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Aging and cortical gyrification 2

Abstract
Cortical gyrification has been found to decrease due to aging, but thus far this has only been
examined in cross-sectional samples. Interestingly, the topography of these age-related
differences in gyrification follow a distinct gradient along the cortex relative to age effects on
cortical thickness, likely suggesting a different underlying neurobiological mechanism. Here
| examined several aspects of gyrification in an accelerated longitudinal dataset of 280
healthy adults aged 45-92 with an interval between first and last MRI session of up to 10
years (total of 815 MRI sessions). Results suggest that age changes in sulcal morphology

underlie these changes in gyrification.

Keywords: structural MRI; cortical folding; brain morphology; sulcal morphology
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Aging and cortical gyrification 3

Introduction

Over the past decade, brain imaging studies have demonstrated several gradients in activation
related to functional networks of regions (e.g., Margulies et al., 2016; Murphy et al., 2019;
Sormaz et al., 2018). Distinct cortical gradients in structural properties of the brain also exist,
such as in cortical thickness (e.g., Hogstrom et al., 2013; Madan & Kensinger, 2018; Salat et
al., 2004; Sowell et al., 2003) and myelination (e.g., Carradus et al., 2020; Glasser & Van
Essen, 2011; Grydekand et al., 2013; Mangeat et al., 2015; Shafee et al., 2015). However,
one of the most identifiable characteristics of the human brain is its folding structure. Despite
macro-scale consistencies between individuals, everyone's cortical folding pattern is unique.
While these folding patterns change due to aging, the underlying process of this change is not
well understood.

Elias and Schwartz (1969) developed a procedure to quantify cortical gyrification as a
ratio between the area of the total cortical surface relative to the ‘exposed’ surface. Here a
stereological approach was used, though was limited by available technologies. This
methodology was later refined to use the pial and outer contour lengths estimated from
coronal sections by Zilles et al. (1988). The outlines shown in Figure 1A display this visually,
with the pial length shown in blue and the outer contour length shown in green. The ratio of
these lengths provide a measure of cortical folding, referred to as the gyrification index. A
brain with a lower gyrification index will be smoother and less folded; a rodent’s brain has a
much lower gyrification index than a human brain. Extending this procedure to 3D surfaces,
Schaer et al. (2008, 2012) developed an automated approach for calculating cortical
gyrification from a surface mesh, through the generation of an outer surface that encloses the
gray matter surface generated by FreeSurfer (as shown in Figure 1B) along with the

corresponding surface measure of gyrification (Figure 1C).



65
66

67
68
69
70
71

72

73

74

75

76

77

78

79

80

81

Aging and cortical gyrification 4

C
Gl = Surface Area _ Area(é&) _ 2993

Enclosing Area  Area(@)

Figure 1. lllustration of the calculation procedure for global gyrification. (A) From the
original T1-weighted volume, the outer contour of the gray matter is traced, and then
surrounded by a smooth enclosing surface. (B) When done as a 3D surface, this results in the
pial (blue) and enclosing (green) surfaces. (C) The gyrification index (Gl) is the ratio of the
cortical surface area divided by the surface area of the enclosing surface.

As initially shown by Zilles et al. (1988) and replicated in more recent studies (e.g.,
Hogstrom et al., 2013; Madan & Kensinger, 2016), gyrification is relatively highest in the
parietal and temporal lobes. Several studies have shown that global cortical gyrification
decreases with age in several cross-sectional samples (Cao et al., 2017; Hogstrom et al.,
2013; Lamballais et al., 2020; Madan & Kensinger, 2016, 2018; Madan, 2018). It has also
been shown that the topography of these changes is distinct from cortical thickness, where
gyrification primarily decreases in the parietal lobe (e.g., Hogstrom et al., 2013; Madan &
Kensinger, 2016, 2018). Cortical thickness, in contrast, primarily decreases in frontal and

temporal regions—with age related decreases associated with changes in cortical myelination
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Aging and cortical gyrification 5

affecting gray/white matter contrast as well as decreases in the dendritic density of pyramidal
neurons (Dickstein et al., 2007; Duan et al., 2003; Hao et al., 2007; Peters, 2002),
mechanisms distinct from age changes in gyrification. Further demonstrating the utility of
gyrification measurements, studies of patient populations have demonstrated differences in
gyrification relative to healthy individuals in relation to Alzheimer’s disease (King et al.,
2010; Liu et al., 2012), schizophrenia (Cao et al., 2017; Palaniyappan & Liddle, 2012,
Palaniyappan et al., 2015), autism (Schaer et al., 2013), and major depression disorder (Cao
et al., 2017), among other psychiatric disorders. Within healthy samples, age-related
differences in cortical folding structure have also been associated with individual functional
differences (e.g., see Lamballais et al., 2020; McDonough & Madan, in press).

Using cross-sectional data, global gyrification has previously been estimated to
decrease by approximately 0.035 Gl/decade (Madan & Kensinger, 2016; Madan, 2018),
though there is also a consideration of measurement validity. For example, in an analysis of
test-retest reliability, where ten sessions were conducted just 2-3 days apart (each), a mean
within-participant deviation of 0.04 was found (Madan & Kensinger, 2017). Moreover, plots
of cross-sectional data reveal a large amount of off-axis variability (i.e., age-unrelated)
indicating that, though reproducible, the link between gyrification and aging is relatively
weak and influenced by many other factors. Based on these considerations, a longitudinal
dataset with a larger interval between scans would be prudent for evaluating the influence of
aging on cortical gyrification.

Here | examine changes in cortical gyrification in an accelerated longitudinal sample
to directly examine cortical folding changes with age at the individual level, rather than in
cross-sectional datasets. While accelerated longitudinal samples have previously been used to
examine age changes in other morphological measures, such as cortical thickness (e.g.,

Storsve et al., 2014), this has yet to be done with gyrification. It is currently unclear how
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gyrification changes with aging—for instance, is the decrease in gyrification in the parietal
lobe more evident because the parietal lobe has the highest gyrification? Moreover, does the

distribution of gyrification change with age?

Methods
Dataset
Data from 280 healthy adults (aged 45-92) from the OASIS-3 (Open Access Series of
Imaging Studies 3) dataset (LaMontagne et al., 2019) were included in the analyses presented
here. From the full dataset, participants were only included in the present analyses if four
conditions were met. (1) There must be at least two MRI sessions available with T1-weighted
volumes collected. (2) MRI data had to be collected using either the Siemens TIM Trio 3 T
scanner or Siemens BioGraph mMR PET-MR 3 T scanner (less than 5% of the otherwise
available data were collected using one of three other MRI scanners). (3) There had to be an
interval from first to last MRI session spanning at least three years. (4) From the clinical
sessions, there had a Clinical Dementia Rating (CDR) score of zero at every assessment. All

raw data is available from https://www.0asis-brains.org.

Across the 280 included adults, the Mini-Mental State Exam (MMSE) was
administered in a total of 1904 clinical sessions, with between 2 and 20 clinical sessions per
participant (M£SD = 6.70£3.21 administrations). Of the 1904 administrations, only four
yielded an MMSE score below 25. For two individuals, these sub-25 MMSE scores were
later followed by higher MMSE scores (here, scoring at least 29) on multiple subsequent
administrations. For the remaining two individuals, these were the last MMSE scores
recorded (for these specific individuals, there were 5 and 9 MMSE administrations,

respectively).


https://www.oasis-brains.org/
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Aging and cortical gyrification 7

The interval between the first and last MRI session acquired for each participant
ranged from 3 to 10 years (M+SD = 5.47+1.91 years). Of the 280 participants, 117 had two
MRI sessions, 96 had three sessions, 45 had four sessions, and 22 had five or more sessions
(to a maximum of seven). In total, 1138 T1-weighted volumes from 815 MRI sessions were
examined. If more than one T1-weighted volume was acquired during an MRI session, all
volumes were processed (see procedure below) and the gyrification estimates for the scans
were averaged. The same protocol was used for the other derived measures.

Structural data was collected using two different Siemens 3 T MRI scanners with
MPRAGE sequences: (1) 581 of the 815 MRI sessions were collected with a Siemens TIM
Trio 3 T scanner, with parameters: TR=2.4 ms; TE=3.2 ms; flip angle=8°; voxel size=1x1x1
mm. (2) The remaining 234 MRI sessions were collected with a Siemens BioGraph mMR
PET-MR 3 T scanner, with parameters: TR=2.3 ms; TE=3.0 ms; flip angle=9°; voxel

size=1x1x1 mm.

MRI Processing
All T1-weighted volumes were processed using FreeSurfer v6.0 on a machine running
RedHat 4.8.5-16 (Fischl, 2012; Fischl & Dale, 2000; Fischl et al., 2002). (Note, these are not
the same FreeSurfer outputs as publicly distributed from OASIS, which were estimated using
older versions of FreeSurfer.) All T1-weighted volumes were processed independently with
the standard FreeSurfer pipeline (i.e., recon-al1), i.e., not using the longitudinal processing
pipeline, to allow the individual scan derived measures to be comparable in reliability to
previous cross-sectional studies.

Gyrification index was calculated using FreeSurfer, as described in Schaer et al.
(2008, 2012) and illustrated in Figure 1. This process involves generating an enclosing

surface which serves the same purpose as the outer contour used by Zilles et al. (1988) but
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exists in 3D space. This enclosing surface involves a parameter of how ‘tight’ to bridge
across gyri, as opposed to falling into sulci. The default settings were used, based on
validation work conducted by Schaer and colleagues.

Sulcal morphology, width and depth, was estimated for 16 major sulci, using the
calcSulc toolbox (Madan, 2019a). The sulci are the central, post-central, superior frontal,
inferior frontal, parieto-occipital, occipito-temporal, middle occipital and lunate, and
marginal part of the cingulate sulci, in both the left and right hemispheres. Analyses here are

only conducted on the mean sulcal width and depth, averaging across the 16 sulci.

Anterior-posterior gradient in gyrification. The standard FreeSurfer pipeline results in
variation in the number of surface mesh vertices for each participant. To adjust for this,
gyrification measurements for each MRI session were resampled to the common surface
space using FreeSurfer’s spherical surface co-registration (mris_preproc; Fischl et al., 1999).
This registration allows for vertex-wise comparisons in gyrification across participants, as
shown in Figure 2A.

This common surface space was then divided into 200 coronal sections, analogous to
the contour procedure used by Zilles et al. (1988). This allows for mean gyrification to be
simplified into an anterior-posterior plot, as demonstrated in Figure 2B. Note that, however,
vertex-wise gyrification measures were first estimated based on the Schaer et al. (2012)
procedure that relies on 25-mm radius local region of interest. This results in a gyrification
index value for each vertex of the surface mesh, referred to as a local gyrification index.
Gyrification for each section is spatially autocorrelated with adjacent sections. To-date there
do not appear to be any publications that have examined the anterior-posterior gyrification
pattern using the FreeSurfer gyrification calculation implementation (i.e., the Schaer et al.

[2012] approach).
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— —
A Individual Cortical Surface Local Gyrification Index Local Gyrification Topography
Registered to Common Surface

Surface 1

Surface 2

(calculated based on pial surface, but
B shown on inflated surface for visual clarity)

POSTERIOR ANTERIOR

1 .9 1 1 I I 1 1 1 1 I
0 10 20 30 40 50 60 70 80 90 100

Figure 2. lllustration of the calculation of the anterior-posterior gradient. (A) Individual
brain pial surfaces are used to generate local gyrification index topography (based on Schaer
et al., 2012), these are then resampled to the common space, through registration of the
individual pial surface to the FreeSurfer standard surface. (B) The local gyrification index is
then averaged across vertices for 200 coronal sections, shown for the same two example
surfaces as in panel A.

Statistics

Age-related changes in global gyrification were examined as the slope of decline in
gyrification with age. In subsequent analyses, the relative contribution of sulcal width and
depth, in explaining the age decrements in gyrification are evaluated using a mediation

analysis.
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Results

Global gyrification
Before examining the topography of gyrification, I evaluated age changes in global
gyrification, which itself is yet to be examined in a longitudinal dataset. The decline in
gyrification was estimated using a linear mixed effects model to estimate the slope (allowing
for random intercepts for each participant; i.e., different starting points, but a common slope).
As shown in Figure 3, the fixed effect of age was statistically significant [t(813)=14.41,
p<.001] with a decreasing slope of 0.04291 Gl/decade [95% C.I. = 0.03499—0.04603].

For comparison, a similar analysis was conducted on fractal dimensionality, another

measures of cortical structure. The results of this analysis are reported in the Appendix.

> 357 3.57
o] 2 sessions (N=117) 3 sessions (N=96)
£ 3.31 3.37 ~
c =
3.11 ~ — 3:17 i
8291 e 2.9 ﬁ%ﬂr:\
£, e ue B
= . \"‘ . 4N
>
025 r . . ' . ] 2.5 r : - : . .
40 50 60 70 80 90 100 40 50 60 70 80 90 100
& 397 3.55
o] 4 sessions (N=45) 5+ sessions (N=22)
£ 3.31 3.3+
.53.1- s e 311 L
®oo| EESRERT T 20] TTThashos
e o s, U i ol T
’;2.7- Sy 2.7
025 - T - T T ' 25 T T T - - .
40 50 60 70 80 90 100 40 50 60 70 80 90 100
Age (years) Age (years)

Figure 3. Age changes in global gyrification. Each coloured line represents an individual
participant, with each dot corresponding to an MRI session. The plot has been divided into
panels for each set of timepoints to improve readability. Dashed line present in all panels
show the decrease in global gyrification based on all data, estimated using the linear mixed
effects model.
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Anterior-posterior gradient in gyrification

The results of this analysis are shown in Figure 4. Looking from anterior to posterior, the
gradient gradually rises to a peak mid-way through the frontal lobe (approx. percentile 75),
followed by a relative plateau through the section that subtends the temporal lobe, with a
trough as the anterior-posterior section is increasingly represented by the parietal lobe
(percentile 37). A higher plateau peak subtends the parietal lobe, and then gradually declines
as gradient transitions into the occipital lobe (beginning from around percentile 15).

The middle and lower rows of Figure 4 show that while gyrification decreases
globally, they are most pronounced in the parietal lobe. Further examination of the surface
topography can better differentiate gyrification in parietal and temporal regions. These aging
results demonstrate that the overall distribution of gyrification does not change with age, it

merely diminishes in magnitude.
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Figure 4. Gyrification index across posterior (percentile 0; caudal) to anterior
(percentile 100; rostral). The upper row illustrates the average gyrification across the
common surface space. Coloured labels denoting each of the four lobes (frontal: red; parietal:
green; temporal: blue; occipital: orange), insula (purple), and central sulcus (yellow) are
included to aid in interpretation. An inflated cortical surface is shown on the right to help
visualise the relative extents of these regions, though a folded brain was used for the actual
analyses. The middle row shows the mean anterior-posterior gyrification for each age
between 50 and 80, inclusive; brighter colours denote regions of higher gyrification index.
This subset of ages was selected based on having sufficient sessions per age to use in the
estimation, as shown in the right panel. A total of 746 of the available 815 MRI sessions were

in this age range. The lower row shows the mean anterior-posterior gyrification for
individuals aged 50, 60, 70, and 80. Aging is associated with overall decreases in
gyrification, but these appear to be most pronounced in the parietal lobe.
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Topography of gyrification

As gyrification is calculated as the ratio of areas of the cortical surface to an enclosing
surface, the gyrification index is highest at the insula—as shown Figure 5A. Here | found a
similar pattern in the present accelerated longitudinal dataset, as shown in Figure 5B. The
decline in gyrification is most pronounced in the parietal lobe and posterior aspects of the
frontal lobe. However, on individual cortical surfaces, even examining changes over nearly a

decade, changes in the surfaces are only barely visible (see Figure 6).

A. Mean Gyrification Index

Gyrification Index

B. Variance Explained by Age

R2(Age)

0.00

Figure 5. Topography of gyrification. (A) Mean gyrification, with the highest values
corresponding to the insula. (B) Age changes in gyrification, with the highest values
corresponding to the parietal lobe and posterior aspects of the frontal lobe (i.e., primary
motor and somatosensory regions). Values determined based on vertex-wise regression of
local gyrification index with age.
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Participant A [8-year intervall

u

57 years old 60 years old 63 years old 65 years old
Gl=2.993 Gl=2.979 Gl=2.955 Gl=2.936

Participant B (9-year intervall

83 years old 87 years old 92 years old
Gl=2.721 Gl=2.688 Gl=2.644

Figure 6. Longitudinal age changes in cortical folding. Cortical surface reconstructions for
two participants, illustrating changes in folding over nearly a decade each. GI denotes
gyrification index. See Madan (2015) for details related to rendering the cortical surfaces.

Sulcal prominence

Figure 6 shows that the overall pattern of cortical folding remains relatively consistent,
despite small reductions in the gyrification index. Visible from the MRIs themselves,
however, does indicate changes in the sulcal width and depth. Here 1 examined how well
global measures of sulcal morphology, both width and depth, can alternatively explain
variability in gyrification. To test this, | conducted a multi-level mediation analysis on the
longitudinal global gyrification index measurements, with random intercepts for each

participant and based on all available timepoints.
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Standardised parameter estimates for the model are shown in Figure 7, along with all
associated standard error (SE) estimates in parentheses. Age was significantly related to
increases in sulcal width [a; = 0.463 (0.028); t(813)=16.41, p<.001] as well as decreases in
sulcal depth [a2 = -0.362 (0.022); t(813)=16.76, p<.001]. Gyrification index was significantly
related to both mediators, i.e., sulcal width and depth, and a significant direct effect of age
remained after the mediators were modelled [sulcal width: b; = -0.105 (0.029); t(813)=3.69,
p<.001; sulcal depth: b, =0.676 (0.027); t(813)=25.12, p<.001; remaining direct effect of
age: ¢’=-0.071 (0.020); t(813)=3.52, p<.001].

Mediation analyses indicated that both sulcal width and depth mediated the effects of
age on gyrification index [sulcal width: a;b; = -0.049 (0.014); Sobel’s Z=3.59, p<.001; sulcal
depth: azb, = -0.245 (0.018); Sobel’s Z=13.94, p<.001]. The entire mediation model
accounted for 49.9% of the variability in gyrification (i.e., R?). Proportion-mediated effect
size estimates demonstrated that most of this variability was accounted for by sulcal depth
(36.2%), with lesser proportions being explained by sulcal width (7.2%) and the remaining
direct effect of age (10.6%). Note that these summed values slightly exceed the total amount
of variability explained, as sulcal width and depth are not orthogonal. These results indicate
that age related decreases in sulcal depth largely account for the apparent changes in
gyrification, and both sulcal width and depth are more sensitive to effects of aging than the

gyrification index measure.

a,b,=-0.049 (0.014)

Sulcal Width [~ %,

28 0
& > :06‘@0
'3\’&l 99)
Age c=-0.338 (0.023) * Gyrification
¢'=-0.071 (0.020) Index

P

03 Qsﬁ:“

.?(0‘ ) Q 6‘6\
< Sulcal Depth P o7 a:b,=-0.245 (0.018)

Figure 7. Path diagram for age effects on gyrification index, considering the mediators
of sulcal width and depth. Standardised parameter estimates for the model are shown for
each effect, along with standard error (SE) estimates in parentheses.
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Discussion
From the global gyrification and anterior-posterior analyses, it is clear that the age decreases
in gyrification are gradual. Moreover, the anterior-posterior analysis was designed to evaluate
if these age changes in gyrification were related to shifts in the underlying distribution of
cortical folding, but this does not appear to be the case. Instead, there is a global decrease,
with some regions more affected than others, as highlighted in the topography analyses.
Converging with prior cross-sectional studies, regions most affected by age related
gyrification changes are distinct from those regions affected by changes in cortical thickness.

While studies examining cross-sectional data suggest that global gyrification involves
a large degree of age-independent variability, the results of the longitudinal analyses here
show a relatively consistent age decline, distinct from differences in the y-intercept of the
gyrification index (i.e., Figure 3). Though changes in gyrification due to aging have not
previously been investigated using an anterior-posterior gradient approach, the overall
gradient (i.e., the upper row of Figure 4) is relatively consistent with Zilles et al. (1988, Fig.
6). The overall topography, as shown in Figure 5, appears consistent with previously
published results (e.g., Schaer et al., 2008; Cao et al., 2017; Lamballais et al., 2020). As
discussed in the Introduction section, previous studies have demonstrated age differences in
gyrification, but as of yet, this has only been in cross-sectional samples (Cao et al., 2017;
Hogstrom et al., 2013; Lamballais et al., 2020; Madan & Kensinger, 2016, 2018; Madan,
2018).

Despite numerous prior studies reporting decreases in gyrification with age, these
studies provide little towards explaining the underlying mechanism. While a mechanism is
not presented here either, the current results provide some insight into a more specific
characterisation of how aging influences cortical folding. Many prior studies of brain

morphology have indicated that cortical surface area is not affected by aging (e.g., Hogstrom
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et al., 2013; McKay et al., 2014; Storsve et al., 2014). This lack of influence of age on
cortical surface area measurements also rules out any systematic changes in the minor
deformations in the folds along the gyri. More specifically, these minor folds could be
measured using other approaches, such as indices of the spatial frequency/power spectra of
cortical folding as providing information distinct from gyrification itself (as in Madan,
2019b). Age-related changes in cortical thickness (and volume) are often found, but follow
from a distinct topography than have been reported for gyrification (e.g., Hogstrom et al.,
2013; Madan & Kensinger, 2016, 2018; McKay et al., 2014). However, long before
neuroimagers began to examine cortical thickness as an index of cortical atrophy, radiologists
have qualitatively assessed sulcal prominence—alternatively referred to as widening,
enlargement, or dilation—as a key measure of age-related atrophy (Coffey et al., 1992;
Drayer, 1988; Huckman et al., 1975; Jacoby et al., 1980; Laffey et al., 1984; LeMay, 1984;
Pasquier et al., 1996; Roberts & Caird, 1976; Scheltens et al., 1997; Tomlinson et al., 1968;
Turkheimer et al., 1984; Yue et al., 1997). Indeed, by visual inspection, cortical atrophy is
much more readily assessed from sulcal features than from cortical thickness (see Figure 6).
Using current automated methods, sulcal morphology can also be quantitatively
measured, where the width and depth of major sulci can be identified and estimated (e.g.,
Kochunov et al., 2005; Madan, 2019a). Across a number of studies and samples (albeit
generally with much smaller samples), sulcal morphology has been reliably associated with
age-related differences (Jin et al., 2018; Kochunov et al., 2005; Li et al., 2011; Liu et al.,
2010, 2013; Madan, 2019a; Rettmann et al., 2006; Shen et al., 2018). The work presented
here provides additional specificity in how gyrification appears to decrease with age, a step
towards understanding the underlying mechanism. Here | show that gyrification changes can
be considered strongly related to changes in the underlying sulcal morphology, particularly

depth. However, despite this well-established relationship between sulcal morphology and
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aging, the neurobiological mechanism underlying this change in the fundamental organisation
of cortical folding remains unclear and a topic for further study.

More generally, this work adds to the growing literature demonstrating that the
availability of open-access MRI data can facilitate advances in our understanding of brain
morphology well beyond the goals of the researchers that originally collected the data (see
Madan, 2017, for an overview of benefits and considerations). It is worth acknowledging that
the results presented here likely underestimate the extent that gyrification decreases with age.
Older adults that are interested and able to participate in a research study in their 80s and 90s
are very likely to be a biased sample of individuals for their age cohort, demonstrating better
physical and mental health than many of their peers (i.e., an issue of external validity; see

Pearl & Bareinboim, 2014, and Keyes & Westreich, 2019, for more nuanced discussions).
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CDR Clinical Dementia Rating

FD fractal dimensionality

fMRI functional magnetic resonance imaging
Gl gyrification index

MMSE Mini-Mental State Exam

MRI magnetic resonance imaging

OASIS Open Access Series of Imaging Studies

Conflict of interest

The authors have no conflict of interests to disclose.

Data accessibility

All raw data is available from https://www.0asis-brains.org.

Acknowledgments
I would like to thank Jonathan Reardon for feedback on an earlier version of this manuscript.
This work would not have been possible without data from OASIS-3 and the funding that
supported it (Principal Investigators: T. Benzinger, D. Marcus, J. Morris; NIH P5S0AG00561,
P30NS09857781, POLAG026276, POLIAG003991, RO1AG043434, UL1TR000448,
RO1EB009352). | would also like to acknowledge the support of NVIDIA Corporation with

the donation of a Titan Xp GPU that was used in this research.


https://www.oasis-brains.org/

379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

Aging and cortical gyrification 20

References

Cao, B., Mwangi, B., Passos, I.C., Wu, M.-J., Keser, Z., Zunta-Soares, G.B., Xu, D., Hasan,
K.M. & Soares, J.C. (2017) Lifespan gyrification trajectories of human brain in healthy
individuals and patients with major psychiatric disorders. Sci. Rep., 7, 511.
doi:10.1038/s41598-017-00582-1

Carradus, A. J., Mougin, O., Hunt, B. A. E., Tewarie, P. K., Gaedas, N., Morris, P. G.,
Brookes, M. J., Gowland, P. A., & Madan, C. R. (2020) Age-related differences in
myeloarchitecture at 7 T. Neurobiol. Aging, 96, 246-254.
doi:10.1016/j.neurobiolaging.2020.08.009

Coffey, C. E., Wilkinson, W. E., Parashos, L., Soady, S., Sullivan, R. J., Patterson, L. J,, ...
Djang, W. T. (1992) Quantitative cerebral anatomy of the aging human brain: A cross-
sectional study using magnetic resonance imaging. Neurology, 42, 527-527.
doi:10.1212/wnl.42.3.527372

Drayer, B. P. (1988) Imaging of the aging brain. Part I. normal findings. Radiology, 166,
785-796. doi: 10.1148/radiology.166.3.3277247

Dickstein, D.L., Weaver, C.M., Luebke, J.I. & Hof, P.R. (2013) Dendritic spine changes
associated with normal aging. Neuroscience, 251, 21-32.
doi:10.1016/j.neuroscience.2012.09.077

Duan, H., Wearne, S.L., Rocher, A.B., Macedo, A., Morrison, J.H. & Hof, P.R. (2003) Age-
related dendritic and spine changes in corticocortically projecting neurons in macaque
monkeys. Cereb. Cortex, 13, 950-961.

Elias, H., & Schwartz, D. (1969) Surface areas of the cerebral cortex of mammals determined
by sterological methods. Science, 166(3901), 111-113.
doi:10.1126/science.166.3901.111

Fischl, B. (2012) FreeSurfer. Neurolmage, 62, 774-781. doi:10.1016/j.neuroimage.2012.01.021

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

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., ... Dale, A. M. (2002)
Whole brain segmentation: Automated labeling of neuroanatomical structures in the human
brain. Neuron, 33, 341-355. doi:10.1016/s0896-6273(02)00569-x

Fischl, B., Sereno, M. I, Tootell, R. B. H., & 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

Glasser, M. F., & Van Essen, D. C. (2011) Mapping human cortical areas in vivo based on
myelin content as revealed by T1- and T2-weighted MRI. J. Neurosci., 31, 11597—
11616. doi:10.1523/jneurosci.2180-11.2011

Grydeland, H., Walhovd, K. B., Tamnes, C. K., Westlye, L. T., & Fjell, A. M. (2013)
Intracortical myelin links with performance variability across the human lifespan:
Results from T1- and T2-weighted MRI myelin mapping and diffusion tensor imaging.
J. Neurosci., 33, 18618-18630. doi:10.1523/jneurosci.2811-13.2013

Hao, J., Rapp, P.R., Janssen, W.G.M., Lou, W., Lasley, B.L., Hof, P.R. & Morrison, J.H.
(2007) Interactive effects of age and estrogen on cognition and pyramidal neurons in
monkey prefrontal cortex. Proc. Natl. Acad. Sci. USA, 104, 11465-11470.
d0i:10.1073/pnas.0704757104

Hogstrom, L.J., Westlye, L.T., Walhovd, K.B. & Fjell, A.M. (2013) The structure of the
cerebral cortex across adult life: Age-related patterns of surface area, thickness, and
gyrification. Cereb. Cortex, 23, 2521-2530. doi:10.1093/cercor/bhs231



427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

Aging and cortical gyrification 21

Huckman, M. S., Fox, J., & Topel, J. (1975) The validity of criteria for the evaluation of
cerebral atrophy by computed tomography. Radiology, 116, 85-92.
doi:10.1148/116.1.85

Jin, K., Zhang, T., Shaw, M., Sachdev, P., & Cherbuin, N. (2018) Relationship between
sulcal characteristics and brain aging. Front.Aging Neurosci., 10, 339.
doi:10.3389/fnagi.2018.00339

Keyes, K. M., & Westreich, D. (2019) UK Biobank, big data, and the consequences of non-
representativeness. Lancet, 393(10178), 1297. doi:10.1016/s0140-6736(18)33067-8

King, R. D., Brown, B., Hwang, M., Jeon, T., & George, A. T. (2010) Fractal dimension
analysis of the cortical ribbon in mild Alzheimer’s disease. Neurolmage, 53, 471-479.
doi:10.1016/j.neuroimage.2010.06.050

Laffey, P. A., Peyster, R. G., Nathan, R., Haskin, M. E., & McGinley, J. A. (1984) Computed
tomography and aging: Results in a normal elderly population. Neuroradiology, 26,
273-278. doi: 10.1007/BF00339770

Lamballais, S., Vinke, E. J., Vernooij, M. W., Ikram, M. A., & Muetzel, R. L. (2020) Cortical
gyrification in relation to age and cognition in older adults. Neurolmage, 212, 116637.
doi:10.1016/j.neuroimage.2020.116637

LaMontagne, P. J., Benzinger, T. L. S., Morris, J. C., Keefe, S., Hornbeck, R., Xiong, C., ...
Marcus, D. (2019) OASIS-3: Longitudinal neuroimaging, clinical, and cognitive
dataset for normal aging and Alzheimer’s disease. medRxiv.
d0i:10.1101/2019.12.13.19014902

LeMay, M. (1984) Radiologic changes of the aging brain and skull. Am. J. Roentgenol., 143,
383-389. d0i:10.2214/ajr.143.2.383

Li, S., Xia, M., Pu, F., Li, D., Fan, Y., Niu, H., ... He, Y. (2011) Age-related changes in the
surface morphology of the central sulcus. Neurolmage, 58, 381-390.
doi:10.1016/j.neuroimage.2011.06.041

Liu, T., Lipnicki, D. M., Zhu, W., Tao, D., Zhang, C., Cui, Y., Jin, J. S, Sachdev, P. S., &
Wen, W. (2012) Cortical gyrification and sulcal spans in early stage Alzheimer’s
disease. PLOS ONE, 7, €31083. doi:10.1371/journal.pone.0031083

Liu, T., Sachdev, P. S., Lipnicki, D. M., Jiang, J., Geng, G., Zhu, W., Reppermund, S., Tao,
D., Trollor, J. N., Brodaty, H., & Wen, W. (2013) Limited relationships between two-
year changes in sulcal morphology and other common neuroimaging indices in the
elderly. Neurolmage, 83, 12-17. doi:10.1016/j.neuroimage.2013.06.058

Liu, T., Wen, W., Zhu, W., Trollor, J., Reppermund, S., Crawford, J., Jin, J. S., Luo, S.,
Brodaty, H., & Sachdev, P. (2010) The effects of age and sex on cortical sulci in the
elderly. Neurolmage, 51, 19-27. doi:10.1016/j.neuroimage.2010.02.016

Madan, C. R. (2015) Creating 3D visualizations of MRI data: A brief guide. F1000Research,
4, 466. doi:10.12688/f1000research.6838.1

Madan, C. R. (2017) Advances in studying brain morphology: The benefits of open-access
data. Front. Hum. Neurosci., 11, 405. doi:10.3389/fnhum.2017.00405

Madan, C. R. (2018) Age differences in head motion and estimates of cortical morphology.
PeerJ, 6, €5176. doi:10.7717/peerj.5176

Madan, C. R. (2019a) Robust estimation of sulcal morphology. Brain Informatics, 6, 5.
doi:10.1186/s40708-019-0098-1

Madan, C. R. (2019b) Evaluating the angular power spectrum of cortical folding. Proc. Cogn.
Comput. Neurosci., 3, 496-499. doi:10.32470/CCN.2019.1177-0

Madan, C. R., & Kensinger, E. A. (2016) Cortical complexity as a measure of age-related
brain atrophy. Neurolmage, 134, 617-629. doi:10.1016/j.neuroimage.2016.04.029

Madan, C. R., & Kensinger, E. A. (2017) Test-retest reliability of brain morphology
estimates. Brain Informatics, 4, 107-121. doi:10.1007/s40708-016-0060-4



477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

Aging and cortical gyrification 22

Madan, C. R., & Kensinger, E. A. (2018) Predicting age from cortical structure across the
lifespan. Eur. J. Neurosci., 47, 399-416. doi:10.1111/ejn.13835

Mangeat, G., Govindarajan, S. T., Mainero, C., & Cohen-Adad, J. (2015) Multivariate
combination of magnetization transfer, T2* and B0 orientation to study the myelo-
architecture of the in vivo human cortex. Neurolmage, 119, 89-102.
doi:10.1016/j.neuroimage.2015.06.033

Margulies, D. S., Ghosh, S. S., Goulas, A., Falkiewicz, M., Huntenburg, J. M., Langs, G.,
Bezgin, G., Eickhoff, S. B., Castellanos, F. X., Petrides, M., Jefferies, E., &
Smallwood, J. (2016) Situating the default-mode network along a principal gradient of
macroscale cortical organization. Proc. Natl. Acad. Sci. USA, 113, 12574-12579.
d0i:10.1073/pnas.1608282113

McDonough, I. M., & Madan, C. R. (in press) Structural complexity is negatively associated
with brain activity: A novel multimodal test of compensation theories of aging.
Neurobiol. Aging.

McKay, D. R., Knowles, E. E. M., Winkler, A. A. M., Sprooten, E., Kochunov, P., Olvera, R.
L., ... Glahn, D. C. (2014) Influence of age, sex and genetic factors on the human
brain. Brain Imag. Behav., 8, 143-152. doi:10.1007/s11682-013-9277-5

Murphy, C., Wang, H.-T., Konu, D., Lowndes, R., Margulies, D. S., Jefferies, E., &
Smallwood, J. (2019) Modes of operation: A topographic neural gradient supporting
stimulus dependent and independent cognition. Neurolmage, 186, 487-496.
doi:10.1016/j.neuroimage.2018.11.009

Palaniyappan, L. & Liddle, P.F. (2012) Differential effects of surface area, gyrification and
cortical thickness on voxel based morphometric deficits in schizophrenia. Neurolmage,
60, 693-699. doi:10.1016/j.neuroimage.2011.12.058

Palaniyappan, L., Park, B., Balain, V., Dangi, R., & Liddle, P. (2015) Abnormalities in
structural covariance of cortical gyrification in schizophrenia. Brain Struct. Funct., 220,
2059-2071. https://doi.org/10.1007/s00429-014-0772-2

Pasquier, F., Leys, D., Weerts, J. G., Mounier-Vehier, F., Barkhof, F., & Scheltens, P. (1996)
Inter-and intraobserver reproducibility of cerebral atrophy assessment on MRI scans
with hemispheric infarcts. Eur. Neurol., 36, 268-272. do0i:10.1159/000117270571

Pearl, J., & Bareinboim, E. (2014) External validity: From do-calculus to transportability
across populations. Stat. Sci., 29, 579-595. d0i:10.1214/14-STS486

Peters, A. (2002) Structural changes that occur during normal aging of primate cerebral
hemispheres. Neurosci. Biobehavl. Rev., 26, 733-741. doi: 10.1016/s0149-
7634(02)00060-x

Rettmann, M. E., Kraut, M. A., Prince, J. L., & Resnick, S. M. (2006) Cross-sectional and
longitudinal analyses of anatomical sulcal changes associated with aging. Cereb.
Cortex, 16, 1584-1594. doi:10.1093/cercor/bhj095

Roberts, M. A., & Caird, F. I. (1976) Computerised tomography and intellectual impairment
in the elderly. J. Neurol. Neurosurg. Psychiatry, 39, 986-989.
d0i:10.1136/jnnp.39.10.986

Salat, D.H., Buckner, R.L., Snyder, A.Z., Greve, D.N., Desikan, R.S.R., Busa, E., Morris,
J.C., Dale, A.M. & Fischl, B. (2004) Thinning of the cerebral cortex in aging. Cereb.
Cortex, 14, 721-730. doi:10.1093/cercor/bhh032

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

Schaer, M., Cuadra, M.B., Schmansky, N., Fischl, B., Thiran, J.-P. & Eliez, S. (2012) How to
measure cortical folding from MR images: A step-by-step tutorial to compute local
gyrification index. J. Vis. Exp., 59, e3417. d0i:10.3791/3417



527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563

Aging and cortical gyrification 23

Schaer, M., Ottet, M.-C., Scariati, E., Dukes, D., Franchini, M., Eliez, S., & Glaser, B. (2013)
Decreased frontal gyrification correlates with altered connectivity in children with
autism. Front. Hum. Neurosci., 7, 750. doi:10.3389/fnhum.2013.00750

Scheltens, P., Pasquier, F., Weerts, J. G., Barkhof, F., & Leys, D. (1997) Qualitative
assessment of cerebral atrophy on MRI: Inter- and intra-observer reproducibility in
dementia and normal aging. Eur. Neurol., 37, 95-99. doi:10.1159/000117417

Shafee, R., Buckner, R. L., & Fischl, B. (2015) Gray matter myelination of 1555 human
brains using partial volume corrected MRI images. Neurolmage, 105, 473-485.
doi:10.1016/j.neuroimage.2014.10.054

Shen, X., Liu, T., Tao, D., Fan, Y., Zhang, J., Li, S., ... Wen, W. (2018) Variation in
longitudinal trajectories of cortical sulci in normal elderly. Neurolmage, 166, 1-9.
doi:10.1016/j.neuroimage.2017.10.010

Sormaz, M., Murphy, C., Wang, H., Hymers, M., Karapanagiotidis, T., Poerio, G., Margulies,
D. S., Jefferies, E., & Smallwood, J. (2018) Default mode network can support the level
of detail in experience during active task states. Proc. Natl. Acad. Sci. USA, 115, 9318-
9323. d0i:10.1073/pnas.1721259115

Sowell, E.R., Peterson, B.S., Thompson, P.M., Welcome, S.E., Henkenius, A.L. & Toga,
A.W. (2003) Mapping cortical change across the human life span. Nat. Neurosci., 6,
309-315. d0i:10.1038/nn1008

Storsve, A. B., Fjell, A. M., Tamnes, C. K., Westlye, L. T., Overbye, K., Aasland, H. W., &
Walhovd, K. B. (2014) Differential longitudinal changes in cortical thickness, surface
area and volume across the adult life span: Regions of accelerating and decelerating
change. J. Neurosci., 34, 8488-8498. doi:10.1523/jneurosci.0391-14.2014

Tomlinson, B., Blessed, G., & Roth, M. (1968) Observations on the brains of non-demented
old people. J. Neurol. Sci., 7, 331-356. doi:10.1016/0022-510x(68)90154-8

Turkheimer, E., Cullum, C. M., Hubler, D. W., Paver, S. W., Yeo, R. A., & Bigler, E. D.
(1984) Quantifying cortical atrophy. J. Neurol. Neurosurg. Psychiatry, 47, 1314-1318.
doi:10.1136/jnnp.47.12.1314

Yue, N. C., Arnold, A. M., Longstreth, W. T., Elster, A. D., Jungreis, C. A., O’Leary, D. H.,
... Bryan, R. N. (1997) Sulcal, ventricular, and white matter changes at MR imaging in
the aging brain: Data from the cardiovascular health study. Radiology, 202, 33—39. doi:
10.1148/radiology.202.1.8988189

Zilles, K., Armstrong, E., Schleicher, A. & Kretschmann, H.-J. (1988) The human pattern of
gyrification in the cerebral cortex. Anat. Embryol., 179, 173-179.
doi:10.1007/BF00304699



564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

582
583

584
585
586
587

Aging and cortical gyrification 24

Appendix: Longitudinal changes in global cortical fractal dimensionality
Madan and Kensinger (2016) demonstrated that fractal dimensionality can be a more
sensitive measure of age-related differences in cortical structure than conventional measures,
including gyrification. To provide a complementary analysis, although tangential to the focus
of the current study, here | present the age-related longitudinal changes in fractal
dimensionality, from the same data as in the other analyses. To-date, longitudinal analyses of
fractal dimensionality have not yet been conducted, and these results serve as an initial
comparison between the gyrification results (e.g., participants in each panel are in the same
line colour as in Figure 3). As expected from prior work, Figure Al shows that there is less
off-axis variability (i.e., random y-intercepts) with fractal dimensionality than are
consistently found with gyrification. As with gyrification, a linear mixed effects model with
random slopes for each participant was calculated, with a significant age fixed effect
[t(813)=25.55, p<.001] with a decreasing slope of 0.01325 FD/decade [95% C.I. =0.01223—
0.01426].

As fractal dimensionality is a summary statistic of the complexity of a structure, a
topographical analysis cannot be equivalently carried out as for gyrification—though fractal

dimensionality can be calculated for parcellated cortical regions.
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Figure Al. Age changes in global cortical fractal dimensionality. Each coloured line
represents an individual participant, with each dot corresponding to an MRI session. The plot
has been divided into panels for each set of timepoints to improve readability. Dashed line
present in all panels shows the decrease in global fractal dimensionality based on all data,
estimated using the linear mixed effects model. Compare with Figure 3.



