods could be used to shed light on interactions across cortical
visual field maps in various patients with visual hallucinations. This might re-
veal possible imbalances in their feedforward-feedback integration mechanisms.
This could be combined with eye-tracking and stimuli that invite predictive re-
sponses to examine aberrant precision control in such clinical populations.

Of interest to future studies of RS activity in visual cortical areas is the cor-
rection of physiological factors such as head motion, respiration and changes
in the autonomic nervous system input, which might contribute differentially
from recording to recording [18]. More sophisticated acquisition and analyses
approaches could allow examining the quality of processing in the visual cor-
tex with an eye on predicting the success of rehabilitation or retinal or cortical
implants.

��� $PODMVTJPOT
For this thesis, I posed as my main question: What can we learn about the
neuroanatomical organization of the human visual cortex from RS-fMRI re-
cordings?

First of all, I found similar visuotopic connective field maps and synchroniz-
ation clusters in resting state and visual field mapping. Moreover, I found that
it is feasible to obtain such connective field maps and synchronization clusters
from 3T fMRI activity. I also made suggestions for how the quality of measure-
ments at 3T could be further improved. Finally, I found that the propagation
of BOLD activity reveals task-dependent changes in the effective connectivity
in the visual cortex. Here, my main contribution is that I showed that these
types of change in the interactions can also be found at the mesopic scale of
cortical visual field maps. They point to a task-dependent reconfiguration of
local, feedforward and feedback interactions across the visual system.
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Hence, my main answer to my question is that RS-fMRI recordings can re-
veal a remarkable amount of detailed properties regarding the functional neuroana-
tomical organization, also at the relatively fine scale of the human visual cor-
tex. Further, my findings justify and facilitate the direct comparison of RS and
stimulus-evoked activity. While I have focused on RS activity, the methods
presented in this thesis can also be applied to study task-dependent changes in
a variety of experimental and behavioral conditions, both in health and disease.
Finally, my results establish RS-fMRI recordings as an important tool to query
the neuroscientific framing of our inner mental life.
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