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Recent work suggests that indentations of the cerebral cortex, or sulci, may be uniquely vulnerable to atrophy in aging and
Alzheimer’s disease (AD) and that the posteromedial cortex (PMC) is particularly vulnerable to atrophy and pathology accumulation.
However, these studies did not consider small, shallow, and variable tertiary sulci that are located in association cortices and are
often associated with human-specific aspects of cognition. Here, we manually defined 4,362 PMC sulci in 432 hemispheres in 216
human participants (50.5% female) and found that these smaller putative tertiary sulci showed more age- and AD-related thinning
than larger, more consistent sulci, with the strongest effects for two newly uncovered sulci. A model-based approach relating sulcal
morphology to cognition identified that a subset of these sulci was most associated with memory and executive function scores in
older adults. These findings lend support to the retrogenesis hypothesis linking brain development and aging and provide new
neuroanatomical targets for future studies of aging and AD.
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Significance Statement

Large-scale changes in cortical structure in aging suggest sulci are particularly vulnerable to atrophy. However, tertiary sulci,
the smallest and most individually variable cortical folds associated with cognitive development, have not been studied in
aging. Here, we investigate tertiary sulci for the first time in aging and Alzheimer’s disease (AD). We find that these smaller
and shallower sulci show more age- and AD-related thinning than larger sulci in the posteromedial cortex (PMC) and that the
atrophy of a subset of PMC sulci is most associated with cognition in older adults. These findings support classical theories
linking developmental and aging trajectories at a novel anatomical resolution and provide insight into relationships between
individual differences in structural brain changes and cognitive decline.
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Introduction
Understanding relationships between structural brain changes
and cognitive decline in aging is a fundamental objective of aging
research. Findings from large-scale, group-level atrophy studies
with hundreds of participants converge on broadly consistent pat-
terns across lobes (Raz et al., 1997; Salat et al., 2004; Du et al.,
2007; Fjell et al., 2009a,b); however, more specific investigations
of individual differences are less clear. Measuring changes in sulci
in aging has been proposed to explore individual differences in
cortical structure without biases introduced from a common
stereotaxic space (Mangin et al., 2004; Bertoux et al., 2019) and
to provide additional insights beyond regional volume and thick-
ness analyses, since sulcal morphology is thought to reflect under-
lying white matter architecture (Van Essen, 2020; Voorhies et al.,
2021). Such studies in aging have found that sulci are more
vulnerable to thinning than gyri (Lin et al., 2021) and that sulcal
morphology is related to cognitive decline (Liu et al., 2011;
Mortamais et al., 2022). In Alzheimer’s disease (AD), sulcal mor-
phology has been found to be related to cognitive impairment and
is more diagnostically accurate than traditional measures like
hippocampal volume (Hamelin et al., 2015; Bertoux et al., 2019).

These studies have focused on the largest, deepest sulci.
However, an emerging area of investigation is the role of tertiary
sulci: the smallest, shallowest indentations that appear latest in
development and most recently in primate evolution (Sanides,
1964; Miller et al., 2021; Miller andWeiner, 2022). The morphol-
ogy of tertiary sulci is associated with individual differences in
cognitive development (Voorhies et al., 2021; Willbrand et al.,
2022b; Yao et al., 2022) and with symptoms and onset of
disorders including schizophrenia (Garrison et al., 2015) and
frontotemporal dementia (Harper et al., 2022). To our
knowledge, no prior research has examined sulcal morphology
including tertiary sulci in normal aging or AD.

Here, we build on these findings to investigate tertiary sulci in
the aging brain for the first time. One reason tertiary sulci have
been overlooked is that they often do not appear in analyses aver-
aged across individuals and are not automatically identified by
common cortical parcellations (Miller et al., 2021; Voorhies
et al., 2021). Consequently, tertiary sulci must be manually iden-
tified in each hemisphere by trained raters (Chiavaras and
Petrides, 2000; Garrison et al., 2015; Amiez et al., 2018, 2019,
2023; Lopez-Persem et al., 2019; Voorhies et al., 2021; Harper
et al., 2022; Willbrand et al., 2022b, 2023c). Because this process
is laborious, studies commonly restrict analyses to a single sulcus
or region. Here, we focus on the posteromedial cortex (PMC).
PMC, which includes the precuneus and posterior cingulate
(Parvizi et al., 2006; Willbrand et al., 2022a; Foster et al., 2023),
is vulnerable to age-related atrophy (Fjell et al., 2009a,b) and
functional connectivity alterations that correlate with cognitive
impairment (Andrews-Hanna et al., 2007; Leech and Sharp,
2014; Edde et al., 2020). In AD, PMC is also vulnerable to atrophy
(Du et al., 2007; Pengas et al., 2010) and is one of the earliest sites
of pathological amyloid-β (Aβ) accumulation (Buckner et al.,
2009; Vannini et al., 2013) and tau spread beyond the medial
temporal lobe (Braak and Braak, 1991; Harrison et al., 2019).

This study investigates changes in the morphology of
PMC sulci in young adults (YAs), healthy older adults (OAs),
and older adults with AD, guided by the following questions:
(1) Are morphological changes uniform in PMC sulci, or are
particular sulci or sulcal types uniquely vulnerable? (2) Is there
a relationship between PMC sulcal morphology and cognition
in older adults, and is this relationship specific to certain sulci?

Answering these questions is theoretically meaningful: the
retrogenesis model of aging and AD suggests brain aging and
degeneration mirrors development, first affecting evolutionarily
newer and later developing areas and, thus, leading to declines
in higher-order cognitive processes (Reisberg et al., 1999).
Consequently, we hypothesize that tertiary sulci may be particu-
larly vulnerable to aging- or AD-related degeneration and
subsequent cognitive decline.

Materials and Methods
Participants

Young adults. Data for the YA cohort analyzed in this study are from
the Human Connectome Project Young Adult (HCP-YA) database
(https://www.humanconnectome.org/study/hcp-young-adult/overview;
Van Essen et al., 2013). We used data from 72 randomly selected partic-
ipants (36 female; age, 22–36; µ= 29.1 years; Table 1). HCP consortium
data were previously acquired using protocols approved by the
Washington University Institutional Review Board. In this study, we
have used the same participants as in our prior work delineating sulcal
morphology in human and chimpanzee PMC (Willbrand et al., 2023c).

Older adults. Data for the older adult cohorts analyzed in this study
are from the Alzheimer’s Disease Neuroimaging Initiative (ADNI;
https://adni.loni.usc.edu/). We used MRI scans from 144 older adults:
72 classified as cognitively normal OAs and 72 with a diagnosis of AD,
based on ADNI protocol criteria (Petersen et al., 2010). The 72 OA par-
ticipants were randomly chosen from the subset of cognitively normal
OAs in ADNI (38 female; age, 65–90; µ= 76.0 years; Table 1). The 72
AD participants were chosen from the subset of adults with AD in
ADNI who had an MRI and Aβ PET scan within the same year, such
that the OA and AD groups were age matched (35 female; age, 65–89;
µ= 76.2 years; Table 1). All AD participants were confirmed to be Aβ
positive based on ADNI’s Aβ PET cortical summary SUVR positivity
thresholds (Landau et al., 2012; Royse et al., 2021).

Data acquisition
MRI: young adults. Anatomical T1-weighted MRI scans (0.8 mm

voxel resolution) were obtained in native space from the HCP database,
as were outputs from the HCP-modified FreeSurfer pipeline (v5.3.0;
Dale et al., 1999; Fischl et al., 1999a,b; Glasser et al., 2013). Additional
details on image acquisition parameters and HCP-specific image
processing can be found in Glasser et al. (2013).

MRI: older adults. Anatomical T1-weighted MPRAGE anatomical
scans were obtained from the ADNI online repository (http://adni.loni.
usc.edu). The resolution and exact scanning parameters varied slightly
across the sample (see Extended Data Tables 1-1 and 1-2 for scanning
parameters), but ADNI imaging protocols have been standardized to
minimize variance across sites (Jack et al., 2008). Each scan was visually
inspected for scanner artifacts, and then cortical surface reconstructions
were generated for each participant using the standard FreeSurfer
processing pipeline [FreeSurfer (v6.0.0): surfer.nmr.mgh.harvard.edu;
Dale et al., 1999; Fischl et al., 1999a].

Cognitive data. Cognitive data were obtained from ADNI for OA
and AD groups. We used the ADNI memory (ADNI-Mem) composite

Table 1. Summary of participant characteristics

Group Age: range (μ, SD) Sex: %F
Years of Edu:
μ (SD)

CDR SOB:
μ (SD)

Aβ status:
% Aβ+

YA 22–36 (29.06, 3.57) 50.0
OA 65–90 (76.01, 6.32) 52.8 16.47 (2.25) 0.1 (0.5) 51%
AD 65–89 (76.15, 5.89) 48.6 15.74 (2.32) 4.4 (1.8) 100%

Characteristics of participant samples from the HCP-YA and the ADNI databases. Aβ status and Clinical Dementia
Rating Scale Sum of Boxes (CDR SOB) were only available in the OA and AD groups, and years of education (Edu) is
only reported for older adult groups because only OAs and ADs are considered in cognition analyses. For scanning
parameters, see Extended Data Tables 1-1 and 1-2.
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score from the ADNI neuropsychological battery (Crane et al., 2012) as a
measure of memory performance and ADNI executive function
(ADNI-EF) composite score as a measure of executive function
(Gibbons et al., 2012).

Manual sulcal labeling of PMC sulci
For both cohorts, each cortical reconstruction obtained by the steps
above was inspected for segmentation errors (which were manually cor-
rected if necessary). All sulcal labeling and extraction of anatomical met-
rics were calculated from the FreeSurfer cortical surface reconstructions
of individual participants.

As in our prior work (Willbrand et al., 2022a, 2023c), we defined
PMC sulci for each participant based on the most recent schematics of
sulcal patterning by Petrides (2019) as well as their own pial, inflated,
and smoothed white matter (smoothwm) FreeSurfer surfaces. In some
cases, the precise start or end point of a sulcus can be difficult to deter-
mine on a surface (Borne et al., 2020); examining consensus across
multiple surfaces allowed us to clearly determine each sulcal boundary
in each individual. Sulci were defined in tksurfer, where manual
lines were drawn on each participant’s FreeSurfer inflated cortical
surface to distinguish sulci. For each hemisphere, the location of PMC
sulci was identified by trained raters (S.A.M., E.H.W.) and confirmed
by an expert neuroanatomist (K.S.W.) in agreement with an established
atlas (Petrides, 2019) and our prior work identifying sulci in this
area (Willbrand et al., 2022a, 2023c). See Extended Data Figure 1-1 for
all sulcal labels on all OA and AD hemispheres and our prior work for
all YA labels and a more in-depth description of sulcal anatomy in
PMC (Willbrand et al., 2023c).

For this process, we started with the largest and deepest sulci that
bound our region of interest (PMC): the parieto-occipital sulcus (pos)
posteriorly and the marginal ramus of the cingulate sulcus (mcgs) ante-
riorly. Next, the splenial sulcus (spls) separates two commonly delineated
subregions of PMC: the precuneus (PrC) superiorly and the posterior
cingulate cortex (PCC) inferiorly (Vogt et al., 1995; Willbrand et al.,
2022a, 2023c). PrC contains four consistent sulci: the dorsal precuneal
limiting sulcus (prculs-d) and three precuneal sulci (posterior, prcus-p;
intermediate, prcus-i; anterior, prcus-a). PCC contains one consistent
sulcus: the inframarginal sulcus (ifrms). In addition to these eight consis-
tent sulci in PMC, there are four variably present sulcal indentations: the
ventral precuneal limiting sulcus (prculs-v) in PrC, the posterior intra-
cingulate sulcus (icgs-p) in PCC anterior to the ifrms, and the dorsal
and ventral subsplenial sulci (sspls-d and sspls-v, respectively) inferior
to the spls. For more detail, see our prior work characterizing PMC sulcal
morphology (Willbrand et al., 2023c) and Figure 1 for example partici-
pant hemispheres with PMC sulci defined.

Sulcal probability maps
As in prior studies (Miller et al., 2021; Voorhies et al., 2021; Willbrand
et al., 2023b), sulcal probability maps were generated to display the ver-
tices of highest correspondence across participants for each sulcus. Each
sulcal label in every participant was mapped from the individual’s surface
to the fsaverage surface; from there, for each vertex, we calculated the
proportion of participants for whom the vertex is labeled as a given
sulcus, and the sulcus with the highest overlap was assigned to each
vertex. To improve visual interpretability, we generated maximum prob-
ability maps (MPMs) for each sulcus by constraining each map to 10%
overlap across participants (Fig. 1B), as done previously (Willbrand
et al., 2023b). Maps were generated separately for each group (YA,
OA, and AD), and both the 10% thresholded MPMs and the unthre-
sholded maps are provided. The centroid coordinate of each 10% thre-
sholded MPM displayed in Freeview on the fsaverage surface is given
in Table 2 and Extended Data Table 2-1.

Quantification of sulcal morphology
For this study, we extracted and analyzed the cortical thickness and depth
of each PMC sulcus, as these are two defining morphological features of
cortical sulci (Fischl and Dale, 2000; Goghari et al., 2007; Vandekar et al.,
2015; Miller et al., 2021; Demirci and Holland, 2022) that are also
of interest in aging (Jin et al., 2018; Shen et al., 2018; Madan, 2019;
Lin et al., 2021; Tang et al., 2021). When comparing across groups

(YA, OA, AD), cortical thickness is used as a measure of atrophy, as is
common in prior literature (Salat et al., 2004; Lindroth et al., 2019).
Though prior work examining sulcal morphology in aging has also stud-
ied sulcal width (Liu et al., 2011, 2013; Hamelin et al., 2015; Jin et al., 2018;
Bertoux et al., 2019; Tang et al., 2021; Mortamais et al., 2022), we found
that the current toolbox that extracts this information from individual
sulcal labels in FreeSurfer (Madan, 2019) failed to obtain the width of
many smaller sulci (previous studies only examine large sulci).
Therefore, we were not able to examine sulcal width in the present study.

Cortical thickness. Cortical thickness (in millimeters) was generated
for each sulcus using the mris_anatomical_stats function in FreeSurfer
(Dale et al., 1999; Fischl et al., 1999a). Raw (un-normalized) cortical
thickness values (in millimeters) are used in the present study as previous
studies showed that raw, un-normalized values outperform normalized
measures of thickness in MCI and AD (Westman et al., 2013).

Depth. Sulcal depth was calculated from the native cortical surface
reconstruction, measuring from the sulcal fundus to the smoothed outer
pial surface. Raw values for sulcal depth (in millimeters) were calculated
using a modified version of an algorithm for robust morphological
statistics that builds on the FreeSurfer pipeline (Madan, 2019).

Experimental design and statistical analyses
To compare the cortical thickness of PMC sulci between groups, we
ran a linear mixed-effects model (LME) with the following predictors:
group (YA, OA, AD), sulcus, and hemisphere (left or right) and their
interactions. Group, hemisphere, and sulcus were considered fixed
effects, and for random effects sulcus was nested within the hemisphere,
which was nested within subjects. ANOVA F-tests were applied to each
model. We also repeated these analyses with sulcal depth instead of
cortical thickness. For all post hoc comparisons conducted, p values
were corrected for multiple comparisons with Tukey’s method, and the
Tukey-corrected p is reported.

To determine which sulcal measures were most associated with cogni-
tion, we employed a least absolute shrinkage and selection operator
(LASSO) regression, as described previously (Voorhies et al., 2021; Yao
et al., 2022). We utilize LASSO regression as a form of feature selection
to determine whether the cortical thickness of any PMC sulci in particular
predicts memory (ADNI-Mem) scores.We employ this method separately
for each hemisphere and combined across both hemispheres. LASSO
regression requires all individuals to have the same predictors; therefore,
in order to include more than one small, shallow sulcus while maximizing
the available sample size, we included the cortical thickness of all eight con-
sistent sulci (pos, prculs-d, prcus-p, prcus-i, prcus-a, spls, mcgs, ifrms) plus
the next most consistent PMC sulcus (sspls-v, present in 61.1% of hemi-
spheres). This resulted in 106 individuals with all 9 of these sulci in the
left hemisphere and 70 with all 9 in the right for the LASSO regressions.
OA and AD participants were combined to increase the range of scores
and sample size available (Extended Data Fig. 5-1). For the ADNI-EF anal-
yses, one participant with all nine sulci in the left hemisphere was excluded
from analyses because they were missing the ADNI-EF composite score.

This approach allows for data-driven variable selection: LASSO algo-
rithms penalize model complexity by applying a shrinking parameter (α)
to the absolute magnitudes of the coefficients, dropping the lowest from
the model. LASSO regression increases model generalizability by provid-
ing a sparse solution that reduces coefficient values and decreases vari-
ance in the model, without increasing bias (Heinze et al., 2018). To
choose the optimal value for α, we use the GridSearchCV function of
the scikit-learn Python module to perform an exhaustive search over a
range of values, selecting the value that minimizes the cross-validated
mean squared error (MSECV) using the following formula:

yi = b0 + b1 pos+ b2 prculs d + b3 prcus p+ b4 prcus i

+ b5 prcus a+ b6 spls+ b7 mcgs+ b8 ifrms+ b9 sspls v

+ 1i (1)

From the LASSO regression with the optimal α value, we identify our
model of interest, which best explains memory scores from a subset of
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the original predictors. One model was identified per hemisphere
as follows:

Right hemisphere: yi = b0 + b1 prculs d + b2 prcus p

+ b3 ifrms+ b4 sspls v + 1i (2)

Left hemisphere: yi = b0 + b1 pos+ b2 prcus p+ b3 spls

+ b4 sspls v + 1i (3)

We also combined sulcal measures across both hemispheres in a separate
LASSO regression. Additionally, to determine whether any of these sulcal
measures remain as predictors in the model when also accounting for
group status (OA or AD), we added group as a predictor to the LASSO
regression, which resulted in the following final model:

yi = b0 + b1 Group+ b2 prcus p RH+ b3 ifrms RH

+ b4 sspls v RH+ b5 spls RH+ b6 sspls v LH+ 1i (4)

We use linear regression with leave-one-out cross-validation (LOOCV) in
order to compare various models; all regression models were imple-
mented with the scikit-learn module. To verify that the results of
our feature selection [(2) and (3)] outperform a full model containing
all PMC sulci [(1)], we compare the simplified models of interest with
the full model, separately for each hemisphere. We also compared
models (2) and (3) to determine which hemisphere provided the
best predictive power. To determine model specificity, we investigated
whether the observed relationship between sulci and task performance
generalized to other cognitive domains or morphological features: we
compared the original models to models predicting ADNI-EF scores
instead of ADNI-Mem scores from sulcal thickness and to models
using the depth of selected sulci as the predictors instead of cortical
thickness. We compared the fits of all models of interest using the
Akaike information criterion (AIC). An AIC > 2 suggests an interpret-
able difference between models, and AIC > 10 suggests a strong differ-
ence between models (lower AIC suggests better model fit).

To determine if available covariates (age, education, and sex, summa-
rized in Table 1) were associated with ADNI-Mem scores, we calculated

Figure 1. PMC sulcal labels in example hemispheres and average probability maps. A, Left, An inflated (top) and pial (bottom) cortical surface reconstruction of an individual human
hemisphere; sulci are dark gray and gyri light gray. Individual PMC sulci are colored according to the legend. Right, Four example hemispheres within each group, zoomed in to the PMC
and depicting variability in sulcal incidence between participants (9–12 sulci per hemisphere: 8 consistent, 4 variably present). Right hemisphere images are mirrored so that all images
are in the same orientation for comparison. See Extended Data Figure 1-1 for all OA and AD participant hemispheres with labels. Legend: YA, young adult; OA, cognitively normal older adult;
AD, older adult with Alzheimer’s. B, MPMs for nine example sulci (3 per image) generated using all participants’ sulcal labels projected to the left hemisphere fsaverage surface. At each vertex,
maps indicate the proportion of participants for whom that vertex is labeled as a given sulcus (yellow is higher overlap). Sulci shown: prculs-d, spls, and mcgs (left); pos, prcus-i, and ifrms
(middle); sspls-v, prcus-p, and prcus-a (right). MPMs generated from all YA participants’ labels are shown, but MPMs generated from all three groups (YA, OA, and AD) are available for download
and can be projected from fsaverage onto individual participant surfaces (see Materials and Methods, Code and data accessibility).
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Person correlations (rp) between age or education and ADNI-Mem
scores, and t tests comparing ADNI-Mem scores between male and
female participants.

Packages used for statistical analysis
All statistical tests were implemented in Python (v3.9.13) and R (v4.2.2).
For morphological comparisons, LMEs were implemented with the lme
function from the nlme R package. ANOVA F tests were implemented
with the anova function from the built-in stats R package, and the
effect sizes for ANOVA effects are reported as partial eta-squared (h2

P)
values computed with the eta_squared function from the effectsize R
package. Post hoc analyses on ANOVA effects and effect sizes were
computed with the emmeans, contrast, and eff_size functions from the
emmeans R package (p values adjusted with Tukey’s method).
Correlations were computed with the spearmanr (rs) or pearsonr (rp)
function from the stats module of the Python SciPy package (v1.9.1),
and two-sided t tests were performed with the ttest_ind function from
SciPy.stats. LASSO regression was implemented using the scikit-learn
Python module (v1.0.2).

Code and data accessibility
Code and data used for this project, including sulcal probability maps
that can be downloaded and projected from fsaverage onto individual par-
ticipant surfaces, will bemade freely available onGitHub upon publication
at the following link: https://github.com/cnl-berkeley/stable_projects/tree/
main/PMCSulcalMorphology_AgingAD. The colorblind-friendly color
schemes used in our figures were created using the toolbox available at
https://davidmathlogic.com/colorblind/. Requests for further information
should be directed to the corresponding author.

Results
Small, shallow sulci show more age- and AD-related thinning,
with the strongest effects for newly uncovered sulci (ifrms and
sspls-v)
We first manually defined 4,362 PMC sulci in 432 hemispheres in
216 adult participants in three groups: 72 YAs aged 22–36, 72 cog-
nitively normalOA aged 65–90, and 72 adults withAD aged 65–89
(age matched to OA). Previous work shows that this sample size is
sufficient to quantify reproducible and reliable results relating sul-
cal morphology to cognition in individual participants (Garrison
et al., 2015; Borst et al., 2016; Cachia et al., 2017; Lopez-Persem
et al., 2019; Voorhies et al., 2021; Willbrand et al., 2022b, 2023a;
Yao et al., 2022). PMC sulci were manually defined on the cortical
surface reconstruction of each participant’s T1-weightedMRI scan
according to the most recent comprehensive sulcal atlas (Petrides,
2019; Fig. 1) as in our previous studies (Willbrand et al., 2022a,
2023c; see Materials and Methods for specifics). In order to assist
in identifying PMC sulci in future studies, we provide probabilistic

maps of the location of all sulci included in this work in fsaverage
space generated by calculating the proportion of participants for
whom each vertex belongs to a given sulcal label when mapped
to fsaverage (Fig. 1B; Materials andMethods, Code and data acces-
sibility). These maps can be thresholded and projected onto indi-
vidual participant surfaces to serve as a guide for manual sulcal
definitions. Additionally, we provide the coordinates (in fsaverage
RAS space) for the centroid of each label’s map (Table 2 and
Extended Data Table 2-1) that can be transformed to MNI or
Talairach coordinates.

Sulci are generally categorized as primary, secondary, or ter-
tiary based on their emergence in gestation (Chi et al., 1977;
Welker, 1990; Armstrong et al., 1995; Zilles et al., 2013).
However, in this study, several sulci are defined (based on our
previous work; Willbrand et al., 2022a, 2023c) that are not
included in studies describing gestational sulcation patterns.
Therefore, we focus on individual-level sulcal analyses agnostic
to sulcal-type groupings and instead categorize sulci as smaller
and shallower (sulcal depth and area are highly correlated,
in our sample rp = 0.86) or larger and deeper; tertiary sulci are
typically the smallest and shallowest (Sanides, 1964; Miller
et al., 2021; Miller and Weiner, 2022).

To quantify the effects of sulcal thinning in PMC across
groups and hemispheres, we ran an LME model with group
(YA, OA, AD), sulcus, and hemisphere (left or right) as
predictors, including all interactions (Fig. 2A). ANOVA F tests
were applied to each model. We observed a main effect of group
(F(2,213) = 177.31; p< 0.0001; h2

P =0.62), sulcus (F(11,3864) = 560.02;
p< 0.0001; h2

P =0.61), and hemisphere (F(1,213) = 6.60; p=0.011;
h2
P = 0.03, in which right hemisphere sulci were thicker), as

well as group × sulcus (F(22,3864) = 10.41; p < 0.0001; h2
P = 0.06)

and group × hemisphere interactions (F(2,213) = 3.67; p= 0.027;
h2
P = 0.03). Post hoc tests revealed that each pairwise group

comparison was significant (p < 0.0001), with YA having thicker
sulci than OA, and OA thicker than AD; each pairwise group
comparison was also significant for each hemisphere separately
(all p < 0.0001), but group differences were slightly greater in
the right hemisphere for the YA–OA difference and in the left
hemisphere for the OA–AD difference. Within each sulcus, pair-
wise group comparisons were significant (p < 0.05), except for
icgs-p (p= 0.12), mcgs (p= 0.24), and prcus-a (p= 0.30) for
the OA–AD comparison and sspls-v for the YA–OA comparison
(p= 0.10; see Table 3 for all p values and effect sizes).

The strongest effects occurred in small, shallow sulci: the ifrms
for the OA–YA comparison and the sspls-v for the AD–OA com-
parison (Table 3). Interestingly, the ifrms was recently shown to be
the locus of the thickest portion in PMC (Willbrand et al., 2022a),
and both the ifrms and sspls-v were recently uncovered and have
not been investigated in prior studies of aging (Willbrand et al.,
2023c). Additionally, if PMC sulci are split into the “shallowest”
(<5 mm) and “deepest” (>5 mm) sulci, the same LME above can
be run with depth type (shallow or deep) as a factor instead of sul-
cal label: that is, the model includes group (YA, OA, AD), depth
type (shallow or deep), and hemisphere (left or right) as predictors,
including all interactions. With this model, we still observed a
main effect of group (F(2,213) = 173.36; p< 0.0001; h2

P = 0.62) and
hemisphere (F(1,213) = 4.96; p< 0.05; h2

P =0.02, in which right
hemisphere sulci were thicker), as well as an effect of depth type
(F(1,426) = 3382.84; p< 0.0001; h2

P =0.89) and a group× depth-type
interaction (F(2,426) = 37.61; p< 0.0001; h2

P =0.15). Post hoc tests of
this interaction show that while all group contrasts in thickness
are significant for both depth groups (deep and shallow; all
p < 0.001), the group contrasts are greater for the shallower sulci.

Table 2. Centroid coordinates of young adult sulcal MPMs

Sulcus Centroid R, A, S (left hemi) Centroid R, A, S (right hemi)

pos −21.75, −63.54, 21.06 23.02, −60.00, 22.21
mcgs −18.02, −39.94, 48.91 16.84, −37.92, 49.79
prculs-d −11.92, 68.81, 37.03 13.08, −69.36, 39.40
spls −11.06, −47.56, 29.62 10.96, −47.05, 30.66
prcus-a −8.02, −50.96, 48.11 7.23, −48.90, 49.19
prcus-i −11.52, −57.90, 46.77 6.91, −58.28, 47.39
prcus-p −6.82, −63.23, 36.77 5.96, −61.61, 36.83
prculs-v −4.76, −62.44, 25.17 5.37, −59.97, 28.56
sspls-v −6.69, −53.04, 13.52 6.53, −50.76, 15.28
icgs-p −3.98, −17.39, 36.50 4.21, −17.10, 36.99
ifrms −4.94, −28.5, 35.5 5.39, −28.69, 36.13
sspls-d −4.82, −44.21, 26.70 5.01, −45.00, 25.74
Centroid coordinates of the 10% thresholded MPM for each sulcus in the young adult group, in fsaverage RAS
coordinates. The centroid coordinates for both older adult groups (OA and AD) are given in Extended Data Table 2-1.
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As sulcal depth has been reported to decrease in aging, we
ran the same linear LME described above for sulcal depth
instead of cortical thickness (Fig. 2B), especially because previous
results have focused on large, deep primary sulci and have shown
mixed results that vary by sulcus (with some sulci showing no
decrease in depth with age; Jin et al., 2018; Shen et al., 2018;

Madan, 2019; Tang et al., 2021). We observed a significant
effect of group (F(2,213) = 4.67; p= 0.010; h2

P = 0.04), sulcus
(F(11,3864) = 2,064.38; p < 0.0001; h2

P = 0.85), and hemisphere
(F(1,213) = 72.60; p < 0.0001; h2

P = 0.25, in which right hemisphere
sulci were shallower), and small but significant group × sulcus
(F(22,3864) = 1.65; p= 0.029; h2

P = 9.3 × 10
−3) and hemisphere ×

sulcus interactions (F(11,3864) = 8.20; p < 0.0001; h2
P = 0.02).

Post hoc tests show the group effect is driven by a difference
between YA and OA depth (p < 0.02), with the other group com-
parisons not significant; examining these YA relative to OA
group differences at the sulcal level shows they are only signifi-
cant for prculs-d (p < 0.001) and ifrms (p < 0.02), with OA sulci
deeper in both cases. Examining hemisphere effects by sulcus
show that the left hemisphere is deeper than the right
(p < 0.05) for every sulcus except pos (where right is deeper
than the left, p < 0.001) and prculs-d (where the hemisphere
difference is not significant).

As the ifrms is situated anteriorly in PMC, we tested the
hypothesis that there is a relationship between the mean anterior
coordinate of each sulcus (using the FreeSurfer RAS coordinate
system; see Materials and Methods) and the amount of atrophy
in that sulcus across groups (Fig. 3). This quantification showed
that the amount of sulcal atrophy was correlated with the ante-
rior coordinate when comparing sulcal cortical thickness differ-
ences in aging (between YA and OA; r2 = 0.43; p < 0.03), but
not when comparing OA and AD (r2 = 0.0; p > 0.9). Instead, in
AD, there is relatively less atrophy in more anterior sulci and
more atrophy in posterior sulci (Fig. 3).

Recently identified small, shallow sulci are most associated
with cognition in older adults
To investigate the relationship between PMC sulcal thinning and
cognitive decline, we employed a data-driven pipeline described
previously (Voorhies et al., 2021; Yao et al., 2022;Willbrand et al.,
2023a). We first implemented a LASSO regression model

Figure 2. Cortical thickness and sulcal depth differences across groups show the most prominent effects in the thinning of the small, shallow sulci. A, Sulcal cortical thickness (in mm) across
groups (YA, younger adult; OA, cognitively normal older adult; AD, older adult with Alzheimer’s disease) by sulcus. An LME model with group (YA, OA, AD), sulcus, and hemisphere (left or right)
and their interactions as predictors shows a main effect of group (p < 0.0001), sulcus (p < 0.0001), and hemisphere (p < 0.05), as well as a group × sulcus interaction (p < 0.0001) and a group ×
hemisphere interaction (p < 0.05). Results of post hoc tests are summarized in Table 3. The points represent the mean thickness, while vertical bars represent the bootstrap 95% CI. B, Sulcal
depth (in mm) across groups (YA, younger adult; OA, cognitively normal older adult; AD, older adult with Alzheimer’s disease) by sulcus. A LME model with group (YA, OA, AD), sulcus, and
hemisphere (left or right) and their interactions as predictors shows a main effect of group (p = 0.01), sulcus (p < 0.0001), and hemisphere (p < 0.0001), as well as a group × sulcus interaction
(p < 0.05) and a sulcus × hemisphere interaction (p < 0.0001).

Table 3. Results of post hoc tests for LME models of cortical thickness

Sulcus Group comparison Estimate t ratio Effect size (Cohen’s d ) p value

sspls-d OA-YA −0.3596 −6.860 −5.259 <0.0001
AD-OA −0.1975 −3.624 −2.888 0.001

ifrms OA-YA −0.5031 −13.017 −7.357 <0.0001
AD-OA −0.2041 −5.275 −2.985 <0.0001

icgs-p OA-YA −0.3946 −8.437 −5.771 <0.0001
AD-OA −0.0992 −1.987 −1.451 0.12

sspls-v OA-YA −0.0964 −2.052 −1.410 0.10
AD-OA −0.4956 −10.354 −7.248 <0.0001

prculs-v OA-YA −0.2578 −4.897 −3.770 <0.0001
AD-OA −0.1839 −3.564 −2.689 0.0013

prcus-p OA-YA −0.2324 −6.021 −3.398 <0.0001
AD-OA −0.1154 −2.989 −1.687 0.009

prcus-a OA-YA −0.3147 −8.155 −4.603 <0.0001
AD-OA −0.0578 −1.494 −0.845 0.30

prcus-i OA-YA −0.2252 −5.835 −3.293 <0.0001
AD-OA −0.1143 −2.962 −1.672 0.0095

spls OA-YA −0.2663 −6.899 −3.894 <0.0001
AD-OA −0.1179 −3.056 −1.725 0.007

prculs-d OA-YA −0.2307 −5.976 −3.373 <0.0001
AD-OA −0.1531 −3.967 −2.239 <0.001

mcgs OA-YA −0.1803 −4.670 −2.636 <0.0001
AD-OA −0.0622 −1.612 −0.910 0.24

pos OA-YA −0.2143 −5.552 −3.133 <0.0001
AD-OA −0.1013 −2.624 −1.481 0.025

Results from post hoc comparisons for the LME model comparing the cortical thickness of every PMC sulcus
(Fig. 2A), calculated with emmeans in R. Significant group comparisons (Tukey-adjusted p< 0.05) are bolded.
Sulci are listed in order from shallowest to deepest (based on average depth in YA).
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predicting ADNI-Mem composite scores using the sulcal cortical
thickness of the nine most common PMC sulci in the sample,
separately for each hemisphere (see Materials and Methods).
LASSO regression performs feature selection by shrinking model
coefficients and removing the lowest from the model, with the
sulci that are the strongest predictors of ADNI-Mem scores
remaining in the final model. We used LOOCV to determine
the value of the LASSO shrinking parameter (α), iteratively fitting
models with different α values and choosing the one that
minimizes cross-validated mean squared error. This procedure
indicates that the thickness of a subset of PMC sulci in each
hemisphere is most strongly related to ADNI-Mem scores: pos,
prcus-p, spls, and sspls-v in the left hemisphere and prculs-d,
prcus-p, ifrms, and sspls-v in the right hemisphere (Fig. 4A).
Intriguingly, this model identifies recently uncovered small,
shallow sulci (ifrms, sspls-v; Willbrand et al., 2022a, 2023c) as
explaining a significant amount of variance.

We then assessed the relationship between these
LASSO-selected sulci and cognition using linear regression
models, in order to compare model performance between
hemispheres and across cognitive tasks. Because not all models
examined are nested, we compared model performance with
the AIC. Lower AIC is better, and ΔAIC> 2 suggests an inter-
pretable difference between models, while ΔAIC> 10 suggests a
substantial difference between models.

For each hemisphere, we compared a model predicting
ADNI-Mem scores using the thickness of all sulci to a model
using the thickness of LASSO-selected sulci (for that hemisphere)
only. In the right hemisphere, for the LASSO-selected sulci
model, there was a significant association between predicted
and actual ADNI-Mem scores (rs= 0.55; p < 8.2 × 10

−7; Fig. 4B),
and the model AIC was −1.99 (Fig. 4C). This model outper-
formed a model with the thickness of all PMC sulci in
the right hemisphere (AIC = 18.40; Fig. 4C). In the left hemi-
sphere, for the LASSO-selected sulci model, there was also a sign-
ificant relationship between predicted and actual ADNI-Mem
scores (rs= 0.41; p < 1.1 × 10

−5; Fig. 4B), and the model AIC
was 10.17 (Fig. 4C). This model outperformed a model with
the thickness of all PMC sulci in the left hemisphere (AIC =
30.54; Fig. 4C). ΔAIC between the LASSO-selected right

hemisphere sulci thickness model and the LASSO-selected left
hemisphere sulci model for ADNI-Mem scores is −12.15, indi-
cating that the thickness of right hemisphere LASSO-selected
sulci is strongly preferred as a predictor of ADNI-Mem scores
over left hemisphere sulci.

We then ran another LASSO regression that included all nine
sulci in both hemispheres as well as group (OA or AD) as predic-
tors, in order to examine cross-hemisphere effects and to inves-
tigate whether any sulcal thickness measures remain as
significant predictors when accounting for group status. Group,
as well as a subset of the 18 sulci, was a significant predictor in
the final model: right hemisphere sspls-v, ifrms, spls, and prcus-p
and left hemisphere sspls-v (Extended Data Fig. 4-1). The AIC
for this model was the lowest (−55.05), indicating the best
performance with these predictors.

Available covariates (age, education, and sex) were not
associated with ADNI-Mem scores (age, rp=−0.033; p > 0.6; edu-
cation, rp= 0.12; p > 0.14; sex, p > 0.14); unsurprisingly, including
them in the model did not improve model AIC in either hemi-
sphere (Fig. 4C). Further, even though there were no significant
depth effects across groups, in order to determine whether these
relationships with cognition apply to other morphological mea-
sures beyond thickness, we also assessed the relationship between
the depth of the same LASSO-selected sulci in each hemisphere
and ADNI-Mem scores. The LASSO-selected sulcal depth model
predictions were not correlated with actual ADNI-Mem scores in
either hemisphere, and the thickness model was substantially
preferred over the depth model in both hemispheres (Extended
Data Fig. 4-2).

To determine whether the morphology of these sulci is related
to other cognitive domains beyond memory, we also assessed the
relationship between the same LASSO-selected sulci in each
hemisphere and ADNI-EF scores. In the right hemisphere, for
the LASSO-selected sulci model, there was a significant associa-
tion between predicted and actual ADNI-EF scores (rs= 0.48;
p < 2.2 × 10−5; Fig. 5A), though this relationship is weaker than
with ADNI-Mem scores, and the model AIC was 22.43
(Fig. 5B). We compared the model performance between the
LASSO-selected sulcal thickness models for ADNI-Mem and
ADNI-EF: ΔAIC =−24.41, indicating that the ADNI-Mem

Figure 3. More anterior PMC sulci atrophy most in aging, but this anterior bias is absent in AD. A, Mean anterior–posterior coordinate of each sulcus versus the difference between the average
thickness of the sulcus in OA and YA, demonstrating that more anterior sulci are more atrophied in OA. B, Mean anterior–posterior coordinate of each sulcus versus the difference between the
average thickness of the sulcus in OA and AD, showing no relationship between anterior–posterior location and atrophy. Sulci colored based on legend (right).
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model is preferred (Fig. 5B). In the left hemisphere, for the
LASSO-selected sulci thickness model, there was also a signifi-
cant relationship between predicted and actual ADNI-EF scores
(rs= 0.40; p < 2.8 × 10

−5; Fig. 5A), though again this relationship
is weaker than with ADNI-Mem scores, and the AIC was 56.29
(Fig. 5B). The ΔAIC between this model and the left hemisphere
ADNI-Mem thickness model (ΔAIC=−46.13) indicates that in
the left hemisphere, the ADNI-Mem model is again preferred
over the ADNI-EFmodel (Fig. 5B). Importantly, despite the pref-
erence for the ADNI-Mem model, the significant correlations in
both hemispheres for the ADNI-EF model indicate that the rela-
tionship between the sulci selected by our original model and
cognition generalizes to another cognitive domain.

Discussion
To investigate changes in sulcal morphology in aging and AD at a
previously unexplored level of neuroanatomical detail—includ-
ing recently uncovered sulci presently excluded from neuroana-
tomical atlases and neuroimaging software packages—we
manually defined 4,362 PMC sulci across 432 hemispheres. We
find that small, shallow sulci showed the most age- and
AD-related thinning. Interestingly, there was an anterior bias
for atrophy in aging that is absent in AD. A model-based
approach relating sulcal morphology to cognition identified
that the thickness of a subset of these sulci (including the two
newly identified, small sulci showing the strongest atrophy
effects: ifrms and sspls-v) is most associated with memory and

executive function scores in OAs, especially in the right
hemisphere. Here, we discuss these findings in the context of
(1) highlighting the role of tertiary sulci in theories of aging
and development, (2) emphasizing the importance of individual-
level investigations relating to brain structure and cognition,
(3) describing structural brain changes differentiating aging
and AD, and (4) discussing limitations and future directions of
this work.

Our finding that age- and AD-related atrophy is most prom-
inent in small, shallow sulci highlights the importance of investi-
gating these often-overlooked structures. While sulci are
categorized as primary, secondary, and tertiary based on their
emergence in gestation, tertiary sulci are generally the smallest
and shallowest cortical indentations (Sanides, 1964; Miller
et al., 2021; Miller and Weiner, 2022); therefore, in the
absence of ontogenetic studies including these small, newly
uncovered sulci, we refer to these shallow indentations as
“putative” tertiary sulci.

The findings of this study relate to classical theories of
brain aging and development. The retrogenesis or “last in, first
out” model proposes that brain aging mirrors development,
with the latest-developing and evolutionarily newest brain
structures (e.g., prefrontal cortex and association cortices more
generally) being the first to degenerate (Reisberg et al., 1999).
This theory has also been applied to cognition, with the observa-
tion that later-developing cognitive functions (e.g., executive
function) decline first with age. In line with this hypothesis, we
find that in PMC, these shallow putative tertiary sulci show the

Figure 4. A subset of PMC sulci is most associated with memory scores. A, LASSO regression results for models predicting ADNI-Mem composite scores from left hemisphere (left) and right
hemisphere (right) PMC sulcal thickness (for depth models, see Extended Data Fig. 4-2). Top, β-coefficients for each predictor (sulcal cortical thickness) over a range of shrinking parameter (α)
values. Red box depicts values for the chosen model (α value that minimizes MSECV). Bottom left, MSECV at each α level; α was selected to minimize MSECV (dotted line). Bottom right, example
participant PMC with model-selected sulci highlighted. B, Correlation between actual ADNI-Mem scores and predicted scores from the LOOCV for the best performing LASSO-selected model in the
left and right hemispheres, which had the predictors indicated by the red boxes in A. Left, rs= 0.41; p< 1.1 × 10−5; right, rs= 0.55; p< 8.2 × 10−7. C, Model comparison (AIC) of the model
with the thickness of sulci selected by the LASSO regression as predictors; a model with the thickness of LASSO-selected sulci and age, sex, and education as predictors; and a model with the
thickness of all PMC sulci as predictors for left and right hemispheres. LASSO-selected models have a lower AIC in both hemispheres compared with other models. See Extended Data Figure 4-1
for a model combining both hemispheres.
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most atrophy in aging and AD, suggesting that tertiary sulci may
provide structural evidence to support this theory. In addition, a
classic neuroanatomical hypothesis proposes that morphological
changes in tertiary sulci are likely to be associated with develop-
ment of higher-order cognitive skills (Sanides, 1964). A growing
body of evidence across ages, species, and clinical populations
supports this theory (Garrison et al., 2015; Hopkins et al.,
2021; Voorhies et al., 2021; Harper et al., 2022; Willbrand
et al., 2022b, 2023a; Yao et al., 2022). Combining this theory
with the retrogenesis model suggests that these tertiary-
prominent morphological changes may also be related to cogni-
tive decline in aging. Our findings somewhat support this link, as
the small, shallow sulci that show the greatest atrophy are among
the sulci with the strongest and most consistent relationships to
cognitive decline in PMC.

Investigating sulcal morphology in aging and AD at the indi-
vidual level has distinct advantages. For example, applying
the retrogenesis hypothesis to global cortical atrophy and
demyelination patterns has shown mixed results (Raz, 2005;
Brickman et al., 2012). Our results suggest that investigating brain
structure on a finer anatomical scale may provide additional
insights not captured by these previous studies. Furthermore,
other studies investigating large-scale brain changes in sulci in
aging have found that sulci are particularly vulnerable to atrophy
compared with gyri (Lin et al., 2021) and that sulcal morphology
relates to cognitive decline in aging and AD (Liu et al., 2011;
Bertoux et al., 2019; Mortamais et al., 2022), but these investiga-
tions have all focused on global sulcal morphology or the largest,
most prominent sulci. Substantial individual variability (including
many tertiary sulci) is lost when relying on averaged templates and
large group comparisons (Bertoux et al., 2019; Miller et al., 2021;
Voorhies et al., 2021), suggesting that individual-level investiga-
tions of sulcal morphology can provide unprecedented insight
into structural brain changes. This is the first study to focus on
all sulci—tertiary included—in individual hemispheres across
ages and AD in a cortical region, uncovering unique relationships
among sulcal types and specific sulci. Extending these methods to
additional regions in future studies is an intriguing avenue to
examine individual-level structural changes in other areas as well
as correlations of sulcal changes across the brain at the level of
individually defined sulci.

Analyzing sulcal morphology in aging and AD can also pro-
vide insight into mechanistic links between structural changes

and cognitive decline. Previously reported links between tertiary
sulcal morphology and the development of cognitive skills have
been proposed to reflect differences in neural efficiency due to
underlying white matter connectivity differences (Garrison
et al., 2015; Voorhies et al., 2021). In aging, sulcal changes (e.g.,
in width and depth) in the most prominent sulci across the cortex
have been associated with decreases in white matter volume
(Im et al., 2008; Liu et al., 2013). These findings have not
been extended to include tertiary sulci, which future research
could explore.

Relatedly, improving our understanding of structural changes
in the aging brain could aid in differentiating atrophy patterns in
healthy aging and AD. Prior work has found that themorphology
(including sulcal cortical thickness) of several large, prominent
sulci more accurately predicts AD diagnosis than more tradi-
tional MRI metrics such as hippocampal volume, cortical
thickness, and regional volume (of several regions, including pre-
cuneus and posterior cingulate gyri; Bertoux et al., 2019).
Including tertiary sulci could further improve the accuracy of
such predictive models. Additionally, specific tertiary sulci have
been found to have translational applications; for example, the
absence of the variable paracingulate sulcus is associated with a
reduction of age of onset of behavioral variant frontotemporal
dementia (Harper et al., 2022), and paracingulate sulcal length
is inversely associated with likelihood of hallucinations in schizo-
phrenia (Garrison et al., 2015). Investigating the diagnostic
potential of these variable tertiary sulci is thus another intriguing
avenue for future work, as is investigating relationships between
their morphology and pathology. Postmortem histological stud-
ies suggest that Aβ accumulates in sulci more than gyri
(Gentleman et al., 1992; Clinton et al., 1993), but these findings
have not been investigated in tertiary sulci or with in vivo imag-
ing methods such as PET imaging, which is another potential line
of future research.

An additional topic of future study is investigating hemi-
spheric differences reported here: right hemisphere sulci
were thicker and shallower, and right hemisphere sulcal
thickness was most associated with cognition. While global
hemispheric differences in atrophy in aging and AD are not
established, these findings in PMC are in line with previous
work reporting lower cortical volume betweenMCI/AD and con-
trols in right (but not left) precuneus and parietal regions and
lower cortical thickness in the right isthmus cingulate in AD

Figure 5. The thickness of LASSO-selected sulci in both hemispheres are associated with ADNI-EF scores. A, Spearman’s correlation (rs) between actual and predicted ADNI-EF composite scores
from a linear regression model using LASSO-selected PMC sulcal thickness to predict ADNI-EF scores instead of ADNI-Mem composite scores (Fig. 4), for both hemispheres. B, Model comparison
(AIC) of LASSO-selected sulci thickness models predicting ADNI-EF scores and ADNI-Mem scores; ADNI-Mem thickness models have substantially lower AICs in both cases than ADNI-EF models,
and both right hemisphere models have lower AICs than left hemisphere models. See Extended Data Figure 5-1 for ADNI-Mem and ADNI-EF score distributions.
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versus MCI (Bertoux et al., 2019). Future work may examine
whether these hemispheric differences in sulcal morphology
and atrophy are consistent across the cortex, or if they are specific
to PMC.

A limitation of the present study is the time-consuming
process of manually labeling sulci in individual hemispheres,
which limits the feasible sample size. The 4,362 sulci in 432 hemi-
spheres across three groups are a large sample size for an anatom-
ical–cognitive study, but a relatively small sample size compared
with studies investigating group-level, cortex-wide structural
changes in aging averaging across hundreds of participants.
Ongoing work is underway to develop deep learning algorithms
to accurately define tertiary sulci automatically in individual par-
ticipants in the lateral prefrontal cortex (LPFC; Lyu et al., 2021),
PMC (Willbrand et al., 2022a), and the whole brain (Borne et al.,
2020). Additionally, the age- and AD-related atrophy patterns
reported here are cross-sectional. Future work is underway to
extend these findings to longitudinal investigations of sulcal atro-
phy. Recent results showing a relationship between longitudinal
morphological changes in LPFC sulci and longitudinal changes
in cognition in individual participants (age 6–18) show promise
for this endeavor (Willbrand et al., 2023a). Another limitation is
the lack of ontogenetic data to definitively characterize these
small, shallow sulci as tertiary. In addition to this limitation, it
is important to note that uncovering the source of vulnerability
of these putative tertiary sulci cannot be fully addressed in this
work and should be the focus of future studies. For example,
the size, developmental trajectory, or localization in brain regions
associated with pathology (e.g., Aβ and tau) could all contribute
to this vulnerability—extending investigations to other areas of
the brain where these factors can be distinguished will help
address these questions.

In summary, we manually identified PMC sulci in individual
participants and demonstrated that small, shallow putative ter-
tiary sulci in this region atrophy more than larger sulci in aging
and AD. A subset of these sulci is also associated with cognitive
decline. We connect these findings to theoretical explanations of
brain aging and highlight the importance of extending anatomi-
cal investigations to include individual-level sulcal analyses.
These results bolster mechanistic and theoretical insights regard-
ing structural changes in brain aging and serve as a foundation
for future work further examining unique properties of tertiary
sulci in aging and AD.
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