from how information from other brain regions is expressed in
different parts of the system.

Our population neuroscience study interrogated whether the
role of the DMN in higher cognition may emerge from the ability
to echo properties of remote large-scale brain networks (16). To
this end, we capitalized on a recently available DMN atlas with
subnode differentiation (13, 1720). We reasoned that, if sub-
specialized regions within the DMN nodes act as relays that
promote information from different parts of the neural hierar-

performance of 0.04+ 0.04 +SD) in unseen individuals (out-of-
sample cross-validation). Across the atlas tracts, pattern detection
performance was high for the fornix (Fig. 2A and B) at an
explained variance of 24% R? = 0.24 +0.03 SD across cross-
validation splits), fornix fibers in the bilateral cres and stria ter-
minalis (right: R = 0.09 + 0.01; left: R* = 0.08 + 0.02), anterior
corona radiata of the thalamus (left:R? = 0.10+ 0.01; right: R? =
0.09 + 0.01), posterior limb of the internal capsule (left:R? =
0.08+ 0.03; right:R? = 0.06+ 0.02), and superior frontat-occipital

chy, this would facilitate information exchange between uni- fasciculus (left:R? = 0.12 + 0.02; right: R? = 0.05+ 0.02).

sensory networks and other subordinate brain systems (8, 16).

Using a multimodal brain imaging approach combining func-
tional and structural measures of brain organization, we identi-
fied functional relationships between different DMN subnodes and
major brain networks as well as their underlying anatomical archi-
tecture. Uniformly collected data from a large human population
were systematically explored by nitivariate pattern learning algo-
rithms guided by our recent topographical DMN atlas.

Results

In the structural domain, we tested whether patterns within com-
bined measurements of DMN valme [structural MRI (SMRI)]
and axonal fiber bundles [diffusion MRI (dMRI)] would allow the
identification of the white matter tracts with the strongest struc-
tural association with the DMN. We quantified generalizable
patterns in DMN gray matter that inform about microstructural
differences of white matter tracts(Johns Hopkins University atlas)
across individuals. Gray matter volume was extracted in 32 DMN
subregions per participant (Fig. Land used for pattern recognition
algorithms [maximum-margin support vector regression (SVR)].
This approach could nominate the aatomical fiber tracts that were
most predictive of gray matter volume estimates from within the
DMN. The target diffusion measures included fractional anisot-
ropy (FA, directional coherence), magnitude of diffusion, axial
diffusivity, and radial diffusivity, as well as NODDI parameters,
including tract complexity (OD), neurite density (ICVF), and ex-
tracellular water diffusion (ISOVF). After accounting for con-
founds (age, ag® sex, their two-way interactions, head size, and

We then examined which particular DMN subregions show
strongest predictive associationsvith fornix microstructure differ-
ences (Fig. Z). Robust contributions to this predictive relationship
(bagging) were apparent in the right and left temporoparietal
junctions (TPJs) [weighg tpj.1 = —0.61+ 0.04 (SD of bootstrap
dIStI’IbUtIOI’lS), Weighk_‘rp‘]_zz O75i 007, WeighE_TpJ_]_: —0251
0.06, and weight tp3.» = —0.18 + 0.07], medial portions of left
ventromedial prefrontal cortex (vmPFC; weight ympec.1=0.17+
0.03, weight ympec.3= —0.64+ 0.07), left middle temporal gyrus
(MTG) (Welght L MTG-2 = —-0.32 + 0.05, Weigh&_MTG_g, =031+
0.04), and in the dorsal posterior cingulate and retrosplenial cortex
(weightppmc.zs = —0.13 + 0.09, weightyc.4 = 0.18 + 0.03). We con-
clude that especially the right TPJ, its left counterpart, the left
vmPFC, and posterior parts of the left MTG, as well as the posterior
cingulate and retrosplenial midline were found most relevant among
DMN gray matter patterns that predict fornix microstructure.

In the functional domain, we sought to identify connectivity
patterns in the DMN that explain its correspondence with pat-
terns of distributed neural activity. Topographical segregation of
the DMN was obtained from the group-defined DMN atlas with
32 subregions (Fig. 1), while population-average definitions of 21
spatiotemporal networks were provided by UK Biobank. Ca-
nonical correlation analysis (CCA) was a natural choice of
method to jointly decompose the functional relationships among
DMN subregions and those between major networks across in-
dividuals. After confound removal (age, age sex, their two-way
interactions, head motion, head size, and body mass), this doubly

body mass), pattern search models isolated structural associationgnultivariate analysis extracted coherent patterns of connectivity

between DMN and brain-wide anatomical tracts.

Comparing 48 candidate tracts, microstructural differences of
three fornix-related fiber tracts were highly predictable based on
gray matter differences within the DMN (Fig. 2), explaining up
to 24% of population variance in this major hippocampus output

modulation. These population“modes’ provided a rich summary
of how functional coupling changes in the segregated DMN
covary with functional coupling changes of large-scale networks.
To control the amount of detail in CCA modeling, we obtained
family-wise error-correctedP values for all modes by permutation

pathway of the limbic system. These associations persisted acros#esting analogous to previous research (21, 22). Among all estimated

different diffusion parameters Sl Appendix Fig. SJ. Gray matter

volume differences in DMN subregions were predictive of mi-
crostructure in a specific subset of anatomical tracts. The pre-
diction accuracy for the common FA measure of white matter
integrity ranged fromR? = 0.00 to 0.24 across all tracts, with mean

components, 19 modes of covariation were highly statistically signifi-
cant at Peorrecteq < 0.001 (Fig. B), in line with previous CCA analyses
on UK Biobank participants (21). Each isolated DMN-networks
mode captured a distinct source of covariation that together were
mutually uncorrelated. Collectively, this analysis shows that neural

A PMC
dmPFC
L_vmPFC
_HC
LHe Fig. 1. Target atlas definition for the DMN. ( A) DMN
L with its major nodes as commonly studied in neuro-
B N imaging. (B) A DMN division into 32 subregions
AmPEC.3 R TPy RTPJ-2 L_TIPJ-L2 TPy de’IFC-2 R_HC-5 provided the basis for all present investigations, in-
PMC-1 PMC-3 4 - J VmPFC3 1 | dmPFC4 ] Pi\/lc-z cluding four subregions in the dmPFC, six in the
N ! deFC‘\1 VRMTG-31 K o) |/ RHC4/ K vmPFC, four in the PMC, six in the bilateral MTG, four
' \ \ ’ ' ! Vo ' in the bilatera , and eight in the bilatera rom
N . \ k Vo, ;! , v/ H in the bilateral TPJ, and eight in the bilateral HC fi
__-PMC4 o ' ! ' ; ! a recent quantitative atlas (13, 17 -20, 47, 48). The 32
\ l,’ DMN compartments allowed analyzing the brain-
; K , ' \ wide structural and functional correspondence at a
)/ ' o /'l' \ AN fine-grained scale of inquiry (see S/ Appendix, Fig.
/ ’ 1 ) T R TN S1). All subregion definitions are open for inspection
/ N 4 i !> |\ RHC3/RHC2! ) LHC3 ' .
/ Sso vmPFC-2 . _MTG-2 ! [ A and reuse (https://neurovault.org/collections/3434/ ).
R_MTG-2 *R_MTG-1 vmPFC-1 L_MTG-1 R_Hc-1 L_HC-1 L_HC-2
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L/R, left/right.
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Fig. 2. DMN subregion structure is predictive of ) ~
A fornix C TPJ\Z

fornix fibers from the hippocampus. DMN gray superior fronto-occipital fasciculus (L) .

. anterior corona radjata (L) - K \,
matter volumes exposed generalizable patterns anterior corona radiata (R) 7 \
that explain white matter tract variability. Among posterior bb of intemnal capedis (1) 1 Y A
48 anatomical fiber bundles, three highly predict- fomix gg%i,*gftggrfg‘c'gﬁg;% ] . e
able tracts carried fornix-related fibers, a major B /'/'/' i '\'\'\ N \\ //
hippocampus output pathway from the limbic sys- M25% MD /RD! OD \ ‘\\ TPJ-1
tem, with 24%, 9%, and 8% explained population Body of CC FA AD ICVF ISOVF MTG2 yi7g-3 PMC-3
variance. (A) Prediction accuracy (R? scores) for the 81120% i SFOF (L) /
eight most robustly inferred fiber tracts for various .§ Fomix 1}~ 7
diffusion MRI measures, starting from highest esti- S| 15% Posterior >, 4
mated performance in yet-to-be-observed individ- 3 limb - 7 ~ 5\ A
uals. (B) Anatomical tracts with strongest DMN £1110% of IC(L) S Y TTACRR) \ \‘
association (color indicates out-of-sample R ?). (C) %] _, Forni e 5\ vmPFC-1 \
Prominent predictive association with fornix mi- w | 5% (Cc:,r;sl)}‘ s?ria 5 HC-3” PMC-4
crostructure (mean FA) was located in the bilateral Loy, terminalis) ACR (L) -0.25 0 0 0.25

TPJs, medial parts of left vmPFC, posterior parts of
left MTG, and right HC, as well as dorsal posterior cingulate (P MC-3) and retrosplenial (PMC-4) cortex. Subregions in green —yellow (blue) increased
(decreased) volume together with fornix FA across individuals ( S/ Appendix, Fig. S2.

activity patterns within the DMN are related to distributed pat- the somatomotor networks were more coupled among each
terns of large-scale networks. other, increased in coupling with the medial temporal lobe and
Next, we examined whether these modes of covariation were superior temporal gyrus, as well as decreased in coupling with
localized in particular DMN subregions. To aid interpretation, the cerebellum and basal ganglia. In mode & & 0.72), the right
we visualized where average changes of coupling between DMNanterior TPJ showed increased coupling with most DMN sub-
subregions were most related to between-network coupling regions, in particular with the poseromedial cortex (PMC-1/2/3/4),
changes. This summary highlights the DMN subregions most midline parts of the ventromedial prefrontal cortex (vmPFC-1/3)
consistently associated with changes of global network connec-and dorsomedial prefrontal cortex (dmPFC-1/2/3/4). Con-
tivity across all significant modes (Fig. &). Analogous to pre-  currently, the overall DMN had decreased coupling with the
vious research (22), the cumulative increases and decreases Okaliency network and with the left dorsal attention network in
DMN subregion connectivity were examined separately. favor of the right dorsal attention network. Finally, in mode 8
Each major DMN node was found to have a subregion dedi- (r = 0.68), the left anterior TPJ was up-regulated in coupling with
cated to overall network coupling. Specific subregions within & many DMN subregions, in particular with the precuneus (PMC-
given DMN node tended to show either mostly increased or 1) ventral and dorsal posterior cingulate cortex (PMC-2/3), and
mostly decreased functional relationships that coherently cooccur yetrosplenial cortex (PMC-4). In this context, the entire DMN

with network coupling shifts. The lateral portion of the vimPFC a5 decoupled from the right dorsal attention network, which, in
(bilateral vmPFC-2) as well as the anterior TPJs (bilateral TPJ-1),

anterior MTGs (bilateral MTG-1), and precuneus of the posterior
medial cortex (PMC-1) increased in neural coupling, on average,

in the context of global network communication. In contrast, A ™ PMC-1 10
mostly decreased coupling was observed in many adjacent subre- 2
gions, including the left and right medial portions of the vmPFC 3 4
(vmPFC-1/3), posterior TPJs (TPJ-2), posterior MTGs (MTG-3), VmPFC-2 “T";JG; PMC.3 2
and ventral posterior cingulate cortex (PMC-2/4). Conversely, we AN -4
examined the overall connectivity changes of major brain networks - oo | g
(separately for positive and negative shifts) that most related to I [
within-DMN connectivity changes across all modes (Fig.G3. In vmPFC-1/3 MTG-3 PMC-2/4
contrast to the DMN subregions, we found a high degree of spatial B . C 7S s 10
overlap between the brain networks that were subject to connec- 0.8 dominance of 4 g
tivity changes. The concurrent network coupling changes included 075 o, \ 4
the somatomotor cortex, thalamus, frontal eye field (FEF), dor- 70 PCC TN Al 3
solateral prefrontal cortex (dIPFC), anterior insula (Al), intra- %% .
parietal sulcus (IPS), anterior ciigulate cortex (ACC) and posterior 222 (T;'t',ibuﬁon -6
cingulate cortex (PCC), as well as secondary associative visual (e.9., 55 1515 aéc thalamus _'1%
MT/V5) and auditory areas. These regions are often described as _ _ o ) )
“task-positive’” brain networks (23). Fig. 3. Functional coupling among DMN subregions is associated with

. . _ between-network interplay. Summarizing the 19 population modes for display
As a recurring theme across the 19 functional modes of pop reveals how functional connectivity changes in the DMN explain brain-wide

UIatlon_Covanat_lon'_ Se\_/eral COUp“ng profll_e_s S_hOWEd one DMN connectivity changes between major networks ( S/ Appendix, Figs. S3-S6). (A)
subregion dominating intra-DMN connectivity in the context of = pjggest positive vs. negative cumulative modulation of connectivity between
broad network reconfiguration. The bilateral anterior TPJs (TPJ-1) subregions is apparent in the anterior vs. posterior TPJs, lateral vs. medial
were found to dominate in the DMN—networks correspondence portions of the vmPFC, anterior vs. posterior MTG, and precuneus vs. posterior
(Fig. 4), as these two subregions showed prominent coupling in- cingulate midiine. DMN subregions in hot (cool) colors are related to increases
creases in three modes. In the first mode of DMNnetworks  (decreases) of baseline connectivity strength that accompany specific network
Correspondence (= 0.83), both anterior TPJs were increasingly connectivity shifts. ( B) Importance of the 19 modes measured by Pearson ‘s

. R . correlation between canonical variates (blue), all statistically significant at P
COUpled with most other DMN SUbreglonS’ and the SUbreglonS value < 0.001. (C) Biggest positive and negative cumulative network modu-

of the left and right hippocampus increased their coupling |aions were spatially overlapping. Of note is that the DMN subregions with
among each other. Concurrently, at the global network level, nhigh modulation weights across modes are mostly located outside of the brain

the DMN was disengaged from the saliency network. Further, networks with the most recruitment changes.
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particular, it is unclear in our current analyses whether DMN

Materials and Methods

subregions highlight areas with homogeneous patterns of neural the 500,000 UK Biobank participants were r ecruited from across Great Britain. Al

activity with a unified functional purpose, or whether they de-
scribe areas where the interleaving of different neural function
occurs, which may represerita generalized anatomic mechanism
for processing information from two or more cortical sources in
the central nervous systerh(ref. 46, p. 792).

In conclusion, our results suggest spatial proximity between
subregions in major DMN nodes hat offer complementary
structural and functional properties. Such topographic organiza-
tion could provide a scaffold for communication between subre-
gions that track unigue aspects of whole-brain functional modes.
We identified cortical subregions of the DMN that were closely
allied to fornix microarchitecture, which, we speculate, may per-
haps be related to processing information from the hippocampus
in the medial temporal lobe as well as other DMN subregions that
were important in explaining functional coupling shifts between
major cortical networks. This mosaic biological design, we further
speculate, may contribute to resolving competing requirements of
modular functional specialization with between-network interplay
via long-distance connections. While the DMN has repeatedly
been shown to be placed at the heart of the brain network hier-
archy (3, 7, 38), the DMN is itself composed of distributed mod-
ules, each of which embodies distinct submodules (8, 16, 24).
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participants provided informed consen t. The present analyses were conducted
under UK Biobank applicatio n number 25163. Further information on the consent
procedure can be found here ( biobank.ctsu.ox.ac.uk /crystalffield.cgi?id =200). Our
study involved brain imaging from 10,12 9 individuals, 47.6% males and 52.4%
females, aged 40 y to 69 y, to detail the neurobiological properties of the DMN by
means of T1-weighted MRI (sMRI), dMRI, and resting-state functional MRI (fMRI).
Jointly analyzing gray matter volume ( sMRI) and white matter microstructure
(dMRY) allowed testing whether interi  ndividual differences in DMN volume are
linked to variability in fiber bundle microstructure. The DMN subregion volumes of
each subject provided the input data fo r pattern learning analyses based on
maximum —margin linear SVR to assess predictability of water diffusion character-
istics of 48 white matter tracts. Func tional connectivity measures among DMN
subregions were derived by computing t he partial correlations between their
neural activity fluctuations (fMRI), guided by the DMN atlas. Topographical defini-
tions of 21 common large-scale networks were used with the network analysis tool
from FSL (FSLNets) to compute partial corr elations between every pair of networks.
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