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1 | INTRODUCTION

Abstract

The precuneus is a central hub of the human brain, and its morphology displays a
noticeable individual variability. It is larger in humans than in other primates, and it is
affected by atrophy and hypometabolism in the early stages of Alzheimer's disease
(AD). In this study, we compare its general morphology in normal aging subjects and
AD patients, considering its geometry through shape analysis, and the atrophy at its
boundary by quantifying the intersulcal spacing. Results suggest that the AD sample
displays a reduction of the inferior regions of the precuneus, namely those that fade
into the posterior cingulate and retrosplenial cortex. During aging, sulcal spacing is
pronounced at the superior and posterior regions, although in the AD sample the lat-
ter change is more marked. However, these differences are associated with a remark-
able individual variation and a consistent overlap between group ranges. This study
stresses further the differences between the dorsal and ventral regions of the precu-
neus. Beyond functional factors, the dorsal areas represent a region of scarce spatial
constraints, whereas the ventral regions are embedded in a complex topological en-
vironment. This structural difference must be considered when investigating cortical
morphology in both normal and pathological conditions.
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visuospatial and autonoetic functions (Bruner, 2023; Jiang et al., 2023).
The precuneus is also a main hub of the whole cerebral system in

The precuneus is an association region with a key role in integrating
somatic and visual signals, merging the resulting combinations within
the frame of episodic memory (Cavanna & Trimble, 2006; Margulies
et al., 2009; Zhang & Li, 2012). In terms of cytoarchitectonic areas,
it is part of the superior parietal lobule, roughly separated into ante-
rior, middle, and posterior regions, which are differently involved in
somatic (more anteriorly) and visual (more posteriorly) integration
(Scheperjans et al., 2008). This organization is due to a longitudinal

gradient involved in body-vision integration and a vertical one linking

terms of structural and functional connections (Hagmann et al., 2008;
Van Den Heuvel et al., 2010), with a complex pattern of connectivity
integrating the default mode network with different cognitive do-
mains, including somatic perception and body awareness, vision, and
attention (Cunningham et al., 2017; Dadario & Sughrue, 2023; Herbet
et al., 2019; Jitsuishi & Yamaguchi, 2023; Tanglay et al., 2022). The
cognitive management of awareness and attention within the frame

of body cognition and episodic memory suggests that the precu-

neus might be central to several aspects of consciousness and the
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construction of self and agency (Bruner, 2023; Cavanna, 2014; Darby
et al., 2018; Freton et al., 2014; Northoff & Bermpohl, 2004).

The precuneus is particularly variable among adult humans,
mainly in terms of longitudinal extension (Bruner et al., 2014; Bruner,
Pereira-Pedro, Chen, & Rilling, 2017). Additionally, it also displays
a noticeable variability concerning its vertical development (Bruner
& Pereira-Pedro, 2020), cortical surface area (Bruner et al., 2015),
and folding patterns (Bruner, Pereira-Pedro, & Bastir, 2017; Pereira-
Pedro & Bruner, 2016). Finally, it is proportionally larger in humans
when compared with other primates, suggesting a recent evolu-
tionary expansion in our lineage (Bruner, Pereira-Pedro, Chen, &
Rilling, 2017).

In the last decades, there has been compelling evidence suggest-

ing that the precuneus is sensitive to neur ative pr
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been described in detail previously (Gaser et al., 2024). The AD and
healthy control groups were compared using voxel-wise two-sample
t-tests, and voxel-wise effects were corrected for multiple compar-
isons using the false discovery rate (pFDR<O'05)‘ Subsequently, we
performed two specialized analyses on the precuneus to investigate
local morphological differences.

In a first study, the morphology of the precuneus was investi-
gated through geometric morphometrics, namely by using landmark-
based multivariate shape analysis (Mitteroecker & Gunz, 2009;
Mitteroecker & Schaefer, 2022; Slice, 2007). For each subject, we
selected the parasagittal MRI slice that displayed the most com-
plete extension of the precuneus and used this image to build a
geometrical model based on 30 bidimensional landmarks (Figure 1a).
Ar ical landmarks include the dorsal boundaries of the precu-

particularly in Alzheimer's disease (AD), suffering amyloid accumu-
lation and hypometabolism since the earliest prodromal stages of
the disease (e.g., Buckner et al., 2008; Dadario & Sughrue, 2023;
Grothe et al., 2016; Jacobs et al., 2012, 2013; Karas et al., 2007;
Koch et al., 2018, 2022; Levin et al., 2021; Rami et al., 2014). Taking
into account the high energetic load of the precuneus, its topologi-
cal properties, high thermal load (metabolic heat accumulation), and
vascular arrangement, it has been proposed that the recent anatom-
ical changes of the precuneus associated with our evolution might
have increased the vulnerability to structural or functional imbal-
ances (Bruner et al., 2014; Bruner & Jacobs, 2013, 2024).

Although research on the precuneus has experienced a substan-
tial increase in the last decade, information on its morphological
variability in normal and pathological conditions is still scarce. In this
study, we compared the morphology of the precuneus in a sample of
AD patients and a control sample of healthy individuals of the same
age. We considered both the general shape of the precuneus and the
degree of atrophy at its boundaries, under the null hypothesis of no

differences between samples or regions.

2 | MATERIALS AND METHODS

In this survey, we have compared MRI scans from 39 AD patients
(82+6years old, age range: 69-97 years old) with a control sam-
ple of 42 healthy subjects (81 +5years old, age range: 69-92years
old). The AD sample (Vallecas Alzheimer Reina Sofia—VARS study)
and control sample (Proyecto Vallecas—PVAL) come from previ-
ously published studies (see Garo-Pascual et al., 2024; Sanchez-Juan
et al., 2024 for more information on samples and MRI procedures).
AD cases have been confirmed through neuropathological validation
at autopsy. Control subjects have been followed during one decade
and did not present evidence of cognitive impairment. Only the left
hemisphere has been considered in this survey.

For a general descriptive comparison, we contrasted the two
samples through a conventional voxel-based morphometry analysis
of regional grey matter atrophy, following standard procedures im-
plemented in the Computational Anatomy Toolbox (CAT12, https://
neuro-jena.github.io/cat/) for Statistical Parametric Mapping soft-
ware (SPM12, Wellcome Trust Center for Neuroimaging) that have

neus between the postcentral and occipital cortex (dorsal endpoint
of the marginal ramus of the postcentral sulcus and dorsal endpoint
of the perpendicular fissure, respectively), the anterior margin of
the tentorium cerebelli, the posterior margin of the splenium, and the
flexion of the marginal ramus of the cingulate sulcus. All the other
landmarks are semilandmarks positioned at equally spaced intervals
between these anatomical references. In this analysis, sliding pro-
cedures to minimize the Procrustes distance or the bending energy
(Gunz & Mitteroecker, 2013) have not been employed for two main
reasons. First, the curves considered here are smooth and simple and
do not show a complex geometry. There are several disagreements
on the effect of these sliding procedures (e.g., Perez et al., 2006;
Klingenberg, 2008; Shui et al., 2023; Zelditch & Swiderski, 2023)
and, in this case, equally spaced landmarks are sufficient to repre-
sent the shape of the boundaries. Second, all the studies published
previously on the shape variation of the precuneus have employed
the same criterion, which is therefore recommended to compare the
results. Beyond these outline landmarks, we also added a central
landmark at the most central region of the subparietal sulcus to sep-
arate the dorsal region of the precuneus (precuneus sensu stricto)
from the ventral region (gradually smoothing into the retrosplenial
and posterior cingulate regions). Because of the atrophy associated
with the dorsal region in both normal and pathological aging, the
dorsal landmarks do not match the cortical boundaries of the pre-
cuneus but its meningeal (endocranial) outline. Also, in the case of
the anterior and posterior boundaries, the landmarks have been con-
ventionally sampled in the middle of the interposed space between
the precuneus and the postcentral and occipital cortex, respectively.
This approach is aimed at quantifying the original shape of the space
occupied by the precuneus independently from brain mass loss.

Coordinate systems of all the subjects have been registered
through Procrustes Superimposition, which includes translation to
a common centroid, scaling to unitary size, and rotation to mini-
mize the differences between corresponding landmarks (Zelditch
etal., 2012). Shape variation and shape differences have been tested
through Principal Component Analysis and Discrimination Analysis,
computed on the covariance matrix of the shape coordinates.
Landmarks were sampled with tpsDig 2.32 (Rohlf, 2017) and statis-
tics were performed with MorphoJ 1.08.01 (Klingenberg, 2011) and
PAST 4.05 (Hammer et al., 2001).
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(b)

FIGURE 1 (a) The geometrical model used to delineate the shape of the precuneus. Larger dots represent anatomical references (IM,
inferior marginal point; PF, perpendicular fissure; PS, posterior splenial point; SM, superior marginal point; SP, subparietal point; TC, tentorial
point), whereas smaller dots represent equally spaced semi-landmarks. (b) The four regions that have been segmented to quantify the degree

of atrophy of the precuneal boundaries.

A second study concerned the extension of the atrophy along
the precuneus boundaries, measured as the space occupied by cere-
brospinal fluid at the anterior marginal (ant), dorsal precuneal (dor),
posterior occipital (pos), and subparietal (sub) regions (Figure 1b). In
the same MRI section used for the previous analysis, we segmented
the intersulcal space separating the boundaries of the cortex, ap-
proximately quantifying the loss of cortical mass in that region.
In this case, such loss can be due to atrophy of both sides, so the
method cannot distinguish the contribution of the paracentral, pre-
cuneal, and occipital regions. Because of the continuity of the in-
tersulcal space, this measure is therefore influenced by an implicit
uncertainty, due to the lack of clear boundaries. Groups and regions
have been compared through Mann-Whitney tests, Pearson cor-
relation coefficient, and Bonferroni correction. Statistics were com-
puted with PAST 4.05 (Hammer et al., 2001). In both studies, we
also tested sex differences, although the sample has a strong female
predominance (74%) and hence the results of this analysis must be

interpreted as preliminary.

3 | RESULTS

Complementary voxel-wise analyses showed a typical pattern of
temporo-parietal cortical atrophy in the AD sample that included
effects in the precuneus and particularly its ventral portion, cor-
responding to the posterior cingulate and retrosplenial cortex
(Figure 2).

A Principal Component Analysis on the shape coordinates of
the precuneus detected two main vectors of variation, explaining
37% and 22% of the total variance, respectively (Figure 3). The first
component is associated with a longitudinal expansion/reduction
of the precuneus. When compared with the control sample, the

AD sample displays a modest shift toward lower values, namely

reduced extension (p=0.016). The second component is associated
with expansion/reduction of the ventral region, namely of the re-
gion in which the inferior part of the precuneus fades into the pos-
terior cingulate and retrosplenial areas. When compared with the
control sample, the AD sample displays a shift toward lower values,
namely a reduction of this region (p=0.0001). A Discrimination
Analysis is statistically significant (Procrustes distance: p<0.0001),
and it identifies a reduction of the ventral part of the precuneus (in-
cluding the posterior cingulate and retrosplenial regions) in the AD
sample (Figure 4). Size (centroid size) only explains a minor part of
the total shape changes (4%), and of the PC1 (p=0.02; r2:0.07). A
Discriminant Analysis for sex is not significant.

For what concerns the sulcal atrophy around the precuneus, in
the control sample, the only significant difference after Bonferroni
correction between the four regions considered here concerns the
subparietal region, which displays less spacing within its boundaries
when compared with the anterior, dorsal, and posterior sulcal re-
gions (Figure 5). If Bonferroni correction is not applied, the anterior
region also displays significant differences when compared with the
dorsal and posterior regions, being on average less spaced. In the
AD sample, significant differences concern the subparietal region
(less spaced) and the posterior region (more spaced). Comparing the
two samples, the only significant difference concerns the dorsal re-
gion, which is less spaced in the AD sample (p=0.006). However, a
ternary plot showing the proportions between anterior, dorsal, and
posterior spacing suggests that the AD sample also displays a dis-
tribution shifted toward larger posterior atrophy (Figure 6). In both
samples, there is no correlation between atrophy and age, and the
only significant correlation between the four variables deals with
the positive correlation between anterior and dorsal spaces, which is
more consistent in the AD sample (p=0.0004; R=0.59) than for the
control sample (p=0.05; R=0.40). There is no significant difference

between males and females.
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FIGURE 2 A conventional voxel-based comparison between the two samples shows, in the AD samples, a typical pattern of temporo-
parietal cortical atrophy. The precuneus is particularly affected in its ventral region, which is contiguous with the posterior cingulate and

retrosplenial cortex.

PC2 (22%)

eigenvalue (%)

(©)
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FIGURE 3 After Procrustes superimposition (a), a principal component analysis reveals two main vectors of variation (b). When compared
with the control samples (black dots), the AD sample (grey dots) displays reduced values for both components (c). The first component

deals with the longitudinal extension of the precuneus (d), especially in its anterior region (the deformation map displays the positive values;
red: expansion; blue: reduction), whereas the second component concerns the extension of the ventral region (e) namely, in the opposite
direction, the reduction of the retrosplenial areas (the deformation map displays the negative values).
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FIGURE 4 Comparing the averaged control sample (a) with the averaged AD sample (b) through density projection (intrasample scout
view) after Procrustes registration, the latter is characterized by a reduced ventral region and compressed splenium. A discriminant analysis
reveals, in the AD sample, the spatial reduction of the ventral region (c, d).

300

250

200

pos sub

PVAL VARS PVAL VARS

PVAL VARS PVAL VARS

FIGURE 5 Comparing the intersulcal space at the four boundaries, the AD sample (Vallecas Alzheimer Reina Sofia—VARS) is
characterized by a less spaced dorsal region and a more spaced occipital region. In the control sample (Proyecto Vallecas—PVAL), there is
only a minor difference in the anterior region, which is less spaced. The subparietal region displays minimal spacing.

4 | DISCUSSION

In adult humans, the precuneus displays an outstanding morphological
variation (Bruner et al., 2015; Bruner, Pereira-Pedro, & Bastir, 2017). This
cortical element is particularly expanded only in our species (Bruner,
Pereira-Pedro, Chen, & Rilling, 2017), and it suffers cortical damage
and hypometabolic conditions in prodromal stages of AD (Buckner

et al., 2008; Grothe et al, 2016; Jacobs et al, 2012, 2013; Levin
etal.,,2021). In this survey, we investigated the morphological differences
of the precuneus between a sample of AD patients and a healthy control
sample of the same age, to evidence specific morphological differences
associated with normal aging and AD-related neurodegeneration.
Interestingly, within the age range considered here (70-90years

old), there is no apparent chronological trend of shape change,
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dor N/ pos

FIGURE 6 Aternary plot shows that the AD sample (red dots)
displays, proportionally, more intersulcal space in the posterior
region, when compared with the control sample (blue dots).

suggesting that individual variability is by far more important than
age when considering the overall morphology of the precuneus.
The most striking difference in the AD sample deals with a longi-
tudinal reduction of the ventral region of the precuneus. This trait
is the one leading the differences between the two sample means
(discrimination analysis) and represents the second axis of general
variation (PC2). At present, we interpret this difference as the result
of the progressive cortical atrophy experienced by this region, gen-
erally associated with an expansion of the ventricular volume and
posterior displacement of the splenium. This morphological change
is in agreement with the global voxel-based comparison performed
with these samples, which confirms a typical pattern of atrophy in
AD subjects, in which the precuneus is damaged mostly in its infe-
rior parts. Taking into account that this region is affected since the
early stages of the disease, we can wonder whether this reduction is
progressive, and if it is hence proportional to the progression of the
neurodegenerative process. Future analyses may add information to
test this hypothesis further.

The first axis of variation (PC1) is, nonetheless, the longitudinal
extension/reduction of the dorsal region, which represents the dom-
inant pattern also observed in normal samples, associated with the
pronounced idiosyncratic variability of this region (Bruner & Pereira-
Pedro, 2020). According to this component, the AD sample shows a
shorter precuneus when compared with the normal aging group. The
difference is, however, subtle. In this region, our model estimates the
space of the precuneus independently from its current atrophy, so
we cannot conclude whether this difference is due to uneven loss of
cortical mass or to the original extension of the precuneus. The latter
case would be particularly interesting, but it requires longitudinal
studies to be properly evaluated.

The analysis of the distribution of the cerebrospinal fluid space
adds to the shape analysis, suggesting that, in normal aging, the de-
gree of atrophy is comparable at the anterior, dorsal, and posterior

edges of the precuneus, albeit a bit less pronounced at the boundary
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with the marginal gyrus. By contrast, the AD sample displays more
sulcal spacing at the perpendicular fissure, and less spacing on the
dorsal surface. It remains to be evaluated whether such differences
can be due to the displacement of the cortical mass, or alternatively
to a larger degree of atrophy at the parieto-occipital boundary.
Traditionally (and in this study too), the voxel-based analyses failed
to find consistent signals of atrophy in the dorsal regions of the pre-
cuneus (see Figure 1). Nonetheless, these methods are based on a
non-homologous minimization of density values, and we can wonder
whether the sulcal spacing described during normal and pathological
aging in these regions may introduce noise in the registration proce-
dure. The fact that the dorsal sulcal elements are “floating” within
the cerebrospinal fluid may introduce a bias in the process of nor-
malization, mostly taking into account the absence of homology or
local anatomical references.

These differences between the dorsal and ventral regions require
some considerations on their respective structural environments.
Indeed, the topological conditions of the dorsal and ventral areas
are quite dissimilar (see Bruner, 2022; Schuurman & Bruner, 2023).
The dorsal region displays a low morphological burden, intended as
the amount of spatial constraints imposed by the surrounding corti-
cal elements, taking into account its position and neighboring con-
tacts (Riedl, 1978). Brain loss, therefore, simply reduces the mass of
the cortical gyri, increasing the spatial gap between them, passively
filled by cerebrospinal fluid. By contrast, the ventral region of the
precuneus has a very different topological situation. It fades into the
retrosplenial cortex, which is a midsagittal area with an outstanding
spatial burden. This region has an elevated centrality (namely, it is in
contact with a high number of other elements), it is integrated with
the dorsal parietal regions, it experiences a pronounced heat load,
and it is structurally constrained by the tentorium cerebelli (Bruner
& Jacobs, 2024). Therefore, neuronal loss in this region is associated
with a consequent spatial compression and rearrangement exerted
by the surrounding tissues. Namely, beyond possible local effects
of the neurodegenerative process, the dorsal and ventral regions of
the precuneus display two distinct behaviors in response to atrophy:
the dorsal areas become spaced and invaded by cerebrospinal fluid,
whereas the ventral areas become more compressed and invaded by
surrounding soft tissues. This difference is also reflected by the fact
that the subparietal sulcus, bridging the dorsal and ventral regions,
displays less spacing when compared with the dorsal boundaries of
the precuneus, suggesting an intermediate topological condition
between the low-constrained superior parietal lobule and high-
constrained retrosplenial cortex. Interestingly, beyond the midsagit-
tal plane, the other element of the human brain associated with high
morphological burden is the parahippocampal gyrus (Schuurman
& Bruner, 2024), which is also a crucial spot for AD (Coleman
etal., 2023; Echavarri et al,, 2011; Van Hoesen et al., 2000).

The atrophy of the precuneus, associated with sulcal reduction
and spacing in its dorsal region, and with spatial compression in the
ventral region, should also be interpreted in the light of the com-
plex connectivity pattern of this cortical element, which is central to

both the structural and functional network of the brain (Hagmann
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et al., 2008). A recent review stressed the importance of the pre-

rnal of

cuneus in dual default mode network systems, which is crucial in
episodic memory and theory of mind (Dadario & Sughrue, 2023).
Additionally, it is also part of a para-cingulate network that may
have a key role in self-referential processes, and that is targeted by
many neurodegenerative processes, including AD. Both diffusion
tractography and anatomical dissections are currently evidencing
the organization of such a complex network (e.g., Catani et al., 2017;
Cunningham et al., 2017; Jitsuishi & Yamaguchi, 2023; Tanglay
et al., 2022; Wu et al., 2016). The cingulum bundle and the middle
longitudinal fasciculum represent major routes of connectivity in
this sense. The former connects the precuneus with the frontal re-
gions, the latter with the insular-opercular cortex and temporal re-
gions. Additionally, the superior longitudinal fasciculus connects the
precuneus with the motor cortex, and the fronto-occipital fasciculus
with the frontal and visual areas. All these routes, as well as their
associated functions, are targeted in aging and neurodegeneration.
As mentioned, the precuneus is particularly large in humans, when
compared with nonhuman primates (Bruner, Pereira-Pedro, Chen,
& Rilling, 2017), and some of the connections between the precu-
neus and the posterior cingulate region are derived in our species
(Ardesch et al., 2019). The evolutionary adjustments necessary to
this structural and functional complexity may in part explain the in-
creased vulnerability of these deep cortical areas to vascular, meta-
bolic, or glymphatic impairments (Bruner & Jacobs, 2024).

It is important to stress that the observed differences between
the AD and control samples are, nonetheless, subtle, with a notice-
able overlap between their respective ranges. They reveal some un-
derlying anatomical factors, which are anyway hardly reliable to be
employed as diagnostic features. As for many neurological disorders,
individual variability is outstanding, hampering a clear identification

of thresholds or markers associated with specific anatomical traits.

5 | LIMITATIONS OF THE STUDY AND
FURTHER RESEARCH

This analysis was aimed at investigating the shape variation of the

precuneus in normal aging and AD subjects, so as to investigate

changes iated with ce and atrophy.

macroar

The analysis is limited to the general shape of the precuneus and to
the gyral spacing at its boundaries, and therefore, conclusions are
restricted to these features. Future analyses could be devoted to
correlating these traits with specific biomarkers, histological assess-
ments, or etiological parameters. This analysis is also limited to the
two-dimensional extension of the internal anatomy of the precu-
neus. Taking into account the histological continuity with the supe-
rior parietal lobule, further three-dimensional analyses of the whole
region may provide a more comprehensive anatomical scenario. In
all cases, longitudinal surveys are mandatory to investigate specific
morphological changes independently of the individual variability

that, in the case of the precuneus, is noticeable. Importantly, the

BRUNERET AL.

precuneus is not affected similarly in all subtypes of AD, being more
targeted in fronto-parietal and medial temporal lobe-sparing pheno-
types (e.g., Ossenkoppele et al., 2016; Vogel et al., 2021). Future sur-
veys should take these differences into account, relying on samples
in which these subtypes can be properly assessed.

This study stresses further the differences between the dorsal
and ventral parts of the precuneus, which are often pooled when
making volumetric or functional analyses of this region. The dorsal
areas are, in terms of cytoarchitecture, a part of the superior parietal
lobule, whereas the inferior parts fade into the posterior cingulate
and retrosplenial regions. Beyond crucial differences in terms of
functions and connectivity, the dorsal and ventral regions are also
embedded in very different topological environments, influencing
their spatial and biomechanical properties. The precuneus is indeed
the result of two different gradients: an anteroposterior one asso-
ciated with somatic and visual integration, and a dorsoventral one
associated with the integration between visuospatial and episodic
functions. This double polarity is probably the key to its relevance in
consciousness and awareness, a crucial factor of its morphogenetic
development, and a sensitive spot of vulnerability to neurodegener-

ative processes.

ACKNOWLEDGMENTS

EB is supported by the grant PID2021-122355NB-C33 financed
by the Spanish Government (MCIN/AEI/https://doi.org/10.13039/
501100011033/FEDER, UE). We are sincerely grateful to two anon-
ymous reviewers for their helpful comments. We also thank the par-
ticipants of the Vallecas Alzheimer's Reina Sofia (VARS) Cohort and
the Vallecas Study and their family members. We also acknowledge
the personnel at the Reina Sofia Center. The VARS cohort and the
Vallecas Study have been supported by the Queen Sofia Foundation.

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ETHICS STATEMENT

Ethical approval and consent to participate The BT-CIEN brain bank
is an officially registered biobank by the Carlos 1l Research Institute
(Ref: 741). BT-CIEN procedures, as well as VARS cohort patient fol-
low-up, have been approved by local health authorities (Ref: MCB/
RMSFC, Expte: 12672). Likewise, all participants of the PVAL pro-
vided written informed consent, and the project was approved by
the Ethics Committee of the ISCIII, Madrid, Spain. All brain dona-
tions were carried out under informed consent by a relative or proxy,
as approved by the Ethics Committee of the Carlos Il Research

Institute.

ORCID
Emiliano Bruner "= https://orcid.org/0000-0002-6686-4616

Rafael Gallareto-Sande " https://orcid.org/0000-0002-9006-4125

1o/ :8dy woy papeojumoct ‘1 ‘9Z0Z ‘08SL69YT

g
£
g
g

Jsdiae) suopuon pus suiag, a4 935 TSZ0TITL/L] Uo ATIArT SO A311a SOBing] oL POpISISAI AQ L2000

¢ SUOILIOD 281ER1) 2(qEo11dde 3t AQ PLIROT aIm Sa[o D YO AN Jo §aI 103 AImAGI] AULC) KA1 U0 (SUORIPUOD-PUE-S im0 Ao 18 esqu(e




BRUNERET AL

REFERENCES

Ardesch, D.J,, Scholtens, L.H., Li, L., Preuss, .M., Rilling, J.K. & van den
Heuvel, M.P. (2019) Evolutionary expansion of connectivity be-
tween multimodal association areas in the human brain compared
with chimpanzees. Proceedings of the National Academy of Sciences
of the United States of America, 116, 7101-7106. Available from:
https://doi.org/10.1073/pnas.1818512116

Bruner, E. (2022) A network approach to the topological organization
of the Brodmann map. The Anatomical Record, 305, 3504-3515.
Available from: https://doi.org/10.1002/ar.24941

Bruner, E. (2023) The evolution of the parietal lobes in the genus homo:
the fossil evidence. In: Cognitive archaeology, body cognition, and the
evolution of visuospatial perception. London: Elsevier, pp. 153-179.
Available from: https://doi.org/10.1016/B978-0-323-99193-3.
00006-4

Bruner, E., Amano, H., De La Cuétara, J.M. & Ogihara, N. (2015) The brain
and the braincase: a spatial analysis on the midsagittal profile in
adult humans. Journal of Anatomy, 227, 268-276. Available from:
https://doi.org/10.1111/joa.12355

Bruner, E. & Jacobs, H.I.L. (2013) Alzheimer's disease: the downside of
a highly evolved parietal lobe? Journal of Alzheimer's Disease, 35,
227-240. Available from: https://doi.org/10.3233/JAD-122299

Bruner, E. & Jacobs, H.L.L. (2024) Alzheimer's disease, the parietal lobes,
and the evolution of the human genus. In: The evolutionary roots of
human brain diseases. Oxford: Oxford University Press, pp. 181-204.

Bruner, E., Pereira-Pedro, A.S. & Bastir, M. (2017) Patterns of morpho-
logical integration between parietal and temporal areas in the
human skull. Journal of Morphology, 278, 1312-1320. Available
from: https://doi.org/10.1002/jmor.20714

Bruner, E., Pereira-Pedro, A.S., Chen, X. & Rilling, J.K. (2017) Precuneus
proportions and cortical folding: a morphometric evaluation on a
racially diverse human sample. Annals of Anatomy-Anatomischer
Anzeiger, 211, 120-128. Available from: https://doi.org/10.1016/j.
aanat.2017.02.003

Bruner, E. & Pereira-Pedro, S. (2020) A metric survey on the sagittal
and coronal morphology of the precuneus in adult humans. Brain
Structure and Function, 225, 2747-2755. Available from: https://doi.
org/10.1007/s00429-020-02152-0

Bruner, E., Rangel De Lazaro, G., De La Cuétara, J.M., Martin-Loeches,
M., Colom, R. & Jacobs, H.I.L. (2014) Midsagittal brain variation and
MRI shape analysis of the precuneus in adult individuals. Journal
of Anatomy, 224, 367-376. Available from: https://doi.org/10.1111/
joa.12155

Buckner, R.L., Andrews-Hanna, J.R. & Schacter, D.L. (2008) The brain's
default network: anatomy, function, and relevance to disease.
Annals of the New York Academy of Sciences, 1124, 1-38. Available
from: https://doi.org/10.1196/annals.1440.011

Catani, M., Robertsson, N., Beyh, A., Huynh, V., de Santiago Requejo,
F., Howells, H. et al. (2017) Short parietal lobe connections of the
human and monkey brain. Cortex, 97, 339-357. Available from:
https://doi.org/10.1016/j.cortex.2017.10.022

Cavanna, A.E. (2014) The origin of consciousness and beyond. Frontiers in
Psychology, 5, 1385. Available from: https://doi.org/10.3389/fpsyg.
2014.01385

Cavanna, A.E. & Trimble, M.R. (2006) The precuneus: a review of its
functional anatomy and behavioural correlates. Brain, 129, 564-
583. Available from: https://doi.org/10.1093/brain/awl004

Coleman, M.M., Keith, C.M., Wilhelmsen, K., Mehta, R.l., Vieira Ligo
Teixeira, C., Miller, M. et al. (2023) Surface-based correlates of cog-
nition along the Alzheimer's continuum in a memory clinic popula-
tion. Frontiers in gy, 14, 1214083. from: https://
doi.org/10.3389/fneur.2023.1214083

Cunningham, S.I., Tomasi, D. & Volkow, N.D. (2017) Structural and func-
tional connectivity of the precuneus and thalamus to the default
mode network: precuneus-thalamus connectivity to the DMN.

= Anatomy RIS TSWME

Human Brain Mapping, 38, 938-956. Available from: https://doi.
0rg/10.1002/hbm.23429

Dadario, N.B. & Sughrue, M.E. (2023) The functional role of the precu-
neus. Brain, 146, 3598-3607. Available from: https://doi.org/10.
1093/brain/awad181

Darby, R.R., Joutsa, J., Burke, M.J. & Fox, M.D. (2018) Lesion network lo-
calization of free will. Proceedings of the National Academy of Sciences
of the United States of America, 115, 10792-10797. Available from:
https://doi.org/10.1073/pnas.1814117115

Echavarri, C., Aalten, P., Uylings, H.B.M., Jacobs, H.l.L., Visser, P.J.,
Gronenschild, E.H.B.M. et al. (2011) Atrophy in the parahippo-
campal gyrus as an early biomarker of Alzheimer's disease. Brain
Structure and Function, 215, 265-271. Available from: https://doi.
org/10.1007/s00429-010-0283-8

Freton, M., Lemogne, C., Bergouignan, L., Delaveau, P., Lehéricy, S. &
Fossati, P. (2014) The eye of the self: precuneus volume and vi-
sual perspective during autobiographical memory retrieval. Brain
Structure and Function, 219, 959-968. Available from: https://doi.
0rg/10.1007/s00429-013-0546-2

Garo-Pascual, M., Zhang, L., Valent-Soler, M. & Strange, B.A. (2024)
Superagers resist typical age-related white matter structural
changes. The Journal of Neuroscience, 44, €2059232024. Available
from: https://doi.org/10.1523/JNEUROSCI.2059-23.2024

Gaser, C., Dahnke, R., Thompson, P.M., Kurth, F., Luders, E. & Alzheimer's
Disease Neuroimaging Initiative. (2024) CAT: a computational anat-
omy toolbox for the analysis of structural MRI data. GigaScience, 13,
giae049. Available from: https://doi.org/10.1093/gigascience/giae049

Grothe, M.J., Teipel, S.J. & for the Alzheimer's Disease Neuroimaging
Initiative. (2016) Spatial patterns of atrophy, hypometabolism, and
amyloid deposition in Alzheimer's disease correspond to dissocia-
ble functional brain networks: network-specificity of AD pathol-
ogy. Human Brain Mapping, 37, 35-53. Available from: https://doi.
0rg/10.1002/hbm.23018

Gunz, P. & Mitteroecker, P. (2013) Semilandmarks: a method for quan-
tifying curves and surfaces. Hystrix, 24, 103-109. Available from:
https://doi.org/10.4404/hystrix-24.1-6292

Hagmann, P,, Cammoun, L., Gigandet, X., Meuli, R., Honey, C.J., Wedeen,
V.J. et al. (2008) Mapping the structural Core of human cerebral
cortex. PLoS Biology, 6, €159. Available from: https://doi.org/10.
1371/journal.pbio.0060159

Hammer, O., Harper, D.AT. & Ryan, P.D. (2001) PAST: paleontological
statistics software package for education and data analysis.

Herbet, G., Lemaitre, A.-L., Moritz-Gasser, S., Cochereau, J. & Duffau,
H. (2019) The antero-dorsal precuneal cortex supports specific as-
pects of bodily awareness. Brain, 142, 2207-2214. Available from:
https://doi.org/10.1093/brain/awz179

Jacobs, H.I.L., Radua, J., Liickmann, H.C. & Sack, A.T. (2013) Meta-analysis
of functional network alterations in Alzheimer's disease: toward a net-
work biomarker. Neuroscience & Biobehavioral Reviews, 37, 753-765.
Available from: https://doi.org/10.1016/j.neubiorev.2013.03.009

Jacobs, H.LL., Van Boxtel, M.P.J., Jolles, J., Verhey, F.R.J. & Uylings,
H.B.M. (2012) Parietal cortex matters in Alzheimer's disease:
an overview of structural, functional and metabolic findings.
Neuroscience & Biobehavioral Reviews, 36, 297-309. Available from:
https://doi.org/10.1016/j.neubiorev.2011.06.009

Jiang, X., Cui, L., Huang, L., Guo, Y., Huang, G. & Guo, Q. (2023) The
relationship between beverages consumption and cognitive impair-
ment in middle-aged and elderly Chinese population. Nutrients, 15,
2309. Available from: https://doi.org/10.3390/nu15102309

Jitsuishi, T. & Yamaguchi, A. (2023) Characteristic cortico-cortical con-
nection profile of human precuneus revealed by probabilistic trac-
tography. Scientific Reports, 13, 1936. Available from: https://doi.
0rg/10.1038/541598-023-29251-2

Karas, G., Scheltens, P., Rombouts, S., van Schijndel, R., Klein, M., Jones, B.
et al. (2007) Precuneus atrophy in early-onset Alzheimer's disease:

1o/ :8dy woy papeojumoct ‘1 ‘9Z0Z ‘08SL69YT

g
£
g
g

Jsdiae) suopuon pus suiag, a4 935 TSZ0TITL/L] Uo ATIArT SO A311a SOBing] oL POpISISAI AQ L2000

¢ SUOILIOD 281ER1) 2(qEo11dde 3t AQ PLIROT aIm Sa[o D YO AN Jo §aI 103 AImAGI] AULC) KA1 U0 (SUORIPUOD-PUE-S im0 Ao 18 esqu(e




| wiLey-ANATOMICAL

SOCIETY

a morphometric structural MRI study. Neuroradiology, 49, 967-976.
Available from: https://doi.org/10.1007/500234-007-0269-2

Klingenberg, C.P. (2008) Novelty and “homology-free” morphometrics:
what's in a name? Evolutionary Biology, 35, 186-190. Available from:
https://doi.org/10.1007/511692-008-9029-4

Klingenberg, C.P. (2011) Morpho J: an integrated software package for
geometric morphometrics. Molecular Ecology Resources, 11, 353~
357. Available from: https://doi.org/10.1111/j.1755-0998.2010.
02924.x

Koch, G., Bonni, S., Pellicciari, M.C., Casula, E.P., Mancini, M., Esposito,
R. et al. (2018) Transcranial magnetic stimulation of the precuneus
enhances memory and neural activity in prodromal Alzheimer's dis-
ease. Neurolmage, 169, 302-311. Available from: https://doi.org/
10.1016/j.neuroimage.2017.12.048

Koch, G., Casula, E.P., Bonni, S., Borghi, |., Assogna, M., Minei, M. et al.
(2022) Precuneus magnetic stimulation for Alzheimer's disease:
a randomized, sham-controlled trial. Brain, 145, 3776-3786.
Available from: https://doi.org/10.1093/brain/awac285

Levin, F., Ferreira, D., Lange, C., Dyrba, M., Westman, E., Buchert, R. et al.
(2021) Data-driven FDG-PET subtypes of Alzheimer's disease-
related neurodegeneration. Alzheimer's Research & Therapy, 13, 49.
Available from: https://doi.org/10.1186/s13195-021-00785-9

Margulies, D.S., Vincent, J.L., Kelly, C., Lohmann, G., Uddin, L.Q., Biswal,
B.B. et al. (2009) Precuneus shares intrinsic functional architec-
ture in humans and monkeys. Proceedings of the National Academy
of Sciences of the United States of America, 106, 20069-20074.
Available from: https://doi.org/10.1073/pnas.0905314106

Mitteroecker, P. & Gunz, P. (2009) Advances in geometric morphomet-
rics. Evolutionary Biology, 36, 235-247. Available from: https://doi.
0rg/10.1007/511692-009-9055-x

Mitteroecker, P. & Schaefer, K. (2022) Thirty years of geometric morpho-
metrics: achievements, challenges, and the ongoing quest for bio-
logical meaningfulness. American Journal of Biological Anthropology,
178, 181-210. Available from: https://doi.org/10.1002/ajpa.24531

Northoff, G. & Bermpohl, F. (2004) Cortical midline structures and the
self. Trends in Cognitive Sciences, 8, 102-107. Available from: https://
doi.org/10.1016/j.tics.2004.01.004

Ossenkoppele, R., Schonhaut, D.R., Schéll, M., Lockhart, S.N., Ayakta, N.,
Baker, S.L. et al. (2016) Tau PET patterns mirror clinical and neuro-
anatomical variability in Alzheimer's disease. Brain, 139, 1551-1567.
Available from: https://doi.org/10.1093/brain/aww027

Pereira-Pedro, A.S. & Bruner, E. (2016) Sulcal pattern, extension, and
morphology of the precuneus in adult humans. Annals of Anatomy-
Anatomischer Anzeiger, 208, 85-93. Available from: https://doi.org/
10.1016/j.aanat.2016.05.001

Perez, S.1., Bernal, V. & Gonzalez, P.N. (2006) Differences between slid-
ing semi-landmark methods in geometric morphometrics, with an
application to human craniofacial and dental variation. Journal of
Anatomy, 208, 769-784. Available from: https://doi.org/10.1111/j.
1469-7580.2006.00576.x

Rami, L., Mollica, M.A,, Garcia-Sanchez, C., Saldafia, J., Sanchez, B., Sala,
I. et al. (2014) The subjective cognitive decline questionnaire (SCD-
Q): a validation study. Journal of Alzheimer's Disease, 41, 453-466.
Available from: https://doi.org/10.3233/JAD-132027

Riedl, R. (1978) Order in living organisms: a systems analysis of evolution.
New York: Wiley.

Rohlf, F.J. (2017) tpsDig. Stony Brook, NY: Department of Ecology and
Evolution, State University of New York.

Sanchez-Juan, P., Valeriano-Lorenzo, E., Ruiz-Gonzélez, A., Pastor, A.B.,
Rodrigo Lara, H., Lopez-Gonzalez, F. et al. (2024) Serum GFAP lev-
els correlate with astrocyte reactivity, post-mortem brain atrophy
and neurofibrillary tangles. Brain, 147, 1667-1679. Available from:
https://doi.org/10.1093/brain/awae035

Journal of

BRUNERET AL.

Scheperjans, F., Hermann, K., Eickhoff, S.B., Amunts, K., Schleicher, A.
& Zilles, K. (2008) Observer-independent cytoarchitectonic map-
ping of the human superior parietal cortex. Cerebral Cortex, 18,
846-867. Available from: https://doi.org/10.1093/cercor/bhm116

Schuurman, T. & Bruner, E. (2023) A comprehensive anatomical network
analysis of human brain topology. Journal of Anatomy, 242, 973-
985. Available from: https://doi.org/10.1111/joa.13828

Schuurman, T. & Bruner, E. (2024) A comparative anatomical network
analysis of the human and chimpanzee brains. American Journal of
Biological Anthropology, 185, e24988. ilable from: https://doi.
org/10.1002/ajpa.24988

Shui, W., Profico, A. & O'Higgins, P. (2023) A comparison of semiland-
marking approaches in the analysis of size and shape. Animals, 13,
1179. Available from: https://doi.org/10.3390/ani13071179

Slice, D.E. (2007) Geometric morphometrics. Annual Review of
Anthropology, 36, 261-281. Available from: https://doi.org/10.
1146/annurev.anthro.34.081804.120613

Tanglay, O., Young, |.M., Dadario, N.B., Briggs, R.G., Fonseka, R.D.,
Dhanaraj, V. et al. (2022) Anatomy and white-matter connections of
the precuneus. Brain Imaging and Behavior, 16, 574-586. Available
from: https://doi.org/10.1007/s11682-021-00529-1

Van Den Heuvel, M.P,, Mandl, R.C.W., Stam, C.J., Kahn, R.S. & Hulshoff
Pol, H.E. (2010) Aberrant frontal and temporal complex network
structure in schizophrenia: a graph theoretical analysis. The Journal
of Neuroscience, 30, 15915-15926. Available from: https://doi.org/
10.1523/JNEUROSCI.2874-10.2010

Van Hoesen, G.W., Augustinack, J.C., Dierking, J., Redman, S.J. &
Thangavel, R. (2000) The parahippocampal gyrus in Alzheimer's
disease: clinical and preclinical neuroanatomical correlates. Annals
of the New York Academy of Sciences, 911, 254-274. Available from:
https://doi.org/10.1111/}.1749-6632.2000.tb06731.x

Vogel, JW., Young, A.L, Oxtoby, N.P, Smith, R., Ossenkoppele, R.,
Strandberg, O.T. et al. (2021) Four distinct trajectories of tau depo-
sition identified in Alzheimer's disease. Nature Medicine, 27, 871~
881. Available from: https://doi.org/10.1038/s41591-021-01309-6

Wu, Y., Sun, D., Wang, Y., Wang, Y. & Ou, S. (2016) Segmentation of the
cingulum bundle in the human brain: a new perspective based on DSI
tractography and fiber dissection study. Frontiers in Neuroanatomy,
10, 84. Available from: https://doi.org/10.3389/fnana.2016.00084

Zelditch, M.L. & Swiderski, D.L. (2023) Effects of Procrustes superim-
position and semilandmark sliding on modularity and integration:
an investigation using simulations of biological data. Evolutionary
Biology, 50, 147-169. Available from: https://doi.org/10.1007/
511692-023-09600-9

Zelditch, M.L., Swiderski, D.L. & Sheets, H.D. (2012) Geometric morpho-
metrics for biologists, Second edition. San Diego, CA and London:
Academic Press.

Zhang, S. & Li, C.R. (2012) Functional connectivity mapping of the human
precuneus by resting state fMRI. Neurolmage, 59, 3548-3562.
Available from: https://doi.org/10.1016/j.neuroimage.2011.11.023

How to cite this article: Bruner, E., Gallareto-Sande, R.,
Lépez-Gonzalez, F.J.,, Zhang, L., Sdnchez Martin, C., Grothe,
M.J. etal. (2026) Morphological variations and cortical
atrophy of the precuneus in normal aging and Alzheimer's
disease. Journal of Anatomy, 248, 62-70. Available from:
https://doi.org/10.1111/joa.70027

1o/ :8dy woy papeojumoct ‘1 ‘9Z0Z ‘08SL69YT

g
£
g
g

Jsdiae) suopuon pus suiag, a4 935 TSZ0TITL/L] Uo ATIArT SO A311a SOBing] oL POpISISAI AQ L2000

¢ SUOILIOD 281ER1) 2(qEo11dde 3t AQ PLIROT aIm Sa[o D YO AN Jo §aI 103 AImAGI] AULC) KA1 U0 (SUORIPUOD-PUE-S im0 Ao 18 esqu(e




