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Abstract

Over the past two decades, the study of resting-state functional magnetic resonance
imaging (fMRI) has revealed the existence of multiple brain areas displaying synchronous
functional blood oxygen level-dependent signals (BOLD) — resting-state networks
(RSNs). The variation in functional connectivity between the different areas of a resting-
state network or between multiple networks, have been extensively studied and linked to
cognitive states and pathologies. However, the white matter connections supporting
each network remain only partially described. In this work, we developed a data-driven
method to systematically map the white and grey matter contributing to resting-state
networks. Using the Human Connectome Project, we generated an atlas of 30 resting-
state networks, each with two maps: white matter and grey matter. By integrating
structural and functional neuroimaging data, this method builds an atlas that unlocks the
joint anatomical exploration of white and grey matter to resting-state networks. The
method also allows highlighting the overlap between networks, which revealed that most
(89%) of the brain’s white matter is shared amongst multiple networks, with 16% shared
by at least 7 resting-state networks. These overlaps, especially the existence of regions
shared by numerous networks, suggest that white matter lesions in these areas might

strongly impact the correlations and the communication within resting-state networks.
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We provide an open-source software to explore the joint contribution of white and grey

matter to RSNs and facilitate the study of the impact of white matter damage on RSNs.

Introduction

Since the early 1990s, functional magnetic resonance imaging (fMRI) peers inside the
workings of the living human brain (1). Task fMRI unveiled countless aspects of brain
functioning in healthy participants and patients. However, paradigm-free resting-state
fMRI (rs-fMRI) analysis shows a striking correspondence with tasks-related fMRI (2) yet
provides the most comprehensive depiction of the functional organisation of the brain.
Rs-fMRI explores the awake brain at rest, when no specific external task is required from
the participant during which quasi-periodic low-frequency oscillations in the fMRI signal
— blood-oxygen-level-dependent signal or BOLD — spontaneously occur (3). Distant
brain regions display synchronous BOLD signal oscillations, testifying to functional
connectivity between regions and forming intrinsic functional networks, so called
resting-state networks (RSNs) (4-6). RSNs are related to cognition (2), and their alteration
has been linked to various brain pathologies (7-9), potentially opening up this field to a
wide range of applications, including in the clinical realm (10). Hence, resting-state
acquisition is appealing and much less demanding than the active participant involvement
in a task.

The identification of RSNs has been tackled in multiple ways (11). One of the most popular
approaches is an independent component analysis (ICA) (5, 12, 13), a data-driven method
of signal separation (14) able to identify and extract independent components (ICs)
corresponding to RSNs in the resting-state signal across the brain. From such
components, resting-state networks and their grey matter maps can be identified.

With the progress of the functional connectivity framework, the question of the
underlying structural connectivity became pressing. Indeed, understanding the
anatomical drivers of the functional connection between multiple regions is necessary to
properly study the dynamics and biological relevance of these networks. In that regard,
the advent of diffusion-weighted imaging (DWI) tractography enabled the description of
white matter circuits in the living human brain. DWI measures the preferential
orientations of water diffusion in the brain (15), which mostly follow axonal directions.

Using this information, tractography algorithms piece together local estimates of water
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diffusion to reconstruct white matter pathways (16). DWI is the most powerful non-
invasive in-vivo tool for mapping the white matter anatomy (17) and estimating structural
connectivity between brain regions (18, 19). Leveraging tractography, the joint study of
functional and structural connectivity has become an active field of research. However,
most works focused on the comparison of functional connectivity and structural
connectivity between pairs of grey matter brain parcels, (20, 21) or provided white matter
maps related to resting-state networks either focused on a single network (22-25) or a
restricted number of RSNs (26-28) with limited statistical confirmation of structural-
functional connectivity relationships (22-25). Of note, ICA applied to white matter
tractography data produces circuits whose grey matter projections resemble resting-
state networks (29, 30). These results demonstrate that information about the
organisation of RSNs can also be extracted from white matter data and might be
complementary to the information provided by resting-state BOLD signal analysis.
However, to the best of our knowledge, a comprehensive description of the white matter
circuits in all identifiable resting-state networks is still lacking.

Such endeavour could be achieved, in principle, by using the Functionnectome (30, 31), a
recently developed method that combines fMRI with tractography by projecting the grey
matter BOLD signal onto white matter pathways.

In the present study, we extended our previous approach — the Functionnectome
methodology (30) — to RSN, integrating the grey matter resting-state signal with white
matter connections, and analysed the resulting data through ICA. In so doing, we
produced the most comprehensive atlas of 30 RSNs specifying their grey matter maps
together with their white matter circuitry — the WhiteRest atlas. This atlas unlocks the
systematic exploration of white matter components supporting resting-state networks.
The atlas comes with companion software, the WhiteRest tool, a module of the
Functionnectome that will facilitate this exploration and assist the investigation of brain

lesions' effects on RSNs and cognition.
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Results

Mapping the resting brain: RSNs in white matter and

grey matters

Rs-fMRI scans derived from the Human Connectome Project (32) were converted
into functionnectome volumes using the Functionnectome software (30, 31) (available at
http: / /toolkit.bcblab.com). The original rs-fMRI and functionnectome volumes were
simultaneously entered into an Independent Component Analysis for each participant.
The resulting individual independent components were then automatically classified
using MICCA (33), generating 30 IC groups, each group corresponding to one resting-
state network. These groups were used to create RSN z-maps with paired white matter

and grey matter maps (Fig. 1) — the WhiteRest atlas.
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Figure 1: WhiteRest resting-state atlas of the visual and sensory/motor/attention
domains.

This composite figure shows the white matter 3D maps (green) and grey matter 3D maps
(red). Centre of the figure: Functional domains of the corresponding RSNs. The functional
domains’ 3D maps are the union of the associated RSNs. Labelling indicates an arbitrary
RSN number (in blue), the primary cortical anatomical landmarks (in black) and putative
cognitive function (in orange). Ant. Sup. Par.: Anterior superior parietal network; Inf.
central — SM head: Inferior central network (somato-motor, head portion); Lat. Occ.:
Lateral occipital network; Lat. Post. Occ.: Lateral posterior occipital network; Med. Occ.:
Medial occipital network; Med. Post. Occ.: Medial posterior occipital network; Mid.
central (L) — SM hand (R): Middle central network, left hemisphere component (somato-

motor, right hand portion); Mid. central (R) — SM hand (L): Middle central network, right


https://doi.org/10.1101/2022.01.10.475690
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.10.475690; this version posted January 11, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

hemisphere component (somato-motor, left hand portion); Post. Occ.: Posterior occipital
network; Post. Sup. Par.: Posterior superior parietal network; Sup. central — SM body:

Superior central network (somato-motor, body portion); Sup. Temp: Superior temporal

network.
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Figure 2: WhiteRest resting-state atlas of the switching/control, manipulation and
maintenance of information (MMI), and default mode network (DMN) related domains.
This composite figure shows the white matter 3D maps (green) and grey matter 3D maps
(red). Centre of the figure: Functional domains of the corresponding RSNs. Labelling
indicates an arbitrary RSN number (in blue), the primary cortical anatomical landmarks

(in black) and putative cognitive function (in orange). DMN: Default Mode Network. dIPFC:
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Dorso-lateral prefrontal cortex network; FPT 1/2/3 (L/R): Fronto-parieto-temporal
network 1/2 /3, Left /Right hemisphere component; Med. frontal: Medial frontal network;
PC-Precuneal: Posterior cingulate-precuneal network; PH-Precuneal: Parahippocampal-

Precuneal network; PP-Precuneal: Posterior parietal-precuneal network.

The paired white matter and grey matter z-maps generated by our method were
thresholded using an arbitrarily high threshold of 7 to get a highly conservative estimate
of the RSNs’ spatial extent. Using this threshold, the combined white matter maps cover
96% of the brain white matter, except for some orbito-frontal and ventro-temporal
pathways, part of the internal capsule and part of the brain stem. Similarly, the combined
grey matter maps cover 79% of the cortical grey matter, except for ventral areas in the
temporal and frontal lobes.

The WhiteRest atlas reveals both the functional grey matter of an RSN and the
structural white matter circuitry of this network. In the WhiteRest atlas, 21 of the 30 RSNs
display a symmetrical pattern between the left and the right hemispheres. Eight networks
are strongly lateralised, but with a contralateral homotopic counterpart, and one network
was exclusively left lateralized (RSN20, language production network). To help further
explore each RSN, a description of the maps of all the RSNs can be found in the

supplementary material (Supplementary figures 1 - 30; the continuous maps are also

available at https://neurovault.org/collections /AFVTMGXJ / for the white matter, and

https:/ /neurovault.org /collections /SBZVMFMK / for the grey matter). As an illustrative

example, the Default Mode Network (DMN) maps are showcased in Figure 3. Although the
DMN can be described as a set of sub-networks, one of them is most representative of
what is usually called “DMN” in the literature(24, 26, 34): the RSN18, which we labelled as
“DMN proper”.
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Figure 3: Default Mode Network proper (RSN18) maps, dorsal view. White matter map in
green, grey matter map in red. Composite map in the middle. The cerebellum is visible
through the glass-brain effect. AF-P: Arcuate fasciculus (posterior segment); mSFg.:
medial superior frontal gyrus; MTg: Middle temporal gyrus; SFg: Superior frontal gyrus;

SLF2: Second branch of the superior longitudinal fasciculus.

The grey matter map of the DMN proper revealed the bilateral involvement of the
medial frontal cortex (the medial superior frontal gyrus, the gyrus rectus, and frontal
pole), the superior frontal gyrus, the middle temporal gyrus, the precuneus, the angular
gyrus and the cerebellum. The white matter maps of the RSN showed previously
described pathways of the DMN, such as the second branch of the superior longitudinal
fasciculus (SLF2) connecting the superior parietal lobe to the superior frontal gyrus and
the cingulum connecting the precuneus area to the medial frontal area. Additionally, the
middle temporal gyrus and the angular gyrus are connected by the posterior segment of
the arcuate fasciculus. Interhemispheric connections were also present within the
anterior and posterior corpus callosum connecting both frontal lobes and both precunei,
respectively.

While the description of a known RSN, such as the DMN, can be used to validate
the atlas, WhiteRest can also explore the uncharted white matter anatomy of RSNs, for

instance, the Dorsal Attention Network (RSN13) presented in Figure 4.
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Figure 4: Dorsal Attention Network (RSN13) maps, dorsal view. White matter map in
green, grey matter map in red. Union of the two maps in the middle. The insula and
cerebellum are visible through the glass-brain effect. AF-P: Arcuate fasciculus (posterior
segment); FAT: Frontal Aslant Tract; IPs/SPL: Intraparietal sulcus and superior parietal
lobule; Middle CC: Middle part of the corpus callosum; MTg: Middle temporal gyrus;
Posterior CC: Posterior part of the corpus callosum; PrCg: Precentral gyrus; Precentral
s.: Precentral sulcus; SFg: Superior frontal gyrus; SLF2: Second branch of the Superior

Longitudinal Fasciculus; SMg: Supramarginal gyrus.

The grey matter map revealed the involvement of core regions of the DAN, with
the parietal cortex - supramarginal gyrus (SMg), intraparietal sulcus (IPs) and superior
parietal lobule (IPL) - and part of the superior frontal gyrus (SMg), in the frontal eye field
region. It also showed other areas associated with the DAN, namely the precentral gyrus
(PrCg), the insula and the posterior part of middle temporal gyrus (MTg). The white
matter map unveiled the involvement of the second branch of the superior longitudinal
fasciculus (SLF2), connecting the inferior parietal cortex (IPs, SMg) with the frontal
regions of the network (i.e. SFg, PrCg and insula). SFg and PrCg were also interconnected
via the frontal aslant tract. The map also showed the involvement of the posterior
segment of the arcuate fasciculus, connecting the MTg with the parietal cortex.
Additionally, the map revealed the involvement of the corpus callosum, ensuring

interhemispheric connectivity.
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The overlapping nature of white matter RSNs

The WhiteRest atlas suggests that most RSNs share white matter pathways with
other RSNs. Indeed, most of the brain’s white matter (i.e. 89%) is shared amongst multiple
RSN, with 16% of the white matter shared by at least 7 RSNs. By comparison, the grey
matter contribution to RSNs show much less overlap, where 53% of the grey matter
uniquely contribute to one RSN, and 45% to 2 or 3 RSNs. To determine the exact extent
of the overlaps in the white matter, we generated an overlap map displaying the number
of RSN per voxel in the brain. Large areas of the deep white matter showed high RSN
overlap count (> 7 overlapping RSNs), including in the centrum semiovale and sub-
portions of the medial corpus callosum (Fig. 5). RSNs also overlapped highly in the
cingulum, the second and third branches of the superior longitudinal fasciculi (SLF2,
SLF3), the arcuate fasciculi, and the inferior fronto-occipital fasciculi (IFOF) in both

hemispheres. In contrast, the superficial white matter demonstrated less RSN overlap.
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Figure 5: RSN overlap in the brain. A: Overlay map of RSN white matter maps. Colour bar:
Number of RSN per voxel (saturated for n>14). Anterior CC: Anterior corpus callosum; AF-

L: Arcuate fasciculus (long segment); Cing.: Cingulum; IFOF: Inferior fronto-occipital

10
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fasciculus; ILF: Inferior longitudinal fasciculus; Posterior CC: Posterior corpus callosum;
SLF2: Second branch of the superior longitudinal fasciculus; SLF3: Third branch of the
superior longitudinal fasciculus; Unc: Uncinate fasciculus. B: Violin plots (normalised by
plotted area) of the overlap values in the total white matter and along the studied

pathways (left and right hemispheres combined). WM: average whole white matter.

The existence of areas with high density RSN overlap in the white matter point
toward the idea that lesions to the white matter could severely impact the functioning of
multiple RSNs and hence cause a diverse pattern of clinical symptoms. To explore this
aspect, we developed a new module, WhiteRest, freely available online through the
Functionnectome software (available at http://toolkit.bcblab.com). WhiteRest can
measure the involvement of each RSNs for any given region of interest (ROI) in the white
matter or, more specifically, a given white matter lesion.

As an example, we investigated the RSNs potentially affected by a synthetic brain lesion
(35) using the WhiteRest module (Fig. 6). The synthetic brain lesion included part of the
centrum semiovale (CSO) in the left hemisphere (Fig. 6A), one of the areas with the highest
overlap. The CSO is defined as a white matter area located superior to the lateral ventricle
and characterised by the presence of projection, association, and commissural fibers (36).
Here, the ROI of the synthetic lesion was defined as the intersection of the SLF2, the
callosal fibers, and the cortico-spinal tract. The WhiteRest module outputs a table with
the estimation of each involved RSN (Supplementary Table 1), as well as a pie-chart

summarizing the results (Fig. 6B).
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Figure 6: Participation of RSNs in the left centrum semiovale. A: Centrum semiovale ROL.
B: RSN passing through the ROI, with relative presence (in %) for each RSN, based on the
z-value of the RSN maps, and fraction of the ROI covered by the RSN (between brackets).
The 13 RSNs with less than 5% participation are grouped together. The white matter maps
of 5 most involved RSN are displayed, with a representative slice on top (ROI outlined in
red), and the 3D map of white matter (in green) and grey matter (in red) underneath. Inf.
central: Inferior central network; Mid. central (L): Middle central network (left
hemisphere component); FPT 1 (L): Fronto-parieto-temporal network 1, left hemisphere

component.
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As expected from such a fiber-crossing area, many (22 in total) RSNs were shown to be
passing through the ROI. The 5 most involved RSNs were jointly responsible for more
than half (54.7%) of the total presence, while the 13 RSNs with low presence (less than 5%
each) amounted to 21% of the total presence. The group of 5 RSNs with high presence
was composed of central and precentral networks (RSN 06, 08 & 10), as well as the DAN
and the left FPT 1 network (RSN 13 & 21). These networks can be associated with cerebral
functions: motor functions with the central and precentral networks, attention with the
DAN (37), and executive control with FPT 1 (38). This example illustrates how WhiteRest
can be used to explore how lesions impact on specific RSNs. WhitRest, as part of the

Functionnectome, will help to link lesions, RSN disruption, and clinical symptomes.

Discussion

We introduce WhiteRest, an atlas derived from integrated functional signal and
structural information revealing white matter and grey matter components for each
resting-state network. As such, the present work showcases two original results. First,
the atlas itself, which consists of the systematic mapping of white matter contributing to
the resting-state networks. Second, our results demonstrate that white matter pathways
can contribute to multiple RSNs. This new atlas opens up the prospect of exploring the
impact of white matter lesions on the integrity of resting-state networks and thus their

functioning.

The WhiteRest atlas is, to our knowledge, the first comprehensive statistical
mapping of the white matter contribution to RSNs. We generated white and grey matter
maps concurrently, yielding continuous statistical maps of the RSNs in both tissues, thus
allowing for a thorough exploration of each network. The combination of functional and
structural information in our method can help the exhaustive detection of RSNs as there
is evidence that structural connectivity holds complementary information regarding
RSNs (29). Hence, the multimodality of the signal might help identifying and segregating
networks as previously demonstrated by other groups with different modalities (e.g.
Glasser’s multi-modal parcellation (39)). Other attempts also combined grey matter

functional and white matter structural information to explore the white matter
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contribution to subtending resting-states networks, but have been limited to a very low
number of RSNs (25, 27). In contrast, recent works that undertook the atlasing of the RSN
white matter connectivity did not directly combine functional and structural information.
They mapped the RSN white matter circuits by connecting RSNs cortical regions from a
pre-existing cortical RSNs atlas, using tractography data (28, 40). In this approach, the
functional-structural mapping is highly dependent on the original cortical RSN atlas,

while in our method both grey and white matter information are used concurrently.

Our data-driven method allowed for a global approach by mapping the whole brain, with
the exception of ventral areas in zones strongly affected by magnetic susceptibility
artefacts, where both the fMRI and diffusion signals are degraded (41). The individual-
ICA-based scheme used to produce the statistical group maps revealed a fine granularity
of the RSNs, where brain regions that are spatially distant but functionally and
structurally connected are attributed to the same RSN. The fine granularity of the default
mode network (DMN) in the WhiteRest atlas is a good example of the multimodal
improvement of the networks’ segregation. Our analysis replicated 4 previously described
(42) DMN-related RSNs involving the precuneus (RSN 16, 17, 18 & 19), while also
differentiating a DMN proper (RSN18) from a medial frontal network (RSN15). For the DMN
proper, the structural connectivity is largely known (22-28, 43), which offers a good
opportunity to validate our method. For instance, WhiteRest’s DMN proper white matter
map confirmed the involvement of the cingulum, connecting the precuneus with the
frontal cortex (22-28, 43) , and of the superior longitudinal fasciculus (SLF2) connecting
the superior frontal gyrus with the angular gyrus (24, 25, 27). Similarly, the posterior
segment of the arcuate fasciculus that connects the inferior parietal lobule with the
posterior temporal lobe has been also reported in previous studies for the DMN (22, 24).
Complementing the DMN-proper, in accordance with previous DMN descriptions (24),
the medial frontal network involved the inferior longitudinal fasciculus (ILF, connecting
the occipital lobe with the temporal lobe), the uncinate (connecting the temporal pole to
the inferior frontal lobe), and the cingulum (connecting temporal-parietal-frontal areas).
Similarly, the WhiteRest atlas can be used in a prospective and explorative manner, as
shown with the unveiling of the dorsal attention network (RSN13). While the grey matter
architecture of the DAN is well documented (37, 44), its white matter support has only
been partially explored (45). To our knowledge, WhiteRest reveals the first
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comprehensive description of the DAN’s white matter, that includes bilateral association
fibres connecting ipsilateral regions, and commissural fibers ensuring interhemispheric
connectivity. However, disentangling the exact functional relevance of each connection
remains a challenge that will require, for example, functionnectome investigation (30) or
advanced lesions analyses (35, 46, 47). Such approaches might shed light on the
hierarchical and functional implications of RSN circuits (46-49). Recent results have
highlighted the importance of white matter structural disconnections in the disruption
of functional connectivity (49), and this disruption has been linked to behavioural and
cognitive dysfunction (50, 51). Therefore, being able to identify these RSN white matter
“highways” would propel our understanding of disconnection symptoms, improve
recovery prognostics, and inform preoperative brain surgery planning (52). In order to
facilitate these efforts, we released the WhiteRest module (as part of the
Functionnectome) that quantifies the presence of RSNs in a specific region of the brain’s
white matter. The WhiteRest module was designed to accept regions of interest (e.g. from
parcellations or lesion) in the MNI 152 space (2x2x2 mm?) and provide an estimate of the
RSNs involved, or in the case of lesions, which RSNs would be impacted by a lesion in this
region.

As an example for lesion applications, we exemplified the use of the WhiteRest
module to explore the left centrum semiovale, an area with a high number of overlapping
RSNs and by definition a crossing region for many white matter pathways. Here, the
software revealed that the CSO ROI was primarily involved in RSNs related to motor
functions, visual attention, and executive control. As mentioned above, in a clinical
framework such ROI could delineate a lesion, and the results would then be used to infer
the lesion’s disconnection effect on RSNs and cognitive symptoms. While the effects on
RSNs of a CSO lesion are mostly unexplored, white matter damage has been linked to
multiple dysfunctions (53), including motor (54) and executive (55, 56) impairments.
These dysfunctions appear to correlate with cognitive functions of the RSNs identified
with WhiteRest, which support its potential use as a tool for linking white matter damage
with RSNs and brain functions. Overall, the WhiteRest module provides an opportunity
for clinical neuroimagers to take advantage of an integrated functional and structural
connectivity approach to shed light on the functional mechanisms of the brain and the

origins of cognitive disorders.
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While the WhiteRest module and atlas represent an advance in the field of resting state
functional neuroimaging, it is not exempt from limitations. For instance, we excluded the
cerebellum-centered RSN in the present work. This decision was motivated by some
limitations of tractography that are exacerbated in the cerebellum (57), mitigating the
quality of the modeled pathways. For example, the fine structure of the cerebellum and
the gathering of fibres in the brainstem are affected by partial volume and bottleneck
effects (58). Also, some of the maps were displaying white matter pathways leading to
grey matter areas absent on the related grey matter map. Some of these cases can be
explained as simply threshold-dependent (i.e. z>7 to facilitate the visualisation of 3D
structures), which hid some of the less significant (but still involved) areas. However,
these pathways might potentially correspond to the structural link between different
RSNs. Thus, when exploring a network in detail, we strongly advise checking the non-
thresholded maps as well to better appreciate the full white matter network involved in
RSNs.

All in all, we introduced a novel combined atlas of resting-state networks, based
on functional and structural connectivity to deliver white matter and grey matter maps
for each RSN — the WhiteRest atlas. This atlas allows for the exploration of the structural
support of individual RSN and facilitates the study of the impact of white matter lesions
on resting-state networks. Accordingly, we released the WhiteRest module that
estimates the proportion of RSNs impacted by a given white matter lesion. With this tool,
future research can focus on exploring the link between white matter lesions and their
effects on the related resting-state networks in light of symptom diagnosis. Leveraging a
deep-learning approach recently introduced (42) opens up the possibility for individual
resting-state functionnectome analyses and will facilitate a more personalised

neuromedicine.

Methods

HCP dataset

The dataset used in the present study is composed of the openly-available resting-state

scans (rsfMRI) from 150 participants (75 females; age range 22-35 years) of the Human
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Connectome Project (HCP) (32), with 45 participants from the test-rest HCP dataset and
105 randomly sampled participants from the Young adult dataset

(http: / /www.humanconnectome.org/study /hcp-young-adult /; WU-Minn

Consortium; Principal investigators: David Van Essen and Kamil Ugurbil;

1U54MH091657).

Acquisition parameters

Preprocessing

The resting-state acquisitions were then preprocessed using the “Minimal preprocessing
pipeline” fMRIVolume (59), applying movement and distortion corrections, and
registration to the MNI152 space. Further processing steps were also applied: despiking;
voxelwise detrending of potentially unwanted signal (6 motion regressors, 18 motion-
derived regressors (60), and CSF, white matter, and grey matter mean time-courses);
temporal filtering (0.01-0.1 Hz); and spatial smoothing (5 mm FWHM). While of
exceptional quality, we chose to alter the HCP data to make it clinically relevant. A
composite resting-state 4D volume was generated by discarding the 300 first and 300
last frames of the resting state acquisitions and concatenating (along the time axis) the
resulting volumes. For each subject this corresponded to 7.5 minutes with the left-right

and 7.5 minutes with the right-left phase of acquisition (= 1200 frames total).
Extraction of white matter and grey matter components

Projection of the functional signal to the white matter

In order to explore the white matter structures of resting-state networks, we projected
the functional signal from the rs-fMRI scans onto the white matter using the

Functionnectome (30, 31) (https://github.com/NotaCS/Functionnectome). The

Functionnectome is a recently introduced method that unlocks the functional study of
the white matter. Briefly, the Functionnectome takes an fMRI scan and a grey matter
mask as inputs, combines grey matter BOLD signal with white matter anatomical priors,

and outputs a new functional volume (called a functionnectome), with the same
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dimensions as the original fMRI scan (same 3D space, same number of time-points), but
with the functional signal associated to the white matter.

In this functionnectome volume, the signal of a white matter voxel results from the
combination of the BOLD signals from the voxels within the grey matter mask that are
structurally connected to it (weighted by the probability of connection). The structural
connectivity probability is given by the anatomical priors provided with software
(customisable priors option available). Using the Functionnectome thus allows the
analysis of the functional signal in a connectivity-oriented framework by integrating the

signal from distant but structurally connected grey matter voxels or clusters of voxels.

For our analysis, each of the 150 rs-fMRI scans from the dataset were processed with the
Functionnectome, along with a grey matter mask (the same mask for all the subjects). This
mask was computed using the brain parcellation data from all the participants: the mask
corresponds to the voxels that were identified as part of the grey matter in at least 10%
of the participants. This processing produced 150 resting-state functionnectome (rs-

functionnectome) volumes, one per participant.

Independent component analysis

To extract RSN from the data, we used an independent component analysis (ICA) method.
For each subject, the original rs-fMRI scan was spatially concatenated with the associated
rs-functionnectome. This resulted in functional volumes containing, side by side, the
original resting-state signal (on the grey matter) and the rs-functionnectome signal (on
the white matter). These composite functional volumes were then analysed with
MELODIC (multivariate exploratory linear optimised decomposition into independent
components, version 3.15), from the FMRIB Software Library (FSL) (61) to extract
independent components (ICs) from the signal. The number of IC per participant was
individually determined by Laplace approximation (62). This resulted in a set of ICs,
unlabeled putative RSNs, per participant. Each IC was composed of a temporal
component (the IC’s time-course) and a spatial map, displaying side by side (due to the
above-mentioned spatial concatenation) the component in rs-fMRI (i.e. grey matter)
space and in the rs-functionnectome (i.e. white matter) space. Each IC was then split into

paired white matter maps and grey matter maps.
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Generating RSN maps by clustering ICs

We used MICCA (33), an unsupervised classification algorithm developed to
automatically group ICs from multiple individual ICAs (from different participants) based
on the similarity of their spatial maps. The resulting groups, composed of ICs
reproducible across participants, were used to produce group maps. Such an individual-
based ICA scheme was preferred to the classical group ICA as some evidence suggests
that group ICA can fail to separate some RSNs if they share functional hubs (33).

The atlas was produced by applying MICCA using the procedure described in the
original Naveau et al. paper (33), in a 5 repetition scheme (i.e. ICA and MICCA were
repeated 5 times per participant, and the resulting IC groups were paired with ICASSO
(63)). The procedure generated 36 IC groups and their associated z-map, reproducible
across the repetitions. Among them, 5 groups were identified as artefacts and were
excluded, and 1 was located in the cerebellum and was excluded too in later analyses. We
thus obtained a total of 30 RSNs, producing the WhiteRest atlas. Each RSN was then
named by experts (MJ, VN) according to its anatomical localisation and in reference to
AAL (64, 65) and AICHA (64) atlas. Likewise, the classification of RSNs to a functional
domain was done by an expert using the grey matter spatial patterns and estimated
functional role of the RSNs presented here, compared to the one from Doucet et al. (12)

Note that we applied MICCA on the grey matter maps of the ICs. We used only
these maps for the clustering as MICCA has been developed and validated to cluster only
classical resting-state derived spatial maps (in grey matter space). As each grey matter
map is associated to a white matter map (since they are part of the same IC), the

procedure still produces paired grey an white matter RSN maps, as presented in the atlas.

Overlap analysis

To measure the extent of overlaps between RSNs in the white matter, all the maps were
thresholded (z>7), binarized, and summed, generating a new map with the number of RSN
per voxel.

Additionally, we provided a new software, WhiteRest, to explore how the white matter is
shared between RSNs. Given an ROI in the white matter, it measures the “proportional
presence” (Presence,,,,) of each RSN by first computing a “raw presence” (Presence,,,),

adding up the z-score value of all the RSN white matter map voxels in the ROI (Equation
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1). This raw presence score is then converted into a proportional presence by dividing it
by the sum of the raw presence score of all the RSNs sharing part of the ROI (Equation 2):
For a given RSN and a given RO,

Presence,q,,(RSN,ROI) = Y cror Zrsn (V) [1]

Presence,yop(RSN, ROI) = Presencerqw(RSN,ROI) [2]

Y rsneatias Presenceyqy, (rsn,ROI)

with v a voxel from the ROI, zzsn(v) the z-score of the voxel v in the white matter map of
the studied RSN.

Note that the WhiteRest module outputs both raw and proportional presence scores.

To demonstrate the results obtained with WhiteRest, we used a ROI delimiting the
centrum semiovale as input. This ROI was generated using the Atlas of Human Brain

Connections (66), available at http://www.bcblab.com/BCB/Opendata.html, and was

defined as the intersection of the second branch of the superior longitudinal fasciculus,
the cortico-spinal tract, and the callosal fibers, with each maps from the atlas thresholded

at 0.5.

Visualisation

The 3D z-maps presented in figure 1, 2, 3, 4 & 5 were generated using Surf Ice

(https: //www.nitrc.org /projects /surfice /), with the default mnil52_2009 brain volume

as background template. The 2D brain slices of figure 5 & 6 were displayed on a standard

template in MRIcron (https://www.nitrc.org/projects /mricron). Each white matter map

was masked in order to remove the grey matter part of the volume to improve readability.
The mask used corresponded to voxels defined as white matter in at least 10% of the 150
participants, according to the parcellation provided with the HCP datasets. In figure 5,
the RSN count was saturated at 14 on the displayed map to improve readability, as only a

handful of voxels presented higher values.
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Data availability

The WhiteRest atlas (non thresholded maps) is freely available on Neurovault.org, with

both the grey matter maps (https://neurovault.org/collections /SBZVMFMK /) and the

white matter maps (https://neurovault.org/collections /AFVTMGXI /).

The WhiteRest module is open-source and freely available as part of the
Functionnectome software, which can be found at

http://www.bcblab.com/BCB/Opendata.html  or  directly downloaded from

https: / /github.com /NotaCS /Functionnectome.
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WhiteRest atlas anatomical labelling

We provide a detailed anatomical labelling (white and grey matter) of each resting-
state network. The RSNs are displayed in 3D, with a “glass brain” effect to show
both grey and white matter parts of the RSNs. Multiple views of each RSN are
given, with the orientation noted in grey under each view.

In the figures, the grey matter part of the RSN, showed in red, was annotated using
the Atlas of Human Brain Connections'. Likewise, the white matter part of the RSN
showed in green was annotated using the atlas derived from Rojkova et al. (2016)>.
The labelling was done manually and checked by multiple experts (VN, SF, MTdS,
MJ).

: AF-P SLF2
MTg
MOZ ¢ o M ¢
MOg A
“ 7.
ILF
cc Fg

Fg Fusiform gyrus AF-P  Arcuate fasciculus - posterior segment

MFg Middle frontal gyrus CC  Corpus callosum

MOg 'Middle occipital gyrus ILF Inferior longitudinal fasciculus

SLF2  Second branch of the superior longitudinal fasciculus

Supplementary figure 1: RSNO1, Lateral occipital network

1 M. Catani, M. Thiebaut de Schotten (2012). DOI: 10.1093/med/9780199541164.001.0001
2 K. Rojkova et al. (2016). DOI: 10.1007/s00429-015-1001-3. Atlas available at
http://www.bcblab.com/BCB/Atlas_of Human_Brain_Connections.html
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Supplementary figure 2: RSNO2, Lateral posterior occipital network
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Supplementary figure 3: RSN03, Medial occipital network
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Supplementary figure 4: RSN04, Medial posterior occipital network, primary
visual network
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Supplementary figure 5: RSNO5, Posterior oc
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Supplementary figure 6: RSNO6, Precentral network, Motor network.
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Supplementary figure 8: RSNO8, Middle central network, left hemisphere
component (somato-motor, right hand portion)
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Supplementary figure 9: RSN09, Middle central network, right hemisphere
component (somato-motor, left hand portion)
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Supplementary figure 10: RSN10, Inferior central network (somato-motor, head
portion)
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Supplementary figure 11: RSN11, Superior temporal network, Primary auditory
network.
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Supplementary figure 12: RSN12, Anterior superior parietal network



AF-P

Insula

ITg
Cereb
SPL cc
left dorsal occipital right
Cereb Cerebellum SFg  Superior frontal gyrus AF-P Arcuate fasciculus - posterior seg
g Inferior temporal gyrus 5Mg Supramarginal gyrus CC Corpus callosum
MTg  Middle temporal gyrus SPL | Superior parietal lobule FAT Frontal aslant tract

gLFZ Second bra-m:ﬁ of the St.a;erior lo&itudinal fascu:ulus ,
Supplementary figure 13: RSN13, Superior parietal network, Dorsal attention
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Supplementary figure 14: RSN14, Posterior superior parietal network
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Supplementary figure 15: RSN15, Medial frontal network
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Supplementary figure 16: RSN16, Posterior parietal-precuneal network,
Posterior default mode network
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Supplementary figure 17: RSN17, Posterior cingulate-precuneal network, Dorsal
default mode network

cc GR

Og

Cing cg cc

left dorsal ventral right

Ag  Angulargyrus  MFg Middle frontalgyrus  PPg Posterior parietal gyrus AF-P Arcuate fasciculus - posterior segment

Cereb Cerebellum “MTg Middle temporal gyrus SFg Superior frontal gyrus CC  Corpus callosum

Cg ACingulate gyrus ?03 -Ollactory gyrus Cing Cingulum

GR 'Gyrus rectus ?PCu APm:uneus | ' SLF2 .Second branch of the superior longitudinal fasciculus
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Supplementary figure 25: RSN25, Fronto-parieto-temporal network 3, left
hemisphere component
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Supplementary figure 29: RSN29, Insula network, Salience network
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WhiteRest module output table of the CSO lesion analysis

In the main text, we give an example of analysis from the WhiteRest module
(Figure 6), using a synthetic lesion in the left centrum semiovale (CSO). In addition
to the pie chart displaying the main results, the complete output from the program

also comprises a table with various measures for all involved RSNs:

Supplementary Table 1: WhiteRest raw output for the CSO ROI

Presence (%) and Presence (raw): see the Methods. Presence/RSN (%): Presence (raw) from
the ROI divided by the brain-wide Presence of the RSN. It reflects how much of the RSN is in

the ROI. Coverage (%): Percentage of voxels of the ROl that belong to the RSN. It reflects
how much of the ROl intersects with the RSN.

RSN number
RSN11
RSNO5
RSN13
RSN17
RSN16
R5N22
RSNO9
RSNO3
RSN12
RSNO7
RSN14
RSN21
RSN27
RSNO4
RSN23
RSN24
RSN25
RSN19
RSN26
RSNO6
RSN15
RSN28

RSN name
Precentral / Motor
FPT 1 (L)
Mid. Central (L) / SM hand (L)
Dorsal attention
Inf. Central / SM head
Post. Sup. Par.
FPT 2 (L)
dIPFC
Sup. Central / SM body
FPT 3 (L)
Mid. Central (R) / SM hand (R)
PP-Precuneal / Posterior DMN
Lat. Post. Occ.
Left frontal
PC-Precuneal / Dorsal DMN
DMN proper
PH-Precuneal / Parahippocampal DMN
Cingulo-opercular
Lat. Occ.
FPT 1 (R)
Ant. Sup. Par.
Med. Occ.

Presence (%) Presence (raw) Presence/RSN (%) Coverage (%)

15,27
12,95
9,05
8,81
8,63
6,68
6,28
5,86
5,45
4,16
3,33
3,32
2,89
2,70
1,13
0,93
0,93
0,80
0,64
0,09
0,08
0,01

8406,48
7128,12
4984,57
4849,31
4748,65
3676,58
3459,62
3226,15
3001,98
2289,36
1834,59
1826,17
1589,86
1487,91
620,64
512,65
511,60
439,96
352,73
51,40
43,50
7,35

3,32
2,88
2,34
2,37
2,14
1,29
1,77
1,97
1,29
0,94
1,03
0,82
0,62
0,94
0,24
0,27
0,19
0,18
0,15
0,02
0,03
0,00

92,24
68,31
60,80
69,60
46,96
51,88
46,44
42,04
33,64
30,14
27,04
26,26
21,86
21,22
9,18
8,28
8,41
6,21
5,95
0,91
0,78
0,13
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