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The cerebral cortex is a highly convoluted structure with distinct morphologic features,
namely the gyri and sulci, which are associated with the functional segregation or
integration in the human brain. During the lifespan, the brain atrophy that is accompanied
by cognitive decline is a well-accepted aging phenotype. However, the detailed patterns
of cortical folding change during aging, especially the changing age-dependencies of
gyri and sulci, which is essential to brain functioning, remain unclear. In this study, we
investigated the morphology of the gyral and sulcal regions from pial and white matter
surfaces using MR imaging data of 417 healthy participants across adulthood to old
age (21-92 years). To elucidate the age-related changes in the cortical pattern, we fitted
cortical thickness and intrinsic curvature of gyri and sulci using the quadratic model to
evaluate their age-dependencies during normal aging. Our findings show that comparing
to gyri, the sulcal thinning is the most prominent pattern during the aging process, and the
gyrification of pial and white matter surfaces were also affected differently, which implies
the vulnerability of functional segregation during aging. Taken together, we propose
a morphological model of aging that may provide a framework for understanding the
mechanisms underlying gray matter degeneration.

Keywords: aging, gyrification, cortical thickness, intrinsic curvature, gyri and sulci

INTRODUCTION

The morphology and function of the human brain change throughout the aging process. However,
the mechanisms underlying how the structures of gyri and sulci are altered with age remain unclear.
In recent decades, in vivo magnetic resonance imaging (MRI) has been widely utilized to investigate
the effects of aging on the human brain (Good et al., 2001; Jernigan et al., 2001; Raz et al., 2004;
Salat et al., 2004), and these studies have provided information on how the structures of the human
brain change during the course of a lifespan. The decrease in cortical volume is the most dramatic
change that occurs during aging (Scahill et al., 2003). Nevertheless, the highly convoluted and
complex nature of the cerebral cortex implies aspects such as folding and thickness of the cortex
may have different influences on cortical morphology and brain function. In that case, in addition
to volumetric measurements, surface area, gyrification, and thickness measurements also provide
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detailed information for brain morphology (Panizzon et al,
2009; Winkler et al.,, 2010; Gautam et al., 2015). The cerebrum
attains its folding structures through a complex orchestrated
set of systematic mechanisms including differential proliferation,
mechanical buckling, and differential expansion (Richman et al.,
1975; Van Essen et al., 2018; Llinares-Benadero and Borrell,
2019). Previous studies have suggested that the development of
cortical anatomy is dominated by genetic factors rather than
random convolutions (Peng et al., 2016). These genetic factors
could contribute to changes of cortical structure throughout
the lifespan (Fjell et al, 2015; Ronan and Fletcher, 2015). As
such, previous findings suggest that cortical features might also
degenerate in a non-random, systematic way.

It is worth noting that the locations of specific gyri and
sulci (e.g., central sulcus, visual cortex...) are consistent in
different individuals and correspond to regional functions, and
these structures are considered structural-functional entities
(Brodmann, 1909; Welker, 1990). With this point of view,
gyrification and cortical thickness are thought to reflect the
functional aspects of the cortex, such as intelligence, behavior
complexity, and cognition (Kaas, 2013; Gautam et al., 2015).
Gyrification is thought to be a mechanical process that causes
the surface to buckle (Ronan et al., 2014; Van Essen et al., 2018),
although the primary underlying mechanism is still under debate
(Xu et al., 2010; Ronan and Fletcher, 2015; Llinares-Benadero
and Borrell, 2019). Traditionally, local gyrification index (LGI)
(Schaer et al., 2008) has been used as a proxy to probe the
regional folding degree of the human brain (Nanda et al., 2014,
Zhang et al., 2014). However, due to the ratio-principle of LGI,
it has less sensitivity compared to the intrinsic curvature on
describing the complex pattern of cortical surface, especially in
the deep brain regions, e.g., the insula (Griffin, 1994; Ronan
et al,, 2011). It has been suggested that intrinsic curvature is a
more sensitive index to describe cortical folding and is presumed
to reflect the differential development and cortical connectivity
in different areas of the cortex (Ronan et al., 2014). Intrinsic
curvature of the pial and white matter surface has also been
found to be related to the structural changes of both superficial
or deeper layers of cortex (Ronan et al., 2012; Wagstyl et al,
2016). Cortical thickness is a common feature reflecting total
neuronal body in the cortex (Nadarajah and Parnavelas, 2002).
Sulci, which are thinner than gyri, communicate locally with
neighboring structures, while gyri act as functional centers that
connect remote gyri to neighboring sulci (Fischl and Dale, 2000;
Deng et al., 2014). Stronger functional connectivity was found
in gyri than sulci, as supported by a series of experiments
(Deng et al.,, 2014). Previous studies have shown that cognitive
performance is associated with pattern changes in regional gyri
(Jones et al., 2006; Turner and Spreng, 2012; Gregory et al.,
2016), and that the variability of sulcal volume is found to be
related to the progression of the neurological diseases in patients
(Mega et al., 1998; Sullivan et al., 1998; Im et al., 2008). In the
healthy neurodevelopmental process, cortex nonuniformly thins
and demonstrates increased thinning in sulci compared to gyri
(Vandekar et al., 2015). Moreover, gyri and sulci exhibit opposite
trends in curvature changes during aging (Magnotta et al,
1999) and show different kinds of specialized organizations and

connectivity (Welker, 1990). Together, the effects of aging on the
regional thickness and gyrification of the brain result in decreased
cognitive functions (Salat et al., 2004; Gregory et al, 2016).
However, sulci are recently deemed to be more functionally
segregated in structural connectivity and the increasing age
is accompanied by decreasing segregation in large-scale brain
systems (Chan et al., 2014; Liu et al., 2017). The morphological
evidence for the mechanism underlying such degeneration of the
human brain reported by the studies mentioned above and others
is not unified. Thus, investigations of distinguishing gyral and
sulcal morphology and comparing them are critical.

Previous studies have suggested that the relationship between
cortical degeneration and advancing age is not linear, and the
degeneration trajectories of cortical features might also differ
(Klein et al.,, 2014; Storsve et al., 2014; Cao et al., 2017).
Therefore, understanding the variations in brain morphology
and its trajectories throughout the lifetime is a crucial step toward
revealing the epicenter of aging-related degeneration of cortical
morphology, because the pattern may reflect the configuration
of connectivity of the brain (Ronan et al., 2011). By using the
image dataset that was collected by a single scanner with a large
sample size and a broad age range, this study aimed to investigate
the following three issues at both a whole-brain and a regional
level: (1) to reassure whether the effects of age on the cortical
morphological features are nonlinear across adulthood to old age,
(2) whether age differentially and/or systematically affects gyri
and sulci, (3) whether the pial and white matter surfaces display
distinct variations in their patterns during aging. We believe
that measuring detailed morphological features to depict the
degenerative pattern of the cerebral cortex could help elucidate
underlying degeneration mechanisms.

MATERIALS AND METHODS

Participant Characteristics and Image Data
Acquisition

A total of 417 healthy Chinese controls were recruited from
northern Taiwan, and their ages ranged from 21 to 92
(Male/Female: 211/206). All of the included participants had
sufficient visual and auditory acuity to undergo basic cognitive
assessment. This research was conducted in accordance with the
Declaration of Helsinki and approved by the Institutional Review
Board of Taipei Veterans General Hospital. Written informed
consent was obtained from all participants after they had been
given an overview of this study. A trained research assistant used
the diagnostic structured Mini-International Neuropsychiatric
Interview (M.LN.L) to evaluate each subject (Shechan et al.,
1998). The participants’ cognitive functions were assessed using
the Mini-Mental State Examination (MMSE) (Folstein et al.,
1975), Wechsler Digit Span tasks (forward and backward),
and Clinical Dementia Rating (CDR) scale (Hughes et al.,
1982) to avoid enrolling participants with possible dementia or
cognitive impairments. Subjects who met any of the following
exclusion criteria were not enrolled in the study: (1) any Axis I
psychiatric diagnoses on the Diagnostic and Statistical Manual of
Mental Disorders-IV (American Psychiatric, 2000), such as mood
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TABLE 1 | Demographic of included healthy participants.

Demographic variables Subjects (N = 417)

Age (years) 51.90 (18.5)
Gender (male/female) 211/206
Education (years) 13.82 (56.5)
Handedness (left/right) 14/403
MMSE 28.47 (1.6)
Digits Span Forward 13.87 (2.3)
Digits Span Backward 8.29 (8.7)
TIV (cm?3) 1352.8 (130.58)
GMV (cm®) 659.2 (77.84)
WMV (cm®) 422.6 (51.23)
CSF (cm?) 271.1 (92)

The variables are demonstrated as mean (standard deviation).
MMSE Mini-Mental Status Examination/TlV Total intracranial volume.
GMV Gray matter volume/WMV White matter volume/CSF Cerebrospinal fluid.

disorders or psychotic disorders; (2) any neurological disorders,
such as dementia, head injury, stroke, or Parkinson’s disease; (3)
illiterate; (4) an MMSE score less than 24; and/or (5) elderly
(age of 65 or over) with a CDR score over 0.5. The demographic
information for the subjects is listed in Table 1.

All MRI scans were performed on a 3 Tesla Siemens scanner
(MAGNETOM Trio TIM system, Siemens AG, Erlangen,
Germany) with a 12-channel head coil at National Yang-Ming
University. High-resolution structural T1-weighted (T1w) MRI
scans were acquired with a three-dimensional magnetization-
prepared rapid gradient echo sequence (repetition/echo time =
2,530/3.5, inversion time = 1,100 ms, field of view = 256 mm,
flip angle =7°, matrix size = 256 x 256, 192 sagittal slices,
isotropic voxel size= 1 mm?, and no gap). Each participant’s head
was immobilized with cushions inside the coil to minimize the
generation of motion artifacts during image acquisition.

Cortical Reconstruction

The pial and white matter surfaces of each subject were
reconstructed using an automated cortical surface reconstruction
approach in FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu)
according to the following steps: registration, skull-stripping,
segmentation of the gray matter, white matter and cerebrospinal
fluid, tessellation of the gray-white matter boundary, automated
topology correction, and surface deformation according to
intensity gradients to optimally place the gray-white and gray-
cerebrospinal fluid borders at the locations of the greatest shifts
in intensity, which defines the transition to the other tissue class
(Dale et al., 1999). The vertices were arranged in a triangular
grid with the spacing of approximately 1 mm (~16,000 grid
points) in each hemisphere. For any inaccuracies, the qualities
of the segmentation and surface reconstruction were checked
carefully by four researchers using the double-blinded method
(The dataset was divided into four parts. Each of the researchers
checked through two parts of the datasets, and every part was
checked twice by two different people.) The data of the subjects
were excluded if two people marked it as poor quality. For

those only marked once by the researchers, we checked the data
again and decided whether it should be removed from further
processing and analyses. A total of 15 subjects were excluded
in the end because of the poor quality. We separated both the
left and right hemispheres into gyral and sulcal regions using
FreeSurfer-generated mean curvature (concave-convex division,
Sulci: mean curvature value > 0/Gyri: mean curvature value < 0)
for further comparison.

Cortical Thickness

By calculating the shortest distance between the pial surface
and the gray matter-white matter boundary of the tessellated
surface, we obtained the vertex-wise cortical thickness. To first
validate the aging dataset, we tested the relationship between
thickness and age across the whole-brain vertices. The surface
was smoothed by a 15-mm Gaussian kernel (Fischl et al,
1999). The effects of smoothing with 10 and 20 mm kernels
can be seen in Supplementary Figures 2, 3. To investigate the
differential effects of aging between two cortical features, we
further calculated the average thicknesses of the gyral and
sulcal regions and the ratio of the gyral and sulcal thicknesses
(Gyri/Sulci ratio = Gyral thickness divided by sulcal thickness).

Intrinsic Curvature

Intrinsic curvature is a fundamental property of a surface, and its
measurements reflect higher complexity intrinsic information of
surfaces and may provide a more sensitive measure of cortex than
other larger-scale gyrification measures (Ronan et al., 2012). In
addition to the curve values, intrinsic curvature also contains the
shape information which gives rise to an un-uniform expansion
of the surfaces and is demonstrated to have a greater spatial
frequency when quantified at a millimeter-scale (Ronan et al,,
2011). The degree of intrinsic curvature is dependent on the
degree of the differential, with a bigger differential resulting in
a greater degree of curvature, which might reflect the underlying
connectivity of the human cortex (Ronan et al., 2014). Thus, it has
been hypothesized that the higher the intrinsic curvature value,
the higher the complexity, underlying connectivity, and folding
or curves are in one region, although the direct evidence of the
relationship between intrinsic curvature and connectivity was not
presented in literature yet.

The vertex-wise intrinsic curvature was calculated using
Caret software (v5.65, https://www.nitrc.org/projects/caret/) as
the product of the principal curvatures (Ronan et al., 2011, 2012).
The post-processing and filtration of the curvature were done in
MATLAB (The MathWorks, Inc., Natick, MA, USA). We took
the absolute values of intrinsic curvature for the pial and white
matter surfaces. A low-pass filter (threshold = 2 mm~2) was
applied to minimize error, keep the curvature values compatible
with the resolution of the cortical reconstruction and remove the
abnormal values from further analysis (Ronan et al., 2011, 2012).
Additionally, the intrinsic curvature of the pial and white matter
surfaces was separately extracted for the statistical analyses. To
first validate the aging dataset, a vertex-wise analysis was applied
to look at the relationship between gyrification and age. The
surface was smoothed by a 15-mm Gaussian kernel (Fischl et al.,
1999). The effects of smoothing with 10 and 20 mm kernels can

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2021 | Volume 13 | Article 625931


http://surfer.nmr.mgh.harvard.edu
https://www.nitrc.org/projects/caret/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lin et al.

Gyral/Sulcal Morphological Changes in Aging

be seen in Supplementary Figures 2, 3. Next, we calculated the
average intrinsic curvatures for gyral and sulcal regions and the
ratio of the gyri/sulci (Gyri/Sulci ratio = Gyral intrinsic curvature
divided by sulcal intrinsic curvature) at the pial and white matter
surfaces to investigate the differential aging effects.

Regional Analysis

We performed a regional analysis by dividing the cortical
surface of each subject into five lobes: frontal, temporal, parietal,
occipital, and cingulate. Insula was excluded in the analysis
because it is situated deep in the lateral sulcus. The lobes of the
brain were defined by the Desikan-Killiany atlas (Desikan et al.,
2006). The average gyri, sulci, and gyri/sulci ratio of thickness and
intrinsic curvature were calculated in each lobe.

Statistical Analyses and Curve Fitting

For each hemisphere, an age correlation analysis of cortical
thickness and intrinsic curvature (on the pial and white
matter surfaces separately) was first tested using the General
Linear Model vertex-by-vertex with gender and total intracranial
volume as covariates in order to reveal any general variation
trends on the brain surface.

The linear, quadratic and cubic models were applied in the
regression analyses across age to determine the age-dependencies
of cortical thickness (gyral thickness, sulcal thickness, and
gyri/sulci thickness ratio) and intrinsic curvature (gyral intrinsic
curvature, sulcal intrinsic curvature, and gyri/sulci intrinsic
curvature ratio on the pial and white matter surfaces separately).
For model selection, the linear (y = p*age + pl), quadratic (y
= p*age? + pl*age + p2), and cubic (y = p*age® + pl*age?
+ p2*age + p3) models were all tested using averaged whole-
brain measurements, and we chose the better model according
to the properties of goodness-of-fit, including the Akaike
information criterion (AIC) (Akaike, 1974), root mean square
error (RMSE), and R2. To test the significance of each fitted
model and minimize the type-I errors, we applied permutation-
based multiple testing on all age-dependencies, reassigning age
randomly 10,000 times. All p-values were adjusted by the
Bonferroni correction (p < 0.05).

Relationships Between Cognitive

Performance and Structural Measures

We examined whether the general cognitive performance
(MMSE/Digit span tasks) can be explained by the structural
measures of gyri and sulci on the pial and white matter surfaces,
after controlling for covariates. We further hypothesized that
different cortical measures may contribute different amounts
of effect to cognitive performance. Therefore, hierarchical
multiple regression analysis was performed in SPSS to investigate
the relationship between general cognitive performance
(MMSE/Digit span tasks, as dependent variable) and the
structural measures of gyri and sulci on the pial and white
matter surfaces (independent variables), while age, gender, TIV
and education were used as covariates of non-interest in the
regression model. To test the significance of the regression
models, we used a p-value threshold of 0.05.

Stepwise Regression Predicting Age Using

the Structural Measurements as Predictors
Stepwise regression analysis was performed to determine
the relative contribution of the structural measurement to
chronological aging. Sex and TIV were forced to enter in
the stepwise model as covariates, and the six structural
measurements including gyral/sulcal thickness and intrinsic
curvature on the pial or white surface were then all entered to
the stepwise model at once using a selection criterion of p < 0.05.

RESULTS

Aging Effect in Brain Tissue Volume

To ensure that the recruited samples are in the aging process
without muddling obvious development of brain tissues, we
firstly examined the relationship between brain tissue volume
(GMV, WMV, CSFV, and TIV) and age across 21-92 years old.
The GMV, WMV, CSFV, and TIV are plotted as a function of age
in Supplementary Figure 1. We confirmed that GMV and WMV
decrease with age, CSFV increase with age and no correlation
between TIV and age was observed in the analyzed sample.

Vertex-Wise Linear Correlations Between

Age and Cortical Measurements

Across the age range of 21-92 years, vertex-wise cortical thickness
showed a global negative linear correlation with age in both
hemispheres (Figure 1A). The vertex-wise age correlation results
showed a regional decline (uncorrected p < 0.01) of the
intrinsic curvature on the pial surface (Figure 1B). However, the
intrinsic curvature had an overall increasing pattern (uncorrected
p < 0.01) on the white matter surface (Figure 1C).

Goodness-of-Fit Tests of the Polynomial

Regression Models

We examined the goodness-of-fit of the linear, quadratic, and
cubic models, including looking at the two parameters: Root
Mean Square Error (RMSE) and Akaike Information Criterion
(AIC). For cortical thickness, quadratic models stood out to be
the best fit (Supplementary Table 1). On the pial surface, bigger
differences were found between the linear and quadratic models
in both the RMSE and AIC results (Supplementary Table 2). The
parameters of the quadratic and cubic models showed nearly
the same, but the cubic values were smaller in most cases.
The goodness-of-fit profile on the white matter surface was
identical to that of the pial surface (Supplementary Table 3).
The RMSE and AIC values were steady and smaller in the
quadratic and cubic models compared with those of the linear
model. Although some parameters were smaller using the cubic
model compared with the quadratic model, those of cubic and
quadratic models were very similar. Hence, we integrated the
findings and only looked at the quadratic effects in the following
analyses, which illustrated the aging process better but were not
over-fit (For the linear results, see Supplementary Figure 4 and
Supplementary Table 4).
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FIGURE 1 | (A) Vertex-wise age correlation in cortical thickness. (B,C) Vertex-wise age correlation in intrinsic curvature on the pial and white matter surfaces. The
threshold was set to 2. Vertices with p < 0.01, uncorrected, are colored. Blue indicates a negative correlation; red indicates a positive correlation.

Quadratic Relationship Between Age and

Whole-Brain Cortical Measurements

All fitted curves were tested using permutation tests, and
the results were all significant (p < 0.05). According to the
quadratic regression results (Figure 2, Table 2), both the cortical
thicknesses of the gyri and sulci decreased with age [Gyral R
(lh/rh): 0.400/0.370; Sulcal R? (1h/rh): 0.562/0.526]. The gyri/sulci
thickness ratio increased with age [R? (Ih/rh): 0.287/0.231], which
implied that the degree of decrease in the sulci was larger than
that of the gyri.

For gyrification, the aging process affected the gyri and
sulci in opposite ways on the pial surface: a negative quadratic
correlation was found with age in the sulcal region [R? (Ih/rh):
0.563/0.539], while a positive quadratic correlation was found
with age in the gyral region [R? (lh/rh): 0.244/0.212]. Both
the gyral and sulcal intrinsic curvatures of the white matter
surface increased quadratically with age [Gyral R? (lh/rh):
0.465/0.447; Sulcal R? (lh/rh): 0.317/0.326]. The correlations
between age and gyri/sulci intrinsic curvature ratio on the white
matter surface were insignificant. The results were all similar
and consistent between the right and left hemispheres. The
average thickness and intrinsic curvature values are shown in
Supplementary Table 5. A correlation matrix between all the
structural measurements for gyri, sulci, and gyri/sulci ratio can
be seen in Supplementary Figure 5.

Quadratic Relationship Between Age and

Cortical Measurements of the Five Lobes
The relationship between cortical measurements and age
for the five lobes including frontal, parietal, temporal,

occipital lobe, and cingulate were examined. Most of the
age-cortical measure relationships in the frontal, parietal,
and temporal lobes were consistent with the whole-brain
results. The quadratic relationships between age and the
sulcal intrinsic curvature on the white matter surface of the
occipital lobe, gyral intrinsic curvature on the pial surface of
occipital lobe and cingulate and gyri/sulci ratio of thickness
in cingulate were not significant (p > 0.05/108) (Table 3,
Supplementary Figures 6-10).

Relationships Between Cognitive

Performance and Structural Measures

The hierarchical regression models were found significant
between MMSE and sulcal cortical thickness and gyral intrinsic
curvature on the white matter surface. In the first step, the
regression model including age, gender, education, and TIV
was significant (R? = 0.236, p < 0.001). In the second
step, adding the whole brain sulcal cortical thickness into the
model explained additional 0.8% of variance, and the model
stayed significant (R? = 0.244, F-change p = 0.041). In the
third step, adding the whole brain gyral intrinsic curvature
into the model also explained additional 0.8% of variance,
and the model was significant (R? = 0.252, F-change p =
0.039). The models at the second and third steps revealed that
MMSE was positively correlated with the cortical measurements
(Figure 3; sulcal cortical thickness: p = 0.141, p = 0.029; gyral
intrinsic curvature: § = 0.109, p = 0.039). All p-values reported
here were uncorrected, and after FDR correction, all models
were non-significant.
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TABLE 2 | Results of quadratic regression analyses.

Age correlation Cortical thickness Intrinsic curvature (Ih/rh)

(Ih/rh) Pial surface White surface
Gyri -(0.400/0.370) +(0.244/0.212) +(0.465/0.447)
Sulci —-(0.562/0.526) —(0.563/0.539) +(0.317/0.326)
Gyri/Sulci ratio +(0.287/0.231) +(0.617/0.560) N.A.

Only the R? for the significant curves were shown in the table (o < 0.05/18; adjusted
by the Bonferroni correction for multiple comparisons). The variables are adjusted R?; +
represents positive correlation, — represents negative correlation.

Different Contribution of the Structural
Measurements in Chronological

Age-Dependencies
By using stepwise regression that adjusted for the sex and TIV
effect, four of the six measurements were selected into the

final model with adjusted, including mean thickness of sulci
(standardized p = —0.214, p < 0.001), mean intrinsic curvature
of the pial (standardized B = —0.524, p < 0.001), and white
surface of sulci (standardized B = 0.544, p < 0.001), and
mean intrinsic curvature of pial surface of gyri (standardized
p = —0.284, p < 0.001). All p-values were significant after
FDR correction.

The Aging Model

To summarize the various measurements and structural findings
in the current and previous studies, we suggest a putative model
of the general pattern of cortical aging (Figure 4). In this model,
the gyral intrinsic curvature of the pial surface increases slightly
with age, while the tips of the gyri stay close to the skull
[Figure 4(1)]. The gyral intrinsic curvature on the white matter
surface increases with age, so we hypothesized that the surface
may move outward, resulting in a decrease in cortical thickness
[Figure 4(2)]. The sulcal intrinsic curvature of the pial surface
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TABLE 3 | Results of quadratic regression analyses of the 5 lobes.

Lobe Age correlation Cortical thickness Intrinsic curvature (Ih/rh)
(In/rh) Pial surface White surface
Frontal Gyri —(0.414/0.259) +(0.245/0.271) +(0.448/0.457)
Sulci —(0.284/0.271) —(0.366/0.315) +(0.387/0.391)
Gyri/Sulci ratio +(0.078/N.A.) +(0.494/0.485) N.A.
Parietal Gyri —(0.414/0.259) +(0.192/0.185) +(0.461/0.446)
Sulci —(0.483/0.478) —(0.443/0.436) +(0.223/0.201)
Gyri/Sulci ratio +(0.261/0.248) +(0.561/0.545) +(0.243/0.187)
Temporal Gyri —(0.350/0.353) +(0.228/0.197) +(0.408/0.388)
Sulci —(0.623/0.594) —(0.609/0.561) +(0.220/0.198)
Gyri/Sulci ratio +(0.493/0.426) +(0.585/0.498) +(0.202/N.A)
Occipital Gyri —(0.117/0.142) N.A. +(0.324/0.251)
Sulci —(0.561/0.583) —(0.386/0.358) N.A.
Gyri/Sulci ratio +(0.513/0.490) +(0.418/0.314) +(0.299/0.263)
Cingulate Gyri —(0.414/0.259) N.A. +(0.358/0.220)
Sulci —(0.284/0.271) —(0.378/0.368) +(0.143/0.295)
Gyri/Sulci ratio N.A. +(0.413/0.218) +(N.A./0.121)

The significance of the curve fitting is evaluated using the permutation test, only the R? for the significant curves were shown in the table (p < 0.05/108; adjusted by the Bonferroni

correction for multiple comparisons). The variables are adjusted R?; + represents positive correlation, — represents negative correlation.

decreases with age [Figure 4(3)], which indicates that the sulci
are getting wider and flatter on the surface with increasing age.
The pial border might also move outward, resulting in a decline
in the sulcal depth and increase in sulcal width during aging
which was reported in previous literature (Kochunov et al., 2005;
Liu et al., 2013). On the white matter surface, the sulcal intrinsic
curvature increases with age, and the gray-white matter boundary
may move outward and becomes cusped [Figure 4(4)]. Finally,
the decreasing extent of the sulcal thickness appears larger than
that of the gyral thickness. Additionally, we found that the
trends of all correlations were consistent for both gender (see
Supplementary Figure 11), indicating that the overall pattern
of the current putative model reflects common mechanisms of
change during aging.

DISCUSSION

This study aims to reveal the pattern of the gyral and sulcal
changes on the pial and white matter surfaces during the
normal aging process using a relatively large cohort dataset. We
investigated the whole-brain vertex-wise pattern of the structural
changes during the aging process, in which the white matter
and pial surfaces showed a different association of gyrification
with age. The gyri/sulci ratio was used to highlight the difference
of cortical thinning and curvature changes between gyri and
sulci spanning across aging. Current findings suggest that,
instead of gyri, the changes of sulcal thickness and curvature
contribute more during the normal aging process. Finally, we
also concluded a putative model of aging in this study based
on previous evidence for the fundamental shape of the cortex
that accompanied by the current results, which provides a

better understanding of the cortical structure degeneration across
adulthood to old age.

As the advance of age, we observed that the curvature
decreased on the sulcal-pial surface and increased on the sulcal-
white matter surface (Figure2). Previous studies have found
that sulcal width increases while sulcal depth decreases with age
(Kochunov et al.,, 2005; Liu et al., 2013). This finding partially
supports the fact that the sulcal-pial surface might flatten and
move outward instead of shrinking toward the white matter
surface, which is mainly caused by the steady production of CSF
from the choroid plexus that inflates the cerebrum during the loss
of brain parenchyma (Miller et al., 1987; Matsumae et al., 1996;
Scahill et al., 2003). Moreover, the increased curvature of the
WM surface is associated with imbalanced WM-GM shrinkage
(Deppe et al., 2014). The specific changes of sulcal morphology in
WM-GM surface can be linked with the loss of short association
fibers (U-fiber) underneath sulcus that contribute to the impaired
local clustering of the brain connections (Toro and Burnod, 2005;
Gao et al, 2014; Van Essen et al., 2018). Third, by analyzing
the gyri/sulci ratio, we found that the degree of sulcal thickness
thinning was larger than that of gyral thickness during the
normal aging process. These findings implied that the changes of
sulcal morphology are more prominent than gyral regions during
aging, which resulted in the variation in the following ways:
(1) For sulcal morphology, while the sulcal pial surface moved
outward and flatten, the GM-WM surface became cusped and the
thickness of sulci decreases. (2) For gyral regions, the curvature
on both surfaces became cusped, with mildly decreased gyral
thickness. All inferences and current evidence were integrated
and graphed in the putative model of aging (Figure 4).

One of the noticeable findings in the current study is that
gyri and sulci altered differently during the normal aging process.

Frontiers in Aging Neuroscience | www.frontiersin.org 7

February 2021 | Volume 13 | Article 625931


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lin et al. Gyral/Sulcal Morphological Changes in Aging
§ u ‘ ) ° 2
o SR Y. =
E 2 2 .}; 0.1 Y- . E ;
“e LRI
¢ e e oW 0, . .
r=0.141, p=0.029 r=0.109, p=0.039

-2000 0000 2000

Cortical thickness of sulci

4000

gyral intrinsic curvature of the white matter surface.

FIGURE 3 | Hierarchical multiple regression result. Left: Partial regression plot of MMSE and sulcal cortical thickness. Right: Partial regression plot of MMSE and

-0200

Intrinsic curvature of gyri on white matter surface

0000 0200 0400

Sulcus

Gyrus:
curvature increases on both surfaces

Sulcus:
curvature decreases on pial surface
curvature increases on white surface

T—T>¢+A

Thickness decreases more in sulci than in gyri

Young Adult

Older Adult

FIGURE 4 | The illustration of the putative morphological model of aging. This figure concludes our main findings as the following: (1) Gyral intrinsic curvature on the
pial surface slightly increases with age. (2) Gyral intrinsic curvature on the white matter surface increases with age. (3) Sulcal intrinsic curvature on the pial surface
decreases with age; sulcal width increases and sulcal depth decreases with age (4) Sulcal intrinsic curvature on the white matter surface increases with age. (1-4)

Sulcal thickness declines more than gyral thickness (see the length of the red and blue arrows).

Gyral crowns were reported having specialized and enhanced
connections and organization between cortices (Brodmann,
1909; Welker, 1990). Although common functional regions
were mostly defined in the gyral region and its adjacent sulci,
our findings suggested that the sulci itself greatly altered and
may be responsible for the decrease of functional segregation
during aging. Previous studies using diffusion-weighted imaging
have indicated that gyral regions show denser white matter
fibers than sulcal regions (Nie et al., 2012; Chen et al., 2013).
Deng et al. (2014) further supported these findings that gyri
are functional connection centers, while sulci are likely to
be local functional units connecting neighboring gyri through

inter-column cortico-cortical fibers. Moreover, Gao et al. (2014)
found association between the disintegrity in short-range fibers
and lower cognitive efficiency on prospective memory, and the
loss of the clustering coefficient has also been found to correlate
with inferior intelligence quotient (IQ) (Li et al., 2009). Taking
together, we suggest that morphological degeneration in sulcal
regions could be more vulnerable to the effects of aging. The loss
of local interconnectivity in the brain might be more pronounced
in the normal aging process. In the current study, we found
mild trends that MMSE was positively correlated with sulcal
cortical thickness and gyral intrinsic curvature on the white
matter surface. Therefore, we assumed that the sulcal thickness
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declines suggest that part of the short-ranged connectivity
changes and may influence intra-cortical brain function (Schuz
and Palm, 1989; Elston, 2003; Cullen et al., 2010; Wagstyl
et al, 2015). Moreover, targeting the cognitive correlates of
sulcal degeneration and its impact to brain topology should be
investigated in future studies.

We also found different trends of curvature changing on the
WM-GM boundary and the pial surface during aging. Based
on the retrogenesis mechanism, the differential proliferation
hypothesis (Richman et al., 1975) may support differential
degeneration process of gyrification of the pial and white matter
surfaces during aging. Changes in myelin and synapses in the
cortex could be the reason for the morphology development
and degeneration, and thereby resulting in cognitive decline
(Bartzokis, 2004; Masliah et al., 2006; Fjell and Walhovd, 2010;
Whitaker et al., 2016). Nonetheless, a direct link between cortical
myelination and gyrification still needs to be found. Although
several hypotheses of the mechanisms underlying gyrification are
currently being debated by neuroscientists, some have suggested
that gyrification is shaped or influenced by multiple mechanisms
(Ronan and Fletcher, 2015). The alterations in aging-related
gyrification could reflect the underlying cortical connections and
the functions of our brain by either pruning or degenerative
processes (Ronan et al., 2011; Jockwitz et al., 2017). The
vulnerability of sulcal cortical thinning that was discovered in
the current study could shed light on the structure-function
relationship in the human brain.

The aging model of cerebral cortex we proposed in this study
is a global effect spanning across most of the brain regions.
However, while most of the regions showing greater gyri/sulci
ratio, frontal lobe and cingulate showed similar degree of a
decrease between gyral and sulcal thickness, where the amount
of decrease was non-significant correlating with age (Table 3).
Our findings implied that the gyral and sulcal thickness in the
frontal and cingulate regions decreased to the same extent during
the normal aging process. Several studies have found accelerated
regional gray matter volume decline in the frontal lobe compared
with other lobes (Tisserand et al., 2002; Resnick et al., 2003)
and have demonstrated decreases in cortical volume specifically
in the frontal and cingulate regions. These findings consistently
suggest that the frontal and cingulate cortices may be the key
regions in the brain aging process. Another study reported a
higher increase of sulcal width in the superior frontal sulci and
a lower correlation between age and decreased sulcal depth in
the inferior and orbitofrontal sulci (Kochunov et al., 2005). This
report might support our findings that both gyral and sulcal
thickness decreased to the same degree so that sulcal width
increased significantly and sulcal depth decreased because of the
high atrophy in gyri. Moreover, the trend for sulcal gyrification
changes on the white matter surface in the occipital lobe did
not increase as we found in the whole-brain examination.
Small variations exist in different brain regions because the
development of the lobes and their functions are diverse.

In this study, we characterized the effects of age on different
structural progressions in a large sample of healthy adults.
However, this study had several limitations. First, the causality of
cortical thickness and intrinsic curvature affecting brain function

was not investigated. Due to the nature of the cross-sectional
design, we were unable to avoid cohort effect or indicate which
structure degenerated earlier or had a higher impact on the brain
function. The structure-function relationships among gyri, sulci,
and the pial and white matter surfaces and how they impact
each other still need to be examined. In this case, the envisioned
model of the degeneration of the cerebral cortex may need to
be investigated with longitudinal data. Second, to generalize the
degenerative process, the current model focused on the trends for
comprehensive changes in the cortex and brain lobes. However,
cortical variations during aging, including changes in volume and
thickness, have been found to decline regionally (Thambisetty
etal., 2010; Westlye et al., 2010). Therefore, although we posited
general aging-related alterations in the gyri and sulci of the
cortex in the model, regional variations still need to be specified.
Third, we used a simple concave-convex concept as a division of
gyri and sulci which may seem to be an arbitrary classification.
Adopting the convexity map generated by FreeSurfer to classify
cortex into gyral, sulcal and undefined regions (Liu et al., 2019;
Yang et al, 2019; Zhang et al, 2019) is recommended for
future analysis especially when looking at regional changes in
the analysis. Next, our aging model is partly based on previous
literature. The measure of sulcal width and depth was not
directly quantified in the current study. The completeness of
the aging model could be tested and reproduced with all the
measurements together. Lastly, participants with mild or severe
cognitive functions were excluded in this study, and only general
cognition assessments were conducted for current participants.
Thus, the generalizability of current findings is limited to
healthy population, moreover, its cognitive implications should
be further examined with detailed cognitions such as verbal
memory, visual executive in future studies.

CONCLUSION

This study illustrates a cortical degeneration model from the
perspective of brain morphology which provides an overview for
the brain aging process using multiple structural measurements.
We found systematical and nonuniform cortical thinning during
normal aging, that the overall degree of sulcal degeneration is
greater than gyri in terms of thickness and gyrification. These
degeneration mechanisms might relate to pruning, life-long
reshaping and neurodegenerative processes, associating with
differential brain functional degeneration and the underlying
neuronal tension. We suggest that the cortical features of gyri,
sulci, the pial and white matter surfaces should be considered
independently in future studies, which could be associated with
segregation and integration alterations in brain connectome
during aging.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2021 | Volume 13 | Article 625931


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lin et al.

Gyral/Sulcal Morphological Changes in Aging

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board of Taipei Veterans
General Hospital. All participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

H-YL, C-CH, and C-PL conceived and planned the experiments.
AY and S-JT contributed to data collection. H-YL and
C-CH conducted the experiments and data analysis. H-YL,
C-CH, K-HC, AY, C-YL, S-JT, and C-PL contributed to the
interpretation of the results. H-YL and C-CH took the lead
in writing the manuscript. All authors provided feedback and
helped with the analysis and manuscript.

FUNDING

C-PL was supported by the Ministry of Science and Technology
(MOST) of Taiwan (Grant Nos. MOST 108-2420-H-010-
001; MOST 108-2321-B-010-010-MY2; MOST 109-2634-F-010-
001; and MOST 108-2321-B-010-013-MY2); Taipei Veterans
General Hospital (VGHUST109-V1-2-2); Shanghai Science and
Technology Innovation Plan Grant Nos. 17JC1404105 and
17JC1404101. K-HC was supported by grant from the Ministry
of Science and Technology of Taiwan (MOST 107-2221-
E-010-010-MY3). AY and S-JT were supported by grants

REFERENCES

Akaike, H. (1974). A new look at the statistical model identification. IEEE Trans.
Automatic Control 19, 716-723. doi: 10.1109/TAC.1974.1100705

American Psychiatric, A. (2000). Diagnostic and Statistical Manual of Mental
Disorders: DSM-IV-TR. Washington, DC: American Psychiatric Association.

Bartzokis, G. (2004). Age-related myelin breakdown: a developmental model of
cognitive decline and Alzheimer’s disease. Neurobiol Aging. 25, 5-18; author
reply 49-62. doi: 10.1016/j.neurobiolaging.2003.03.001

Brodmann, K. (1909). Vergleichende Lokalisationslehre der Grof$hirnrinde: in ihren
Prinzipien dargestellt auf Grund des Zellenbaues. Leizig: Barth.

Cao, B., Mwangi, B., Passos, I. C., Wu, M. ], Keser, Z., Zunta-Soares, G. B.,
et al. (2017). Lifespan gyrification trajectories of human brain in healthy
individuals and patients with major psychiatric disorders. Sci Rep. 7:511.
doi: 10.1038/541598-017-00582-1

Chan, M. Y., Park, D. C,, Savalia, N. K, Petersen, S. E., and Wig, G. S. (2014).
Decreased segregation of brain systems across the healthy adult lifespan. Proc.
Natl. Acad. Sci. U.S.A. 111, E4997-E5006. doi: 10.1073/pnas.1415122111

Chen, H., Zhang, T., Guo, L., Li, K,, Yu, X,, Li, L., et al. (2013). Coevolution of gyral
folding and structural connection patterns in primate brains. Cereb Cortex. 23,
1208-1217. doi: 10.1093/cercor/bhs113

Cullen, D. K., Gilroy, M. E, Irons, H. R, and Laplaca, M. C. (2010).
Synapse-to-neuron ratio is inversely related to neuronal density in mature
neuronal cultures. Brain Res. 1359, 44-55. doi: 10.1016/j.brainres.2010.
08.058

Dale, A. M., Fischl, B, and Sereno, M. 1. (1999). Cortical surface-based
analysis. I. Segmentation and surface reconstruction. Neuroimage. 9, 179-194.
doi: 10.1006/nimg.1998.0395

Deng, F., Jiang, X., Zhu, D., Zhang, T., Li, K., Guo, L., et al. (2014). A
functional model of cortical gyri and sulci. Brain Struct Funct. 219, 1473-1491.
doi: 10.1007/500429-013-0581-z

(109-2628-B-010-011; 109-2321-B-010-006; and 109-2634-F-
075-001) from the Ministry of Science and Technology of Taiwan.
C-YL was partially supported by Shanghai Municipal Science
and Technology Major Project (No. 2018SHZDZXO01), the
National Key Research and Development Program of China (No.
2018YFC0910503), the Young Scientists Fund of the National
Natural Science Foundation of China (No. 81801774), the
Natural Science Foundation of Shanghai (No. 18ZR1403700), Z]
Lab, and Shanghai Center for Brain Science and Brain-Inspired
Technology. This work was supported by the Brain Research
Center, National Yang-Ming University from The Featured Areas
Research Center Program within the framework of the Higher
Education Sprout Project by the Ministry of Education (MOE),
Taipei, Taiwan.

ACKNOWLEDGMENTS

We acknowledge Yi-Hua Huang, I-Ting Lee, Yi-Hui Lin for
helping with the surface reconstruction quality assurance. We
thank Daniel Cheong and Maddie Kiszewski for proofreading the
manuscript. We thank Chih-Chin Heather Hsu and I-Ting Lee
for data access technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2021.625931/full#supplementary-material

Deppe, M., Marinell, J., Kramer, ], Duning, T., Ruck, T., Simon, O. J,
et al. (2014). Increased cortical curvature reflects white matter atrophy in
individual patients with early multiple sclerosis. Neurolmage 6, 475-487.
doi: 10.1016/.nicl.2014.02.012

Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker,
D., et al. (2006). An automated labeling system for subdividing the human
cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage.
31, 968-980. doi: 10.1016/j.neuroimage.2006.01.021

Elston, G. N. (2003). Cortex, cognition and the cell: new insights into the
pyramidal neuron and prefrontal function. Cereb Cortex. 13, 1124-1138.
doi: 10.1093/cercor/bhg093

Fischl, B., and Dale, A. M. (2000). Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc. Natl. Acad. Sci. US.A. 97,
11050-11055. doi: 10.1073/pnas.200033797

Fischl, B., Sereno, M. 1, Tootell, R. B., and Dale, A. M. (1999).
High-resolution  intersubject averaging and a coordinate system
for the cortical surface. Hum. Brain Mapp. 8, 272-284.

doi: 10.1002/(SICI)1097-0193(1999)8:4<272::AID-HBM10>3.0.CO;2-4

Fjell, A. M., Grydeland, H., Krogsrud, S. K., Amlien, I., Rohani, D. A, Ferschmann,
L., et al. (2015). Development and aging of cortical thickness correspond to
genetic organization patterns. Proc. Natl. Acad. Sci. U.S.A. 112, 15462-15467.
doi: 10.1073/pnas.1508831112

Fjell, A. M., and Walhovd, K. B. (2010). Structural brain changes in aging:
courses, causes and cognitive consequences. Rev. Neurosci. 21, 187-221.
doi: 10.1515/REVNEURO.2010.21.3.187

Folstein, M. F., Folstein, S. E., and McHugh, P. R (1975). “Mini-mental
state”. A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 12, 189-198. doi: 10.1016/0022-3956(75)
90026-6

Gao, J., Cheung, R. T. F, Chan, Y. S, Chu, L. W,, Mak, H. K. F,, and
Lee, T. M. C. (2014). The relevance of short-range fibers to cognitive

Frontiers in Aging Neuroscience | www.frontiersin.org

10

February 2021 | Volume 13 | Article 625931


https://www.frontiersin.org/articles/10.3389/fnagi.2021.625931/full#supplementary-material
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1016/j.neurobiolaging.2003.03.001
https://doi.org/10.1038/s41598-017-00582-1
https://doi.org/10.1073/pnas.1415122111
https://doi.org/10.1093/cercor/bhs113
https://doi.org/10.1016/j.brainres.2010.08.058
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1007/s00429-013-0581-z
https://doi.org/10.1016/j.nicl.2014.02.012
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1093/cercor/bhg093
https://doi.org/10.1073/pnas.200033797
https://doi.org/10.1002/(SICI)1097-0193(1999)8:4$<$272::AID-HBM10$>$3.0.CO
https://doi.org/10.1073/pnas.1508831112
https://doi.org/10.1515/REVNEURO.2010.21.3.187
https://doi.org/10.1016/0022-3956(75)90026-6
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lin et al.

Gyral/Sulcal Morphological Changes in Aging

efficiency and brain activation in aging and dementia. PLoS ONE. 9:¢90307.
doi: 10.1371/journal.pone.0090307

Gautam, P., Anstey, K. J., Wen, W., Sachdev, P. S., and Cherbuin, N. (2015).
Cortical gyrification and its relationships with cortical volume, cortical
thickness, and cognitive performance in healthy mid-life adults. Behav. Brain
Res. 287, 331-339. doi: 10.1016/j.bbr.2015.03.018

Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N., Friston, K.
J, and Frackowiak, R. S. (2001). A voxel-based morphometric study
of ageing in 465 normal adult human brains. Neuroimage. 14, 21-36.
doi: 10.1006/nimg.2001.0786

Gregory, M. D., Kippenhan, J. S., Dickinson, D., Carrasco, J., Mattay, V. S,,
Weinberger, D. R,, et al. (2016). Regional variations in brain gyrification are
associated with general cognitive ability in humans. Curr. Biol. 26, 1301-1305.
doi: 10.1016/j.cub.2016.03.021

Griffin, L. D. (1994). The intrinsic geometry of the cerebral cortex. J. Theor. Biol.
166, 261-273. doi: 10.1006/jtbi.1994.1024

Hughes, C. P, Berg, L., Danziger, W. L., Coben, L. A., and Martin, R. L. (1982). A
new clinical scale for the staging of dementia. Br. J. Psychiatry. 140, 566-572.
doi: 10.1192/bjp.140.6.566

Im, K., Lee, J. M, Seo, S. W., Hyung Kim, S., Kim, S. I, and Na, D. L. (2008). Sulcal
morphology changes and their relationship with cortical thickness and gyral
white matter volume in mild cognitive impairment and Alzheimer’s disease.
Neuroimage. 43, 103-113. doi: 10.1016/j.neuroimage.2008.07.016

Jernigan, T. L., Archibald, S. L., Fennema-Notestine, C., Gamst, A. C,
Stout, J. C., Bonner, J., et al. (2001). Effects of age on tissues and
regions of the cerebrum and cerebellum. Neurobiol. Aging. 22, 581-594.
doi: 10.1016/S0197-4580(01)00217-2

Jockwitz, C., Caspers, S., Lux, S., Jutten, K., Schleicher, A., Eickhoff, S. B., et al.
(2017). Age- and function-related regional changes in cortical folding of
the default mode network in older adults. Brain Struct. Funct. 222, 83-99.
doi: 10.1007/s00429-016-1202-4

Jones, B. F., Barnes, J., Uylings, H. B., Fox, N. C., Frost, C., Witter, M.
P., et al. (2006). Differential regional atrophy of the cingulate gyrus in
Alzheimer disease: a volumetric MRI study. Cereb Cortex. 16, 1701-1708.
doi: 10.1093/cercor/bhj105

Kaas, J. H. (2013). The evolution of brains from early mammals to humans. Wiley
Interdiscip Rev. Cogn. Sci. 4, 33-45. doi: 10.1002/wcs.1206

Klein, D., Rotarska-Jagiela, A., Genc, E., Sritharan, S, Mohr, H,
Roux, F., et al. (2014). Adolescent brain maturation and cortical
folding: evidence for reductions in gyrification. PLoS ONE 9:e84914.
doi: 10.1371/journal.pone.0084914

Kochunov, P., Mangin, J. F., Coyle, T., Lancaster, J., Thompson, P., Riviere, D., et al.

(2005). Age-related morphology trends of cortical sulci. Hum Brain Mapp. 26,

210-220. doi: 10.1002/hbm.20198

Y., Liu, Y, Li, J, Qin, W, Li, K, Yu, C. et al. (2009). Brain

Anatomical Network and Intelligence. PLOS Comp. Biol. 5:¢1000395.

doi: 10.1371/journal.pcbi. 1000395

Liu, H., Jiang, X., Zhang, T., Ren, Y., Hu, X, Guo, L., et al. (2017).
Elucidating functional differences between cortical gyri and sulci via sparse
representation HCP grayordinate fMRI data. Brain Res. 1672, 81-90.
doi: 10.1016/j.brainres.2017.07.018

Liu, H., Zhang, S., Jiang, X., Zhang, T., Huang, H., Ge, F., et al. (2019). The cerebral
cortex is bisectionally segregated into two fundamentally different functional
units of gyri and sulci. Cereb. Cortex 29, 4238-4252. doi: 10.1093/cercor/bhy305

Liu, T., Sachdev, P. S., Lipnicki, D. M., Jiang, J., Cui, Y., Kochan, N. A,, et al. (2013).
Longitudinal changes in sulcal morphology associated with late-life aging and
MCI. Neuroimage. 74, 337-342. doi: 10.1016/j.neuroimage.2013.02.047

Llinares-Benadero, C., and Borrell, V. (2019). Deconstructing cortical folding:
genetic, cellular and mechanical determinants. Nat. Rev. Neurosci. 20, 161-176.
doi: 10.1038/s41583-018-0112-2

Magnotta, V. A., Andreasen, N. C., Schultz, S. K., Harris, G., Cizadlo, T.,
Heckel, D., et al. (1999). Quantitative in vivo measurement of gyrification in
the human brain: changes associated with aging. Cereb Cortex. 9, 151-160.
doi: 10.1093/cercor/9.2.151

Masliah, E., Crews, L., and Hansen, L. (2006). Synaptic remodeling
during aging and in Alzheimer’s disease. J. Alzheimers Dis. 9, 91-99.
doi: 10.3233/JAD-2006-9S311

Li,

Matsumae, M., Kikinis, R., Morocz, I. A., Lorenzo, A. V., Sandor, T., Albert, M.
S., et al. (1996). Age-related changes in intracranial compartment volumes
in normal adults assessed by magnetic resonance imaging. J. Neurosurg. 84,
982-991. doi: 10.3171/jns.1996.84.6.0982

Mega, M. S., Thompson, P. M., Cummings, J. L., Back, C. L., Xu, M. L., Zohoori,
S., et al. (1998). Sulcal variability in the Alzheimer’s brain: correlations with
cognition. Neurology. 50, 145-151. doi: 10.1212/WNL.50.1.145

Miller, J. D., Peeler, D. F., Pattisapu, J., and Parent, A. D. (1987). Supratentorial
pressures. Part I: Differential intracranial pressures. Neurol. Res. 9, 193-197.
doi: 10.1080/01616412.1987.11739794

Nadarajah, B., and Parnavelas, J. G. (2002). Modes of neuronal migration in the
developing cerebral cortex. Nat. Rev. Neurosci. 3, 423-432. doi: 10.1038/nrn845

Nie, J., Guo, L., Li, K, Wang, Y., Chen, G, Li, L., et al. (2012). Axonal
fiber terminations concentrate on gyri. Cereb Cortex. 22, 2831-2839.
doi: 10.1093/cercor/bhr361

Panizzon, M. S., Fennema-Notestine, C., Eyler, L. T., Jernigan, T. L., Prom-
Wormley, E., Neale, M., et al. (2009). Distinct genetic influences on
cortical surface area and cortical thickness. Cereb Cortex. 19, 2728-2735.
doi: 10.1093/cercor/bhp026

Peng, Q., Schork, A., Bartsch, H., Lo, M. T., Panizzon, M. S., Pediatric Imaging,
N, et al. (2016). Conservation of distinct genetically-mediated human cortical
pattern. PLoS Genet. 12:e1006143. doi: 10.1371/journal.pgen.1006143

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., and Acker,
J. D. (2004). Aging, sexual dimorphism, and hemispheric asymmetry of the
cerebral cortex: replicability of regional differences in volume. Neurobiol. Aging.
25, 377-396. doi: 10.1016/S0197-4580(03)00118-0

Resnick, S. M., Pham, D. L., Kraut, M. A, Zonderman, A. B,
Davatzikos, C. (2003). Longitudinal magnetic resonance imaging
studies of older adults: a shrinking brain. J. Neurosci. 23, 3295-3301.
doi: 10.1523/JNEUROSCI.23-08-03295.2003

Richman, D. P., Stewart, R. M., Hutchinson, J. W., and Caviness, V. S. Jr. (1975).
Mechanical model of brain convolutional development. Science. 189, 18-21.
doi: 10.1126/science.1135626

Ronan, L., and Fletcher, P. C. (2015). From genes to folds: a review
of cortical gyrification theory. Brain Struct. Funct. 220, 2475-2483.
doi: 10.1007/s00429-014-0961-z

Ronan, L., Pienaar, R., Williams, G., Bullmore, E.,, Crow, T. J., Roberts,
N, (2011). a marker of millimeter-scale
tangential cortico-cortical connectivity? Int. J. Neural. Syst. 21, 351-366.
doi: 10.1142/S0129065711002948

Ronan, L., Voets, N., Rua, C., Alexander-Bloch, A., Hough, M., Mackay, C,,
et al. (2014). Differential tangential expansion as a mechanism for cortical
gyrification. Cereb. Cortex. 24, 2219-2228. doi: 10.1093/cercor/bht082

Ronan, L., Voets, N. L., Hough, M., Mackay, C., Roberts, N., Suckling, J.,
et al. (2012). Consistency and interpretation of changes in millimeter-scale
cortical intrinsic curvature across three independent datasets in schizophrenia.
Neuroimage. 63, 611-621. doi: 10.1016/j.neuroimage.2012.06.034

Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S., Busa, E., et al.
(2004). Thinning of the cerebral cortex in aging. Cereb. Cortex. 14, 721-730.
doi: 10.1093/cercor/bhh032

Scahill, R. I., Frost, C., Jenkins, R., Whitwell, J. L., Rossor, M. N., and Fox, N.
C. (2003). A longitudinal study of brain volume changes in normal aging
using serial registered magnetic resonance imaging. Arch. Neurol. 60, 989-994.
doi: 10.1001/archneur.60.7.989

Schaer, M., Cuadra, M. B., Tamarit, L., Lazeyras, F., Eliez, S., and Thiran, J. P.
(2008). A surface-based approach to quantify local cortical gyrification. IEEE
Trans. Med. Imag. 27, 161-170. doi: 10.1109/TMI.2007.903576

Schuz, A., and Palm, G. (1989). Density of neurons and synapses in
the cerebral cortex of the mouse. J. Comp. Neurol. 286, 442-455.
doi: 10.1002/cne.902860404

Sheehan, D. V., Lecrubier, Y., Sheehan, K. H., Amorim, P., Janavs, J., Weiller, E.,
et al. (1998). The mini-international neuropsychiatric interview (M.LN.L): the
development and validation of a structured diagnostic psychiatric interview for
DSM-1V and ICD-10. J Clin Psychiatry. 59(Suppl. 20), 22-33;quiz 34-57.

Storsve, A. B., Fjell, A. M., Tamnes, C. K., Westlye, L. T., Overbye,
K., Aasland, H. W., et al. (2014). Differential longitudinal changes in
cortical thickness, surface area and volume across the adult life span:

and

et al Intrinsic curvature:

Frontiers in Aging Neuroscience | www.frontiersin.org

11

February 2021 | Volume 13 | Article 625931


https://doi.org/10.1371/journal.pone.0090307
https://doi.org/10.1016/j.bbr.2015.03.018
https://doi.org/10.1006/nimg.2001.0786
https://doi.org/10.1016/j.cub.2016.03.021
https://doi.org/10.1006/jtbi.1994.1024
https://doi.org/10.1192/bjp.140.6.566
https://doi.org/10.1016/j.neuroimage.2008.07.016
https://doi.org/10.1016/S0197-4580(01)00217-2
https://doi.org/10.1007/s00429-016-1202-4
https://doi.org/10.1093/cercor/bhj105
https://doi.org/10.1002/wcs.1206
https://doi.org/10.1371/journal.pone.0084914
https://doi.org/10.1002/hbm.20198
https://doi.org/10.1371/journal.pcbi.1000395
https://doi.org/10.1016/j.brainres.2017.07.018
https://doi.org/10.1093/cercor/bhy305
https://doi.org/10.1016/j.neuroimage.2013.02.047
https://doi.org/10.1038/s41583-018-0112-2
https://doi.org/10.1093/cercor/9.2.151
https://doi.org/10.3233/JAD-2006-9S311
https://doi.org/10.3171/jns.1996.84.6.0982
https://doi.org/10.1212/WNL.50.1.145
https://doi.org/10.1080/01616412.1987.11739794
https://doi.org/10.1038/nrn845
https://doi.org/10.1093/cercor/bhr361
https://doi.org/10.1093/cercor/bhp026
https://doi.org/10.1371/journal.pgen.1006143
https://doi.org/10.1016/S0197-4580(03)00118-0
https://doi.org/10.1523/JNEUROSCI.23-08-03295.2003
https://doi.org/10.1126/science.1135626
https://doi.org/10.1007/s00429-014-0961-z
https://doi.org/10.1142/S0129065711002948
https://doi.org/10.1093/cercor/bht082
https://doi.org/10.1016/j.neuroimage.2012.06.034
https://doi.org/10.1093/cercor/bhh032
https://doi.org/10.1001/archneur.60.7.989
https://doi.org/10.1109/TMI.2007.903576
https://doi.org/10.1002/cne.902860404
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lin et al.

Gyral/Sulcal Morphological Changes in Aging

regions of accelerating and decelerating change. J. Neurosci. 34, 8488-8498.
doi: 10.1523/JNEUROSCI.0391-14.2014

Sullivan, E. V., Lim, K. O., Mathalon, D., Marsh, L., Beal, D. M., Harris, D.,
et al. (1998). A profile of cortical gray matter volume deficits characteristic of
schizophrenia. Cereb. Cortex. 8, 117-124. doi: 10.1093/cercor/8.2.117

Thambisetty, M., Wan, J., Carass, A., An, Y., Prince, J. L., and Resnick, S. M.
(2010). Longitudinal changes in cortical thickness associated with normal
aging. Neurolmage. 52, 1215-1223. doi: 10.1016/j.neuroimage.2010.04.258

Tisserand, D. J., Pruessner, J. C., Sanz Arigita, E. J., van Boxtel, M. P. J., Evans,
A. C, Jolles, J., et al. (2002). Regional frontal cortical volumes decrease
differentially in aging: an MRI study to compare volumetric approaches
and voxel-based morphometry. Neurolmage. 17, 657-669. doi: 10.1006/nimg.
2002.1173

Toro, R., and Burnod, Y. (2005). A morphogenetic model for the development of
cortical convolutions. Cereb Cortex. 15, 1900-1913. doi: 10.1093/cercor/bhi068

Turner, G. R,, and Spreng, R. N. (2012). Executive functions and neurocognitive
aging: dissociable patterns of brain activity. Neurobiol Aging. 33, 826.e1-13.
doi: 10.1016/j.neurobiolaging.2011.06.005

Van Essen, D. C., Donahue, C. J., and Glasser, M. F. (2018). Development and
evolution of cerebral and cerebellar cortex. Brain Behav Evol. 91, 158-169.
doi: 10.1159/000489943

Vandekar, S. N., Shinohara, R. T., Raznahan, A. Roalf, D. R, Ross,
M., DeLeo, N, et al. (2015). Topologically dissociable patterns of
development of the human cerebral cortex. J Neurosci. 35, 599-609.
doi: 10.1523/JNEUROSCI.3628-14.2015

Wagstyl, K., Ronan, L., Goodyer, I. M., and Fletcher, P. C. (2015). Cortical
thickness gradients in structural hierarchies. Neuroimage. 111, 241-250.
doi: 10.1016/j.neuroimage.2015.02.036

Wagstyl, K., Ronan, L., Whitaker, K. J., Goodyer, I. M., Roberts, N., Crow, T.
J., et al. (2016). Multiple markers of cortical morphology reveal evidence
of supragranular thinning in schizophrenia. Transl. Psychiatry. 6:¢780.
doi: 10.1038/tp.2016.43

Welker, W. (1990). Why does cerebral cortex fissure and fold? a
review of determinants of gyri and sulci. Cereb. Cortex. 8B, 3-136.
doi: 10.1007/978-1-4615-3824-0_1

Westlye, L. T., Walhovd, K. B, Dale, A. M., Bjornerud, A., Due-Tonnessen, P.,
Engvig, A., et al. (2010). Differentiating maturational and aging-related changes
of the cerebral cortex by use of thickness and signal intensity. Neuroimage. 52,
172-185. doi: 10.1016/j.neuroimage.2010.03.056

Whitaker, K. J., Vertes, P. E.,, Romero-Garcia, R., Vasa, F., Moutoussis, M.,
Prabhu, G., et al. (2016). Adolescence is associated with genomically patterned
consolidation of the hubs of the human brain connectome. Proc Natl Acad Sci
U.S.A. 113, 9105-9110. doi: 10.1073/pnas.1601745113

Winkler, A. M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K., Fox, P. T, et al.
(2010). Cortical thickness or grey matter volume? The importance of selecting
the phenotype for imaging genetics studies. Neuroimage. 53, 1135-1146.
doi: 10.1016/j.neuroimage.2009.12.028

Xu, G., Knutsen, A. K., Dikranian, K., Kroenke, C. D., Bayly, P. V., and Taber, L. A.
(2010). Axons pull on the brain, but tension does not drive cortical folding. /.
Biomech. Eng. 132:071013. doi: 10.1115/1.4001683

Yang, S., Zhao, Z., Cui, H., Zhang, T., Zhao, L., He, Z., et al. (2019). Temporal
variability of cortical gyral-sulcal resting state functional activity correlates
with fluid intelligence. Front. Neural Circuits. 13:36. doi: 10.3389/fncir.2019.
00036

Zhang, S., Liu, H., Huang, H., Zhao, Y., Jiang, X., Bowers, B, et al. (2019).
Deep learning models unveiled functional difference between cortical gyri and
sulci. IEEE Trans. Biomed. Engin. 66, 1297-1308. doi: 10.1109/TBME.2018.
2872726

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lin, Huang, Chou, Yang, Lo, Tsai and Lin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

12

February 2021 | Volume 13 | Article 625931


https://doi.org/10.1523/JNEUROSCI.0391-14.2014
https://doi.org/10.1093/cercor/8.2.117
https://doi.org/10.1016/j.neuroimage.2010.04.258
https://doi.org/10.1006/nimg.2002.1173
https://doi.org/10.1093/cercor/bhi068
https://doi.org/10.1016/j.neurobiolaging.2011.06.005
https://doi.org/10.1159/000489943
https://doi.org/10.1523/JNEUROSCI.3628-14.2015
https://doi.org/10.1016/j.neuroimage.2015.02.036
https://doi.org/10.1038/tp.2016.43
https://doi.org/10.1007/978-1-4615-3824-0_1
https://doi.org/10.1016/j.neuroimage.2010.03.056
https://doi.org/10.1073/pnas.1601745113
https://doi.org/10.1016/j.neuroimage.2009.12.028
https://doi.org/10.1115/1.4001683
https://doi.org/10.3389/fncir.2019.00036
https://doi.org/10.1109/TBME.2018.2872726
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Differential Patterns of Gyral and Sulcal Morphological Changes During Normal Aging Process
	Introduction
	Materials and Methods
	Participant Characteristics and Image Data Acquisition
	Cortical Reconstruction
	Cortical Thickness
	Intrinsic Curvature
	Regional Analysis
	Statistical Analyses and Curve Fitting
	Relationships Between Cognitive Performance and Structural Measures
	Stepwise Regression Predicting Age Using the Structural Measurements as Predictors

	Results
	Aging Effect in Brain Tissue Volume
	Vertex-Wise Linear Correlations Between Age and Cortical Measurements
	Goodness-of-Fit Tests of the Polynomial Regression Models
	Quadratic Relationship Between Age and Whole-Brain Cortical Measurements
	Quadratic Relationship Between Age and Cortical Measurements of the Five Lobes
	Relationships Between Cognitive Performance and Structural Measures
	Different Contribution of the Structural Measurements in Chronological Age-Dependencies
	The Aging Model

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


