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Abstract
The cingulate cortex is known to be a complex structure, involved in several cognitive and emotional functions, as well as 
being altered by a variety of brain disorders. This heterogeneity is reflected in the multiple parceling models proposed in the 
literature. At the present, sub-regions of the cingulate cortex had been identified taking into account functional and structural 
connectivity, as well as cytological and electrochemical properties. In the present work, we propose an innovative node-wise 
parceling approach based on meta-analytic Bayesian co-alteration. To this aim, 193 case–control voxel-based morphometry 
experiments were analyzed, and the Patel’s κ index was used to assess probability of morphometric co-alteration between 
nodes placed in the cingulate cortex and in the rest of the brain. Hierarchical clustering was then applied to identify nodes 
in the cingulate cortex exhibiting a similar pattern of whole-brain co-alteration. The obtained dendrogram highlighted a 
robust fronto-parietal cluster compatible with the default mode network, and being supported by the interplay between the 
retrosplenial cortex and the anterior and posterior cingulate cortex, rarely described in the literature. This ensemble was 
further confirmed by the analysis of functional patterns. Leveraging on co-alteration to investigate cortical organization 
could, therefore, allow to combine multimodal information, resolving conflicting results sometimes coming from the separate 
use of singular modalities. Crucially, this provides a valuable way to understand the pathological brain using data driven, 
whole-brain informed and context-specific evidence in a way not yet explored in the field.

Keywords Cingulate cortex · Retrosplenial cortex · Bayesian statistic · Morphometric co-alteration network · Hierarchical 
clustering

Introduction

The cingulate cortex has captured the attention of brain aca-
demics since the early work of Broca (1878). A few decades 
afterwards, Brodmann introduced the idea that the cingu-
late cortex was not a unitary cytoarchitectonic structure, 
proposing the subdivision into precingulate (BAs 24, 25, 
32, 33; mainly agranular) and postcingulate (BAs 23, 31; 
granular) sub-regions (Brodmann 1909). The heterogeneity 
of the cingulate cortex was further supported by the advent 
of functional MRI, showing its involvement in several brain 
functions and cognitive domains, as emotion (Rolls 2019), 

decision-making (Lockwood and Wittmann 2018), motor 
behavior (Caruana et al. 2018), pain (Benarroch 2020), con-
sciousness (Manuello et al. 2016), and memory (Maguire 
2001). The analysis of resting state generally associated the 
anterior cingulate cortex with the salience network (See-
ley et al. 2007), and the posterior cingulate with the default 
mode network (DMN) (Andrews-Hanna et al. 2010; Buckner 
et al. 2008; Cauda et al. 2010; Fan et al. 2019).

This varied functional fingerprint suggested the existence 
of even more than two parcels in the cingulate cortex, find-
ing further support by anatomical and cytological evidence 
(Caruana et al. 2018; Jin et al. 2018; Palomero-Gallagher 
et al. 2009; Vogt and Vogt 2003). Similarly to many other 
brain structures, there is currently no general consensus 
on the most appropriate number of parcels to be used to 
analyze the cingulate cortex. This level of granularity var-
ies also depending on the modality under investigation. By 
now, the connectivity-based identification of structures and 
sub-structures has been based mainly on the analysis of 
structural or functional properties, or a combination of the 
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two (Albers et al. 2021; Zalesky et al. 2010). However, the 
results of a recent work by Nani et al. (2021) suggest that a 
further approach could come from the analysis of structural 
co-alteration. This is particularly relevant if considering that 
the choice of a best atlas, for example for node definition in 
network analysis or a priori ROI design, mainly depends on 
the specific research question (Messé 2020). What is there-
fore the better fit when investigating the pathological brain? 
Although the relation between functional and structural 
normative connectivity and pathological networking has 
been highlighted (Cauda et al. 2018; Vanasse et al. 2021), 
it cannot be ruled out the possibility that the adoption of a 
not modality-specific parceling schema could result in the 
loss of fine details and consequent imprecise results. Nani 
et al. (2021) opened the way showing that different patterns 
of co-alteration can be observed for sub-regions of a same 
brain structure, with some of them violating what would be 
expected on the basis of healthy functioning. However, those 
analyses were based on pre-existing parceling of the insu-
lar cortex informed by the healthy brain only (Kelly et al. 
2012). Here we aimed to build a second pillar proposing a 
data-driven approach to identify sub-regions on the basis of 
features of the pathological brain. An advantage of such con-
ceptualization could be its ability to synthesize sometimes 
diverging levels of analysis into a unique measure of brain 
similarity having clinical relevance, combining, and extend-
ing, functional and structural information. Moreover, this 
kind of approach can help to deepen the understanding of 
the involvement of specific brain regions in neurodegenera-
tive and psychiatric disorders. Notably, the use of statistical 
metrics based on co-alteration was found to outperform tra-
ditional methods based on localization in the identification 
of core regions of specific pathologies, suggesting that the 
phenomenon of co-alteration captures meaningful proper-
ties of the brain (Cauda et al. 2020). The need for such form 
of advancement would be particularly relevant in the case 
of cingulate cortex. In fact, although in last years it was 
described as involved in several pathologies, such as Par-
kinson’s disease (Vogt 2019b), mild cognitive impairment 
(Sambuchi et al. 2019), ADHD (Vogt 2019c), schizophre-
nia (Liloia et al. 2021a), autism spectrum disorder (Lukito 
et al. 2020), Alzheimer’s disease (Mutlu et al. 2016), and 
PTSD (Hinojosa et al. 2019), it has been pointed out that the 
comprehensive role of cingulate cortex in neuropathology 
is still elusive (Vogt 2019a). Previous evidence based on a 
cross-disorder approach showed that the cingulate cortex is 
involved in a high amount of disorders (Cauda et al. 2019; 
Goodkind et al. 2015; Liloia et al. 2018), and its structural 
alteration is reported with higher frequency than other 
brain regions (Nani et al. 2021). However, no details were 
available on the possible differential role of its sub-regions. 
With this in mind, the adoption of a cross-disorder perspec-
tive could enable the investigation of general pathological 

processes shared among different diseases (Buckholtz and 
Meyer-Lindenberg 2012). In the present work, we aimed to 
understand if the spatial information concerning the relation-
ship between the cingulate cortex and the rest of the brain in 
clinical conditions (defined as co-alteration network) could 
highlight an intrinsic organization of the cingulate-cortex 
itself. Hierarchical clustering was used to identify, in a data-
driven manner, sub-regions with a distinguishable co-alter-
ation profile. Clustering is not new in the topic of parceling 
the cingulate cortex. In past years, Palomero-Gallagher et al. 
(2009) used this approach on the profile of receptors binding 
to better characterize Brodmann’s bipartite and Vogt’s four-
region neurobiological models. Using task-fMRI meta-ana-
lytic data instead, Torta et al. (2013) distinguished 3 clusters. 
More recently, Jin et al. (2018) identified 6 functional and 10 
anatomical sub-regions applying K-means clustering to rest-
ing state and DTI data, respectively. What distinguishes the 
present work is therefore the leveraging on the co-alteration 
information, which, to the best of our knowledge, had never 
been considered before. The comparison of our results with 
the other existing models could help to elucidate functional, 
anatomical, and biochemical properties of the cingulate-cor-
tex. Moreover, co-alteration based sub-regions could then 
be used as domain-specific a priori for further research on 
brain disorders.

Materials and methods

Selection of studies

Experiments were retrieved from the voxel-based morpho-
metry (VBM) section of BrainMap (Fox et al. 2005; Fox 
and Lancaster, 2002; Laird et al. 2005) using the software 
Sleuth v.3.0.4. BrainMap is among the largest existing inter-
national repositories of neuroimaging data (Vanasse et al. 
2018) comprising, at the moment of the search (March 
2021), 1002 VBM articles, for a total of 3179 experiments, 
81,496 subjects, and 22,332 locations. To assess the extent 
of structural alteration on the cingulate cortex, we performed 
the following query:

[Experiments Contrast is Gray Matter] AND [Experi-
ment Context is Disease] AND [Observed Changes 
is Controls > Patients] AND [Locations MNI image is 
cingulate_cortex_mask].

This search allowed to retrieve VBM experiments report-
ing at least one focus of structural alteration in the cingulate 
cortex, often along with further spots of alteration in dif-
ferent brain regions. Specifically, we decided to focus on 
the decrease contrast only, which is generally considered 
a marker of atrophy of GM (Nani et al. 2021) (see Sup-
plementary methods and Fig. S1 for details of the literature 
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search process). The binary mask of the cingulate cortex 
(6308 voxels, 2 mm resolution) used in the search was 
obtained combining the following 10 parcells of the AAL 
atlas (version 3.1) (Rolls et al. 2020): Cingulate_Mid_L, 
Cingulate_Mid_R, Cingulate_Post_L, Cingulate_Post_R, 
ACC_sub_L, ACC_sub_R, ACC_pre_L, ACC_pre_R, 
ACC_sup_L, ACC_sup_R (see Fig. S2).

Estimating spatial convergence among selected 
experiments

Being in a meta-analytic framework, it is necessary to assess 
the level of coherence between the experiments previously 
selected. In this case, the VBM data included in the pool 
after screening were statistically elaborated using the ana-
tomical likelihood estimation (ALE) algorithm, a quantita-
tive method allowing to estimate consistent morphological 
alterations across a set of neuroimaging studies (Eickhoff 
et al. 2012, 2009; Turkeltaub et al. 2012). Being a technique 
to run coordinate-based meta-analysis, ALE is based on 
the analysis of the x–y–z coordinates of the peaks of effect 
(i.e. foci) as made available in the original publications. A 
Gaussian probability distribution is built around each focus 
to model the original alteration it represents:

where d is the Euclidean distance between voxels and the 
considered focus, while e models the spatial uncertainty. � 
is instead expressed as

where FWHM is the full-width half-maximum.
In this way, a modeled activation (MA) map is generated 

for each experiment. Notably, the size of the Gaussian kernel 
varies between the MA maps, allowing to model the spatial 
uncertainty due to the differences in sample size used in each 
included experiment (Eickhoff et al. 2016). The union of the 
MA maps constitutes the result of the ALE, where the value 
of each voxel is a measure of the likelihood of its alteration 
given the specific set of experiments analysed. Therefore, 
the ALE map represents the whole brain distribution of GM 
co-alterations with the cingulate cortex, that is a pattern of 
altered voxels which includes different brain regions along 
with the cingulate cortex.

Construction of the structural co‑alteration network

To estimate dependencies between the cingulate cortex 
and the other brain co-altered regions, the morphometric 
co-alteration network (MCN) of the cingulate cortex was 

p(d) =
1

�3
√
(2�)

3
e
−
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FWHM√
8 ln 2

,

built, following the methodology described in Manuello 
et al. (2018). This kind of analysis can determine the exist-
ence of a statistical relationship between the alteration of 
the cingulate cortex and the co-occurring alteration of 
other brain areas. In the obtained network, nodes represent 
regions found to be altered in the experiments retained in 
the pool, whereas edges link couples of nodes for which 
co-alteration is more likely than independent alterations. 
To determine the nodes, the previously obtained ALE map 
was fed to a peak detection algorithm. This data-driven 
method allowed to place them where our dataset indi-
cated a large confluence of GM alterations. Dependencies 
between the nodes were then computed using the Patel’s 
κ Bayesian index (Patel et al. 2006). Let us consider the 
couple of nodes A and B, and their state in the first experi-
ment. If the coordinates of A point to a region showing 
non-zero value in the associated MA map, node A is con-
sidered altered in that given experiment. The same applies 
to node B. Therefore, in the first experiment four cases 
exist: both A and B are altered; A is altered and B is not 
altered; B is altered and A is not altered; none of the two 
is altered. Once the state of A and B had been verified for 
each experiment in the dataset, the following four prob-
abilities can be computed:

where 0/1 codes the state of the node (i.e. unaltered/altered). 
For each couple of nodes, the marginal probabilities can be 
hence computed as reported in Table 1.

On the grounds of these probabilities, the Patel’s κ was 
computed as follows:

where

�1 = P(a = 1, b = 1)
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Table 1  Marginal probabilities between altered and unaltered nodes
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and

This index can, therefore, measure the probability of 
co-alteration of a and b against the probability of their 
independent alteration. Edges with a Patel’s κ value close 
to 1, that is, the upper bound of the continuous range 
of values obtainable through this index, indicate a high 
likelihood of co-alteration of the two nodes linked by it.

Once the complete whole brain network was obtained, 
the nodes anatomically located inside the cingulate cor-
tex mask previously used during the data search were 
identified and considered as root nodes. The profile of 
connectivity of each root node with its first neighbors was 
retained for the following analyses.

E =
(
�1 + �2

)(
�1 + �3

)
max

(
�1

)
= min

(
�1 + �2, �1 + �3

)
min

(
�1

)
= max

(
0, 2�1 + �2 + �3 − 1

)
,

D =

⎧
⎪⎨⎪⎩

�1−E

2(max (�1)−E)
+ 0.5 if�1 ≥ E

0.5 −
�1−E

2(E−min (�1))
otherwise.

Hierarchical clustering of the root nodes

The MCN is usually the end product of this kind of analy-
ses. Conversely, in the present study, the previously obtained 
connectivity profiles of the root nodes were combined to 
build a matrix in which rows represent the root nodes, and 
columns represent all the nodes of the whole brain co-alter-
ation network. Based on this input, hierarchical clustering 
was performed using Pearson correlation as similarity metric 
(computed between rows) and Weighted Pair Group Method 
with Arithmetic Mean (WPGMA) (Sokal et al. 1958) as 
linkage method (see Fig. 1 for a graphical representation of 
the complete pipeline). One of the advantages of this cluster-
ing approach is that it allows to examine results on multiple 
scales (Kelly et al. 2012), which is particularly relevant in 
the case of unknown preferable number of sub-parcels in a 
brain region (Cauda and Vercelli, 2013). Moreover, results 
are based on whole-brain properties, taking into account the 
multivariate relationship between multiple nodes at the same 
time. To test possible effects of the linkage method used, 
average and complete linkage were also alternatively used. 
Clustering procedure was implemented in Orange v.3.3.7 
(Demsar et al. 2013). The obtained dendrogram, therefore, 
describes the grouping of the root nodes based on their pro-
file of structural co-alteration with the rest of the brain.

Fig. 1  Graphical representation of the pipeline used. a The MCN 
is obtained on the basis of the ALE map. Root nodes (i.e. localized 
in the cingulate cortex) are colored in white, while nodes in the rest 
of the brain are colored in gray; b only first neighbors of the root 
nodes are retained, and edges between couples of non-root nodes are 
removed; c the root nodes × first neighbor nodes matrix is built. Val-
ues are based on the Patel’s κ, representing the likelihood of co-alter-

ation between each couple of nodes. This matrix is used as input for 
the hierarchical clustering of the root nodes (i.e. computed between 
rows); d clustering results are visualized on the brain. In this case, 
colours refers to c = 3, as marked with the dashed line on the den-
drogram in (c). For the sake of clarity, the visualization is based on 
synthetic and simplified data rather than on the real one used for the 
analyses
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Although the clustering procedure was implemented at 
node-wise level (i.e. the input was a nodes × nodes matrix), 
we also generated a set of voxel-wise maps, one for each 
cardinality of the clustering solution. To do so, each voxel 
in the ROI of the cingulate cortex was assigned to the same 
cluster of its nearest root-node, on the basis of Euclidean 
distance. The voxel-wise parceling can be downloaded from 
figshare (https:// doi. org/ 10. 6084/ m9. figsh are. 16708 816. v1) 
(See also Fig. S6).

The analyses described so far mainly concerned the rela-
tionship between the cingulate cortex and the rest-of the 
brain. However, local co-alteration between different sec-
tions of the cingulate cortex itself (i.e. within-cingulate 
cortex) may have a role in shaping the whole brain MCN 
(Cauda et al. 2020; Zamani Esfahlani et al. 2020). In order 
to evaluate if local co-alteration was driving the observed 
effect, the node-wise clustering procedure was repeated after 
discarding the edges among root nodes. Complementary, we 
verified whether or not local co-alteration was coherent with 
the identified parceling of the cingulate cortex based on the 
whole brain information.

Decomposition into functional networks

Since the previous analyses highlighted a cluster of fronto-
parietal nodes compatible with the DMN, a functional net-
work decomposition was implemented to further verify if, 
although based on structural data, the possible involvement 
of the DMN was supported by functional evidence as well. 
Specifically, the first-neighbors of the root nodes composing 
the cluster of interest cutting the dendrogram at c = 2 were 
identified on the basis of the co-alteration edges. Then, the 
number of nodes located in each of the 7 resting state net-
works, as they are defined in the work of Yeo et al. (2011), 
was counted. This step was further iterated thresholding the 
root-to-first-neighbors network to the 30th, 60th and 90th 
percentile of the Patel’s κ values distribution.

Multi‑dimensional scaling of the root nodes

To further describe the relationships among the root nodes, 
the same similarity matrix previously computed (i.e. whole-
brain and local co-alteration) was used as input for multi-
dimensional scaling (MDS). The two-dimensional MDS was 
initialized with principal coordinate axes approach (Torger-
son 1958) as implemented in Orange v.3.3.7 (Demsar et al. 
2013). Of note, the aim of the MDS technique is not to create 
clusters, but rather to produce a spatial representation of a 
set of elements (i.e. the root nodes) in a n-dimensional space 
(i.e. 2D in this case). However, it is possible to verify the 
convergence between the MDS solution and the hierarchi-
cal clustering dendrogram. If nodes belonging to different 
clusters are well segregated in the MDS solution, this means 

that MDS and hierarchical clustering are coherent one to 
each other.

Relationship with functional connectivity

All the analyses described above were based on structural 
data of alteration. However, to better characterize the co-
alteration based parceling, we also evaluated the possible 
relationship with functional resting state connectivity. To 
do so, the coordinates of each root node were used to obtain 
a whole brain seed-voxel correlation (SVC) map from the 
Neurosynth portal (Yarkoni et al. 2011). These maps were 
based on the resting state data of 1000 healthy subjects, pro-
cessed as described in Yeo et al. (2011). The SVC maps were 
then grouped based on the previously obtained clustering 
results (i.e. based on whole-brain co-alteration). For each 
level of cardinality, the average Pearson correlation among 
within-cluster and between-cluster SVC maps was computed 
and compared. Within-cluster values higher than between-
cluster values would suggest coherence between structural 
co-alteration and functional connectivity. Finally, as an 
additional analysis, Orange was used to perform hierarchi-
cal clustering of the SVC maps, choosing Pearson correla-
tion and WPGMA as in the case of the co-alteration based 
clustering.

Results

The co‑alteration network of the cingulate cortex

After screening and selection steps, 194 VBM experiments 
remained in the pool, for a total of 2985 foci of alteration, 
and 4941 clinical subjects (see also Figure S1 and Table S1). 
The obtained whole brain MCN counts 857 nodes. 30 of 
them were localized in the cingulate cortex (21 in the left 
hemisphere). The sub-network limited to the first neighbors 
of the root nodes consisted of 418 nodes covering the whole 
brain, and 1861 undirected edges (141 edges among root 
nodes). All the root nodes were linked to at least one node 
outside the cingulate cortex.

Co‑alteration‑based clustering and MDS

The hierarchical clustering was therefore applied to a 
30 × 418 matrix (root nodes × first neighbor nodes), contain-
ing Patel’s κ values for 1861 undirected edges. The bipartite 
solution (corresponding to the highest branch of the den-
drogram) highlighted an interesting cluster including nodes 
in both the rostral and the caudal portion of the cingulate 
cortex (Fig. 2). Notably, the core of this fronto-parietal 
ensemble survived up to the solution with 20 clusters (Fig. 
S3). Indeed, five of these nodes are the first to be clustered in 

https://doi.org/10.6084/m9.figshare.16708816.v1
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the dendrogram, suggesting a very high similarity between 
their profile of co-alteration (Fig. S4). This fronto-parietal 
trend was confirmed also when using either average link-
age or complete linkage (Fig. S5). Coherently, it was still 
present after removing the effect of within-cingulate cortex 

co-alteration, and further highlighted by the analysis of 
co-alteration within root nodes (Fig. 3). Overall, the local 
component of the MCN was particularly consistent with the 
repartition of the cingulate cortex into 4 sub-regions. It is 
interestingly to note that local co-alteration highlights the 

Fig. 2  Results of the hierarchical clustering of the 30 root nodes, 
obtained using Pearson correlation and WPGMA. Axial views are in 
neurological convention (left is left). C = 5 is not shown since only 

the orange posterior node changed with respect to c = 4. Colors are 
coherent between the dendrogram and the visualization of the nodes

Fig. 3  Evaluation of the role of local co-alteration. Left: hierarchi-
cal clustering result at c = 3, obtained after excluding edges between 
root nodes in the cingulate-cortex. Right: details of local co-alteration 
between root nodes. Edges’ color from blue to red represents increas-
ing Patel’s κ values (thresholded at 0.5 for visualization purpose). 

Nodes’ colors are based on the clusters obtained for the whole MCN 
(including both local and global co-alteration), and hence it is coher-
ent with Fig. 1. Nodes with no edges surviving the imposed κ thresh-
old were not shown
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role of the single node in the left retrosplenial cortex, linking 
other two groups of nodes in the fronto-parietal ensemble 
not showing direct co-alteration between them with a value 
of κ ≥ 0.5. Notably, those 4 edges appear to cover a longer 
range than the other local ones, proceeding across spatially 
close and contiguous nodes. The within-cingulate cortex co-
alteration also confirmed the segregation of the two most 
caudal nodes in the posterior cingulate cortex, that despite 
the physical proximity are neither linked with the caudal sec-
tion of the fronto-parietal cluster, nor with the other nodes 
in the middle/posterior cingulate cortex. Coherently with 
what observed for the fronto-parietal ensemble, those two 
nodes are still a well-segregated cluster even after remov-
ing local co-alteration, as well as if considering local and 
global components together. In this case, the small cluster 
is already present at c = 8, and persists up to c = 3. Descend-
ing along the dendrogram it is possible to observe a higher 
heterogeneity in the anterior cingulate cortex, compared 
with the middle cingulate cortex (Fig. 2), as suggested by 
the presence in c = 8 of clusters with higher cardinality in 
the middle portion (See Fig. S6 for the voxel-wise version 
of the parceling). Overall, the clustering exhibits symmetry 
between the hemispheres.

The MDS showed a clear separation among the clusters 
at each of the cardinality levels considered, thus supporting 
the hierarchical clustering results (Fig. 4).

Relationship with functional connectivity

The comparison of within-cluster and between-cluster Pear-
son correlation of the SVC maps confirmed that the former 
was always higher for each cluster up to the 5 clusters solu-
tion. Above that level of cardinality, this was no longer true 
for the fronto-parietal ensemble, although the only cluster 
to show a higher between-cluster correlation was spatially 
close to it and originated from its same fragmentation 
(Table 2 and Tables S2–S8).

The hierarchical clustering directly applied to the SVC 
maps (Fig. 5) confirmed the long-range ensemble, although 
now limited to the most rostral and caudal nodes (Fig. 6). 
Also in this case, the effect was still visible while increas-
ing the number of clusters. Apart from this, the co-altera-
tion and the SVC clustering were quite different, with the 
former showing a rostro-caudal gradient, while the latter a 
dorsal–ventral one. 

Functional network decomposition

The functional repartition of the sub-network composed of 
the first-neighbors of the fronto-parietal root nodes showed 
that the 30.3% of them was located in the DMN, making it 
the most represented among the resting state networks. This 

percentage reached the 41.8% when setting the threshold to 
the 90th percentile of the Patel’ κ values distribution (Fig. 7).

Discussion

In the present meta-analytic work, we proposed a new meth-
odology to identify sub-regions of the cingulate cortex based 
on their profile of structural co-alteration with the rest of the 
brain. The data-driven analysis of VBM data highlighted 30 
nodes in the cingulate cortex (i.e. root-nodes), correspond-
ing to peaks of high coherence among multiple experiments 
reporting pathological structural alteration. The root nodes 
were distributed across the whole cingulate cortex, with a 
prevalence in the left hemisphere. This leftward lateraliza-
tion had been already described in the co-alteration of the 
hippocampus in Alzheimer’s disease (Manuello et al. 2018), 
as well as in the whole brain in autism spectrum disorder 
(Liloia et al. 2021b). The opposite was observed in the insu-
lar cortex (Nani et al. 2021). A whole brain, transdiagnostic 
meta-analysis suggested a differential involvement of the two 
hemispheres, the right one appearing to be more relevant for 
a MCN of decreases, while the left one for increases. Also, 
the interaction between the two forms of GM alteration in 
psychiatric disorders seemed to be more concentrated in the 
left hemisphere (Mancuso et al. 2020). Despite the major 
involvement of the left cingulate cortex, in the present work 
the results of the clustering procedure were mostly sym-
metrical between the hemispheres (Fig. 1). So, it seems that 
the lateralization of co-alteration patterns might depend on 
the area and possibly the pathology analyzed. Further inves-
tigation is needed to elucidate this phenomenon.

Contrary to other clustering techniques, the hierarchi-
cal one does not recommend a preferable cardinality. It is 
therefore equally reasonable to analyze each level of the 
obtained dendrogram, with the advantage of focusing on 
multiple levels of resolution. In this specific case, this was 
further supported by the MDS results that showed a good 
separation of the clusters on multiple cardinalities. The high-
est branch (i.e. c = 2) yielded unpredicted results, showing 
a fronto-parietal cluster. In fact, a bipartite solution could 
have been expected to match Brodmann’s model along 
the antero-posterior axis, or at least to follow a criterion 
of spatial contiguity, as mostly was for the remaining clus-
ters. However, the observed pattern can be associated with 
the DMN. Indeed, sub-regions of this network are known 
to be structurally altered in several diseases (Liloia et al. 
2021b; Manuello et al. 2018), and it is therefore not surpris-
ing to find its involvement when adopting a cross-disorders 
approach. Coherently with our results, physically distant 
anterior and posterior portions of the cingulate cortex had 
been already found to be grouped in a same cluster in the 
work of Torta et al. (2013), although based on task-fMRI 
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data. It is interesting to note that this fronto-parietal cluster 
is the first to be formed during the linkage iterative process, 
when the most similar nodes are identified and combined. 
Therefore, this is not the case of two independent clusters 
being merged at a later stage. Similarly, the observed devel-
opment of the dendrogram seems to exclude the case of a 
cluster collecting outliers not fitting elsewhere. Notably, the 

distribution we found proved to be unaffected by technical 
parameters, such as the linkage method.

Since local and long-range co-alteration were shown to 
have a different contribution to the development of MCNs 
(Cauda et al. 2020), it was relevant to detail the role of co-
alteration within the cingulate cortex in shaping the obtained 
dendrogram. Although even the smallest Patel’s κ value is 

Fig. 4  Results of the MDS. Nodes in the obtained 2D spatial distribu-
tion were colored based on the results of hierarchical clustering at dif-
ferent cardinalities, as obtained for whole-brain co-alteration. Colors 

are coherent with the sagittal views, which were also shown in Fig. 2. 
C = 5 is not shown since only the orange central node changed with 
respect to c = 4
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statistically significant, we decided to describe edges exceed-
ing 0.5 to focus on the strongest evidence. Interestingly, dif-
ferent patterns were observed depending on the sub-section 
of this region. A tight net of short edges characterized the 
nodes located in the middle cingulate cortex. This is coher-
ent with the presence of the two wide clusters already vis-
ible at c = 8 and merging into one at c = 6. In light of this, it 
is possible to deduce that the middle portion of the cingu-
late cortex behaves as a rather homogeneous entity in brain 
pathologies. This trend did not propagate to the posterior 
section, where the small cluster of two nodes remained iso-
lated from the rest of the network. Long-range projections 

characterized the fronto-parietal ensemble instead, with 
the node in the retrosplenial cortex joining the frontal and 
parietal cliques. The literature on alteration of the retros-
plenial cortex in brain disorders is rather limited. A form of 
retrosplenial amnesia is known (Aggleton 2010; Valenstein 
et al. 1987), and not surprisingly some authors described 
its involvement in Alzheimer’s disease (Maass et al. 2017), 
although in conjunction with anterior thalamic nuclei rather 
than other sections of the cingulate cortex (Aggleton et al. 
2016). The interpretation of the local co-alteration of the 
cingulate cortex cannot exclude the interplay with the cin-
gulate bundle (Bubb et al. 2018). As in the case of cingulate 
cortex, there is no consensus of the subdivision of the fiber 
bundle, with the finer grained solutions proposing at least 
5 distinct tracts (Heilbronner and Haber 2014; Vogt 2009). 
This evidence is coherent with our identification of different 
clusters supported by local co-alteration. Notably, even the 
schemata reporting a lower number of subdivisions in the 
cingulate bundle distinguished a retrosplenial tract (Budisav-
ljevic et al. 2016; Jones et al. 2013). If, on the one hand, this 
supports the differential behavior observed for the root node 
in the retrosplenial cortex, on the other hand this does not 
explain the long-range edges linking the frontal and parietal 
root nodes. This could be propped up at least in part by the 
thalamocingulate tract (Weininger et al. 2019) although in 
spite of its first description almost one century ago (Clark 
and Boggon 1933; Waller 1934) there is still controversy 
about its termination in humans (see Weininger et al. (2019) 
for a review of anatomical findings).

According to our results, the fronto-parietal cluster is not 
exclusively supported by local co-alteration. In fact, when 
the edges between root-nodes were removed that ensem-
ble was still visible, suggesting its involvement in a com-
mon network of brain regions being co-altered with most 
rostral and caudal portion of the cingulate-cortex. Previous 
evidence from pathoconnectomics showed that both struc-
tural and functional connectivity have a role in shaping the 
MCNs (Cauda et al. 2020, 2018; Liloia et al. 2021b), in line 
with computational studies supporting models of network 
spread of pathology for degeneration disorders (Raj and 
Powell 2018; Zhou et al. 2012). In this sense, the functional 
repartition confirmed the possible involvement of canonical 
resting state networks, in particular of the DMN. Notably, 
increasing the Patel’s κ threshold, which means focusing 
on brain regions with a higher probability of co-alteration, 
specifically selected nodes in the DMN. Further defining 
this network involving the fronto-parietal cluster, in particu-
lar determining the directionality of the propagation of the 
alteration within it, could be a meaningful focus of future 
research in the field of pathoconnectomics.

Looking at the solution with 4 clusters, it showed good 
coherence with the four-region neurobiological model 
proposed by Vogt et al. (2004) and further validated by 

Table 2  Maximum Pearson correlation observed in each cluster for 
SVC maps

Cardinality Cluster r max Within/between

2C c1 0.389 Within
c2 0.262 Within

3C c1 0.389 Within
c2 0.956 Within
c3 0.341 Within

4C c1 0.308 Within
c2 0.579 Within
c3 0.956 Within
c4 0.341 Within

5C c1 0.308 Within
c2 0.579 Within
c3 0.956 Within
c4 1.000 Within
c5 0.402 Within

6C c1 0.332 Between, c2
c2 0.871 Within
c3 0.825 Within
c4 0.956 Within
c5 1.000 Within
c6 0.402 within

7C c1 0.332 Between, c2
c2 0.871 Within
c3 0.825 Within
c4 0.956 Within
c5 1.000 Within
c6 0.394 Within
c7 0.534 Within

8C c1 0.332 Between, c2
c2 0.871 Within
c3 0.921 Within
c4 0.869 Within
c5 0.956 Within
c6 1.000 Within
c7 0.394 Within
c8 0.534 Within
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Palomero-Gallagher et al. (2009). The identification of the 
dorsal posterior cluster consisting of two nodes (already 
visible in the 3 clusters solution) could correspond with 
the neurochemical distinction between Brodmann area 31 
and the other areas composing the posterior cingulate cor-
tex in Palomero-Gallagher et al. (2009). The distinction 
of those 4 clusters was also supported by the analysis of 
local co-alteration within the nodes in the cingulate cortex.

Further increasing the number of clusters, our solu-
tion did not seem to approximate the 6 sub-regions func-
tional model proposed by Jin et al. (2018). In particular, 
the co-alteration based parceling did not highlight dor-
sal–ventral distinctions. Higher similarity can be found 
instead between our 8 clusters solution and the anatomi-
cal subdivision into 10 sub-regions by Jin et al. (2018), 
especially for their S1–S2–S3 organization of the anterior 
cingulate cortex. The trend of fragmentation we observed 
in the anterior portion of the cingulate cortex could reflect 
the electrophysiological results by Caruana et al. (2018). 
Across the various cardinalities, the MDS suggest a differ-
ent behavior in structural co-alteration between the central 

portion of the cingulate cortex and the fronto-temporal 
regions.

The complementary clustering of the SVC maps of the 
root-nodes, together with the comparison of within-cluster 
and between-clusters correlation, further consolidated the 
hypothesized role of functional connectivity. In fact, the 
fronto-parietal cluster observed in the co-alteration model 
was evident from the first branching of the functional den-
drogram, and was preserved intact at finer resolution. Inter-
estingly, this ensemble now also included the two posterior 
nodes, which were differentiated instead in the co-alteration 
based dendrogram, and coherently segregated by local co-
alteration. On the contrary, 3 nodes in the posterior sec-
tion of the cingulate cortex are no longer part of the fronto-
parietal cluster, showing instead considerable heterogeneity 
across the dendrogram. Also in the anterior part of the cin-
gulate cortex, an ensemble of 5 nodes changed allocation. As 
pointed out by Cauda et al. (2018) the weighted contribution 
of different connectivity modalities to the development of 
the MCNs is likely to change depending on the pathology 
investigated. Recently, Nani et al. (2021) highlighted that 

Fig. 5  Results of the hierarchical clustering (Pearson correlation and 
WPGMA) of the SVC maps originating from each of the 30 root 
nodes. Axial views are in neurological convention (left is left). C = 4 

is not shown since only the yellow middle node changed with respect 
to c = 3. Colors are coherent between the dendrogram and the visuali-
zation of the nodes
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in the insula the pattern of co-alteration does not tightly 
follow healthy functional connectivity. Our results suggest 
that this kind of differences could be appreciated even at the 
level of sub-structures, as in the case of the posterior nodes 
being assigned to different cluster depending on the modal-
ity considered. Therefore, the co-alteration based approach 
here proposed could allow to open a yet unexplored level 
of analysis which allows to describe pathological patterns 
directly from modality-specific data, being at the same time 
coherent with functional and structural connectivity of the 
healthy brain, and potentially resolving the possible conflict 
between them.

Limitations and future directions

As in any coordinate-based meta-analysis, it is not pos-
sible to exclude that, despite literature screening, relevant 
publications were missed. However, the use of the Brain-
Map environment ensured standardized search criteria and 

facilitated reproducibility (Vanasse et al. 2018). A further 
limitation deriving from the adoption of a cross-disorder 
point of view is the inability to distinguish how different 
brain disorders impact on the cingulate cortex and its sub-
regions. On the other hand, this approach allowed to take 
into account different pathological processes affecting this 
structure. At the same time, the bigger the analyzed sam-
ple of studies is the more robust the statistical outcome. 
Indeed, the present work was intended to provide useful 
baseline for further examinations with more specific aims. 
For example, the observed sub-regions of the cingulate 
cortex could be used to analyze single pathologies, or as 
seeds for connectivity studies. Finally, the Patel’s κ does 
not allow to assess whether alterations first originate in 
the cingulate cortex and then propagate to other regions 
or vice versa. Future consideration of directionality, both 
spatial and temporal, will likely improve our comprehen-
sion of the structural co-alteration phenomenon.

Fig. 6  A comparison of the two clusters solution based on co-alteration (left) or SVC (right) at level c = 2. Axial views are in neurological con-
vention (left is left)
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Conclusion

We described an innovative approach to investigate the 
organization of the brain based on pathological co-altera-
tion, and applied it to parcel the cingulate cortex. Through 
this methodology, we identified a fronto-parietal pattern 
that suggests the involvement of the DMN. Within it, the 
analysis of local co-alteration highlighted an intriguing 
interplay between the retrosplenial cortex and the anterior 
and posterior cingulate cortex, so far little described in 
the literature. The use of hierarchical clustering allowed 
a multi-level description of our findings, overall confirm-
ing the existence of an interplay between anatomical and 

functional properties and co-alteration. In conclusion, the 
proposed methodology could open a new window onto 
the pathological brain, allowing to elucidate mechanisms 
behind it together with its structural properties.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00429- 022- 02473-2.

Acknowledgements The authors would like to thank Dr. Angela Uecker 
and Dr. Mick Fox for their help during the search implementation.

Funding Open access funding provided by Università degli Studi di 
Torino within the CRUI-CARE Agreement.

Fig. 7  Results of the func-
tional network decomposition 
for the fronto-parietal cluster. 
Top: Each line represents the 
thresholding on a different 
percentile of the Patel’s κ values 
distribution. Values express the 
percentage of nodes located in a 
network with respect to the total 
number of nodes. VIS visual, 
SM sensory-motor, dATT  dor-
sal attentional, vATT  ventral 
attentional, LIMB limbic, fr-
par fronto-parietal, DMN default 
mode network. Bottom: 
visualization of the nodes with 
at least one edge above the 
threshold of the 90th percentile 
(i.e. data behind the blue line in 
the radar chart). Root nodes are 
colored in yellow. Axial view is 
in neurological convention (left 
is left)

https://doi.org/10.1007/s00429-022-02473-2


1815Brain Structure and Function (2022) 227:1803–1816 

1 3

Availability of data and material Meta-analytic data used in the present 
work can be freely retrieved from the BrainMap database.

The voxel-wise parceling can be freely downloaded from figshare 
https:// doi. org/ 10. 6084/ m9. figsh are. 16708 816. v1.

The AAL atlas can be freely downloaded from https:// www. gin. 
cnrs. fr/ en/ tools/ aal/.

Code availability Not applicable.

Declarations 

Conflict of interests The authors report no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Aggleton JP (2010) Understanding retrosplenial amnesia: insights from 
animal studies. Neuropsychologia 48:2328–2338

Aggleton JP, Pralus A, Nelson AJ, Hornberger M (2016) Thalamic 
pathology and memory loss in early Alzheimer’s disease: moving 
the focus from the medial temporal lobe to Papez circuit. Brain 
139:1877–1890

Albers KJ, Ambrosen KS, Liptrot MG, Dyrby TB, Schmidt MN, Mørup 
M (2021) Using connectomics for predictive assessment of brain 
parcellations. Neuroimage 238:118170

Andrews-Hanna JR, Reidler JS, Sepulcre J, Poulin R, Buckner RL 
(2010) Functional-anatomic fractionation of the brain’s default 
network. Neuron 65:550–562

Benarroch EE (2020) What is the role of the cingulate cortex in pain? 
Neurology 95:729–732

Broca P (1878) Anatomic compareée des circonvolutions cérébrales. 
Le grand lobe limbique et la scissure limbique dans la série des 
mammiféres. Rev Anthropol 1:456–498

Brodmann K (1909) Vergleichende Lokalisationslehre der Großhirn-
rinde in ihren Prinzipien dargestellt auf Grund des Zellbaues

Bubb EJ, Metzler-Baddeley C, Aggleton JP (2018) The cingulum bun-
dle: anatomy, function, and dysfunction. Neurosci Biobehav Rev 
92:104–127

Buckholtz JW, Meyer-Lindenberg A (2012) Psychopathology and the 
human connectome: toward a transdiagnostic model of risk for 
mental illness. Neuron 74:990–1004

Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s 
default network: anatomy, function, and relevance to disease. Ann 
N Y Acad Sci 1124:1–38

Budisavljevic S, Kawadler JM, Dell’Acqua F, Rijsdijk FV, Kane F, Pic-
chioni M, McGuire P, Toulopoulou T, Georgiades A, Kalidindi 
S, Kravariti E, Murray RM, Murphy DG, Craig MC, Catani M 
(2016) Heritability of the limbic networks. Soc Cogn Affect Neu-
rosci 11:746–757

Caruana F, Gerbella M, Avanzini P, Gozzo F, Pelliccia V, Mai R, 
Abdollahi RO, Cardinale F, Sartori I, Lo Russo G, Rizzolatti 

G (2018) Motor and emotional behaviours elicited by electrical 
stimulation of the human cingulate cortex. Brain 141:3035–3051

Cauda F, Vercelli A (2013) How many clusters in the insular cortex? 
Cereb Cortex 23:2779–2780

Cauda F, Geminiani G, D’Agata F, Sacco K, Duca S, Bagshaw AP, 
Cavanna AE (2010) Functional connectivity of the posteromedial 
cortex. PLoS ONE 5:e13107

Cauda F, Nani A, Manuello J, Premi E, Palermo S, Tatu K, Duca S, 
Fox PT, Costa T (2018) Brain structural alterations are distributed 
following functional, anatomic and genetic connectivity. Brain 
141:3211–3232

Cauda F, Nani A, Manuello J, Liloia D, Tatu K, Vercelli U, Duca S, 
Fox PT, Costa T (2019) The alteration landscape of the cerebral 
cortex. Neuroimage 184:359–371

Cauda F, Mancuso L, Nani A, Ficco L, Premi E, Manuello J, Liloia 
D, Gelmini G, Duca S, Costa T (2020) Hubs of long-distance 
co-alteration characterize brain pathology. Hum Brain Mapp 
41:3878–3899

Clark WE, Boggon RH (1933) On the connections of the anterior 
nucleus of the thalamus. J Anat 67(215–226):219

Demsar J, Curk T, Erjavec A, Gorup C, Hocevar T, Milutinovic M, 
Mozina M, Polajnar M, Toplak M, Staric A, Stajdohar M, Umek 
L, Zagar L, Zbontar J, Zitnik M, Zupan B (2013) Orange: data 
mining toolbox in Python. J Mach Learn Res 14:2349–2353

Eickhoff SB, Laird AR, Grefkes C, Wang LE, Zilles K, Fox PT 
(2009) Coordinate-based activation likelihood estimation meta-
analysis of neuroimaging data: a random-effects approach based 
on empirical estimates of spatial uncertainty. Hum Brain Mapp 
30:2907–2926

Eickhoff SB, Bzdok D, Laird AR, Kurth F, Fox PT (2012) Activa-
tion likelihood estimation meta-analysis revisited. Neuroimage 
59:2349–2361

Eickhoff SB, Nichols TE, Laird AR, Hoffstaedter F, Amunts K, Fox PT, 
Bzdok D, Eickhoff CR (2016) Behavior, sensitivity, and power of 
activation likelihood estimation characterized by massive empiri-
cal simulation. Neuroimage 137:70–85

Fan Y, Borchardt V, von Düring F, Leutritz AL, Dietz M, Herrera-
Meléndez AL, Bajbouj M, Li M, Grimm S, Walter M (2019) Dor-
sal and ventral posterior cingulate cortex switch network assign-
ment via changes in relative functional connectivity strength to 
noncanonical networks. Brain Connect 9:77–94

Fox PT, Lancaster JL (2002) Opinion: Mapping context and content: 
the BrainMap model. Nat Rev Neurosci 3:319–321

Fox PT, Laird AR, Fox SP, Fox PM, Uecker AM, Crank M, Koenig SF, 
Lancaster JL (2005) BrainMap taxonomy of experimental design: 
description and evaluation. Hum Brain Mapp 25:185–198

Goodkind M, Eickhoff SB, Oathes DJ, Jiang Y, Chang A, Jones-Hagata 
LB, Ortega BN, Zaiko YV, Roach EL, Korgaonkar MS, Grieve 
SM, Galatzer-Levy I, Fox PT, Etkin A (2015) Identification of 
a common neurobiological substrate for mental illness. JAMA 
Psychiat 72:305–315

Heilbronner SR, Haber SN (2014) Frontal cortical and subcortical 
projections provide a basis for segmenting the cingulum bundle: 
implications for neuroimaging and psychiatric disorders. J Neu-
rosci 34:10041–10054

Hinojosa CA, Kaur N, VanElzakker MB, Shin LM (2019) Cingulate 
subregions in posttraumatic stress disorder, chronic stress, and 
treatment. Handb Clin Neurol 166:355–370

Jin F, Zheng P, Liu H, Guo H, Sun Z (2018) Functional and anatomical 
connectivity-based parcellation of human cingulate cortex. Brain 
Behav 8:e01070

Jones DK, Christiansen KF, Chapman RJ, Aggleton JP (2013) Distinct 
subdivisions of the cingulum bundle revealed by diffusion MRI 
fibre tracking: implications for neuropsychological investigations. 
Neuropsychologia 51:67–78

https://doi.org/10.6084/m9.figshare.16708816.v1
https://www.gin.cnrs.fr/en/tools/aal/
https://www.gin.cnrs.fr/en/tools/aal/
http://creativecommons.org/licenses/by/4.0/


1816 Brain Structure and Function (2022) 227:1803–1816

1 3

Kelly C, Toro R, Di Martino A, Cox CL, Bellec P, Castellanos FX, Mil-
ham MP (2012) A convergent functional architecture of the insula 
emerges across imaging modalities. Neuroimage 61:1129–1142

Laird AR, Lancaster JL, Fox PT (2005) BrainMap: the social evolution 
of a human brain mapping database. Neuroinformatics 3:65–78

Liloia D, Cauda F, Nani A, Manuello J, Duca S, Fox PT, Costa T 
(2018) Low entropy maps as patterns of the pathological altera-
tion specificity of brain regions: a meta-analysis dataset. Data 
Brief 21:1483–1495

Liloia D, Brasso C, Cauda F, Mancuso L, Nani A, Manuello J, Costa 
T, Duca S, Rocca P (2021a) Updating and characterizing neuro-
anatomical markers in high-risk subjects, recently diagnosed and 
chronic patients with schizophrenia: a revised coordinate-based 
meta-analysis. Neurosci Biobehav Rev 123:83–103

Liloia D, Mancuso L, Uddin LQ, Costa T, Nani A, Keller R, Manuello 
J, Duca S, Cauda F (2021b) Gray matter abnormalities follow non-
random patterns of co-alteration in autism: Meta-connectomic 
evidence. Neuroimage Clin 30:102583

Lockwood PL, Wittmann MK (2018) Ventral anterior cingulate cortex 
and social decision-making. Neurosci Biobehav Rev 92:187–191

Lukito S, Norman L, Carlisi C, Radua J, Hart H, Simonoff E, Rubia K 
(2020) Comparative meta-analyses of brain structural and func-
tional abnormalities during cognitive control in attention-deficit/
hyperactivity disorder and autism spectrum disorder. Psychol Med 
50:894–919

Maass A, Landau S, Baker SL, Horng A, Lockhart SN, La Joie R, 
Rabinovici GD, Jagust WJ (2017) Comparison of multiple tau-
PET measures as biomarkers in aging and Alzheimer’s disease. 
Neuroimage 157:448–463

Maguire EA (2001) The retrosplenial contribution to human naviga-
tion: a review of lesion and neuroimaging findings. Scand J Psy-
chol 42:225–238

Mancuso L, Fornito A, Costa T, Ficco L, Liloia D, Manuello J, Duca S, 
Cauda F (2020) A meta-analytic approach to mapping co-occur-
rent grey matter volume increases and decreases in psychiatric 
disorders. Neuroimage 222:117220

Manuello J, Vercelli U, Nani A, Costa T, Cauda F (2016) Mindfulness 
meditation and consciousness: an integrative neuroscientific per-
spective. Conscious Cogn 40:67–78

Manuello J, Nani A, Premi E, Borroni B, Costa T, Tatu K, Liloia D, 
Duca S, Cauda F (2018) The pathoconnectivity profile of Alz-
heimer’s disease: a morphometric coalteration network analysis. 
Front Neurol 8:739

Messé A (2020) Parcellation influence on the connectivity-based 
structure-function relationship in the human brain. Hum Brain 
Mapp 41:1167–1180

Mutlu J, Landeau B, Tomadesso C, de Flores R, Mézenge F, de La 
Sayette V, Eustache F, Chételat G (2016) Connectivity disruption, 
atrophy, and hypometabolism within posterior cingulate networks 
in Alzheimer’s disease. Front Neurosci 10:582

Nani A, Manuello J, Mancuso L, Liloia D, Costa T, Vercelli A, Duca 
S, Cauda F (2021) The pathoconnectivity network analysis of 
the insular cortex: a morphometric fingerprinting. Neuroimage 
225:117481

Palomero-Gallagher N, Vogt BA, Schleicher A, Mayberg HS, Zilles K 
(2009) Receptor architecture of human cingulate cortex: evalua-
tion of the four-region neurobiological model. Hum Brain Mapp 
30:2336–2355

Patel RS, Bowman FD, Rilling JK (2006) A Bayesian approach to 
determining connectivity of the human brain. Hum Brain Mapp 
27:267–276

Raj A, Powell F (2018) Models of network spread and network degen-
eration in brain disorders. Biol Psychiatry Cogn Neurosci Neu-
roimaging 3:788–797

Rolls ET (2019) The cingulate cortex and limbic systems for emotion, 
action, and memory. Brain Struct Funct 224:3001–3018

Rolls ET, Huang CC, Lin CP, Feng J, Joliot M (2020) Automated ana-
tomical labelling atlas 3. Neuroimage 206:116189

Sambuchi N, Geda YE, Michel BF (2019) Cingulate cortex in pre-MCI 
cognition. Handb Clin Neurol 166:281–295

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, 
Reiss AL, Greicius MD (2007) Dissociable intrinsic connectivity 
networks for salience processing and executive control. J Neurosci 
27:2349–2356

Sokal RR, Michener CD, Kansas UO (1958) A statistical method for 
evaluating systematic relationships. University of Kansas

Torgerson WS (1958) Theory and methods of scaling. J. Wiley, New 
York

Torta DM, Costa T, Duca S, Fox PT, Cauda F (2013) Parcellation of the 
cingulate cortex at rest and during tasks: a meta-analytic cluster-
ing and experimental study. Front Hum Neurosci 7:275

Turkeltaub PE, Eickhoff SB, Laird AR, Fox M, Wiener M, Fox P (2012) 
Minimizing within-experiment and within-group effects in Activa-
tion Likelihood Estimation meta-analyses. Hum Brain Mapp 33:1–13

Valenstein E, Bowers D, Verfaellie M, Heilman KM, Day A, Watson 
RT (1987) Retrosplenial amnesia. Brain 110(Pt 6):1631–1646

Vanasse TJ, Fox PM, Barron DS, Robertson M, Eickhoff SB, Lancaster 
JL, Fox PT (2018) BrainMap VBM: An environment for structural 
meta-analysis. Hum Brain Mapp 39:3308

Vanasse TJ, Fox PT, Fox PM, Cauda F, Costa T, Smith SM, Eickhoff 
SB, Lancaster JL (2021) Brain pathology recapitulates physiol-
ogy: a network meta-analysis. Commun Biol 4:301

Vogt BA (2009) Architecture, neurocytology and comparative organi-
zation of monkey and human cingulate cortices. In: Vogt BA (ed) 
Cingulate neurobiology and disease. Oxford University Press

Vogt BA (2019a) The cingulate cortex in neurologic diseases: history, 
structure, overview. Handb Clin Neurol 166:3–21

Vogt BA (2019b) Cingulate cortex in Parkinson’s disease. Handb Clin 
Neurol 166:253–266

Vogt BA (2019c) Cingulate impairments in ADHD: Comorbidities, 
connections, and treatment. Handb Clin Neurol 166:297–314

Vogt BA, Vogt L (2003) Cytology of human dorsal midcingulate and 
supplementary motor cortices. J Chem Neuroanat 26:301–309

Vogt BA, Hof PR, Vogt LJ (2004) Cingulate gyrus. In: Paxinos G, Mai JK 
(eds) The human nervous system. Elsevier, Amsterdam, pp 915–949

Waller WH (1934) Topographical relations of cortical lesions to tha-
lamic nuclei in the albino rat. J Comp Neuroly 60:237–269

Weininger J, Roman E, Tierney P, Barry D, Gallagher H, Murphy P, 
Levins KJ, O’Keane V, O’Hanlon E, Roddy DW (2019) Papez’s 
forgotten tract: 80 years of unreconciled findings concerning the 
thalamocingulate tract. Front Neuroanat 13:14

Yarkoni T, Poldrack RA, Nichols TE, Van Essen DC, Wager TD (2011) 
Large-scale automated synthesis of human functional neuroimag-
ing data. Nat Methods 8:665–670

Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollins-
head M, Roffman JL, Smoller JW, Zöllei L, Polimeni JR, Fischl 
B, Liu H, Buckner RL (2011) The organization of the human 
cerebral cortex estimated by intrinsic functional connectivity. J 
Neurophysiol 106:1125–1165

Zalesky A, Fornito A, Harding IH, Cocchi L, Yucel M, Pantelis C, 
Bullmore ET (2010) Whole-brain anatomical networks: does the 
choice of nodes matter? Neuroimage 50:970–983

Zamani Esfahlani F, Bertolero MA, Bassett DS, Betzel RF (2020) 
Space-independent community and hub structure of functional 
brain networks. Neuroimage 211:116612

Zhou J, Gennatas ED, Kramer JH, Miller BL, Seeley WW (2012) Pre-
dicting regional neurodegeneration from the healthy brain func-
tional connectome. Neuron 73:1216–1227

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


