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ABSTRACT
A key aspect of brain aging that remains poorly understood is its high regional heterogeneity and heterochronicity. A better un-
derstanding of how the structural organization of the brain shapes aging trajectories is needed. Neuroimaging tissue “types” are 
often collected and analyzed as separate acquisitions, an approach that cannot provide a holistic view of age-related change in the 
related portions of the neurons (cell bodies and axons). Because neuroimaging can only assess indirect features at the gross mac-
rostructural level, incorporating post-mortem histological information may aid in a better understanding of structural aging gra-
dients. Longitudinal design, coupling of gray and white matter (GM and WM) properties, and a biologically informed approach to 
organizing neural properties are needed. Thus, we tested aging of the regional coupling between GM (cortical thickness, surface 
area, volume) and WM (fractional anisotropy, mean, axial, and radial diffusivities) structural metrics using linear mixed effects 
modeling in 102 healthy adults aged 20–94 years old, scanned on two occasions over a four-year period. The association between 
age-related within-person change in GM morphometry and the diffusion properties of the directly neighboring portion of white 
matter was assessed, capturing both aspects of neuronal health in one model. Additionally, we parcellated the brain utilizing the 
histological-staining informed von Economo-Koskinas atlas to consider regional cyto- and myelo-architecture. Results demon-
strate several gradients of coupled association in the age-related decline of neighboring white and gray matter. Most notably, 
gradients of coupling along the heteromodal association to sensory axis were found for several areas (e.g., anterior frontal and 
lateral temporal cortices, vs. pre- and post-central gyrus, occipital, and limbic areas), in line with heterochronicity and retrogene-
sis theories of aging. Further effort to bridge across data and measurement scales will enhance understanding of the mechanisms 
of the aging brain.

1   |   Introduction

Current understanding of development and aging of brain 
structure stems from both in vivo neuroimaging research over 
the last four decades and ex vivo histological research over the 
last 120 years. Particularly, structural MRI techniques have 

enabled and accelerated our understanding that aging is char-
acterized by vast individual differences and regional hetero-
geneity across the brain's macroscale, that underpin cognitive 
abilities. Histological techniques have historically revealed 
differences in microstructural organization in gray and white 
matter tissue, including the underlying neuronal composition, 
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organization, and layering patterns. A deeper understand-
ing of the biological, mechanistic factors underpinning age-
related differences and changes to the brain's structure could 
be gained from studies more frequently combining knowledge 
gleaned from in  vivo macroscale MRI and ex  vivo micros-
copy techniques. Further, the nature of imaging techniques 
exaggerates the separation of the neuronal parts into distinct 
tissue compartments. The current study aimed to add knowl-
edge to this gap by leveraging pre-established, histologically 
derived cytoarchitectonic and myeloarchitectonic properties 
to inform aging of macroscale gray and white matter neuroim-
aging metrics and to begin to “re-couple” the neuron's parts, 
rather than treating them as separate gray and white matter 
compartments.

Brain aging is regionally heterochronic, with patterns of de-
velopment and degradation differing both across individ-
uals and within individuals over time. Several theoretical 
frameworks of structural brain aging have emerged, each 
describing the differential susceptibility of brain regions and 
properties to the aging process, including prefrontal vulner-
ability (Dempster  1992; Raz et  al.  1997; West  1996) anterior 
to posterior gradient (Bennett et  al.  2010; Davis et  al.  2009; 
Head et al. 2004; Madden et al. 2008; Pfefferbaum et al. 2005; 
Salat et  al.  2005), and superior to inferior gradient (Hoagey 
et  al.  2019; Sexton et  al.  2014). More recent, integrated evi-
dence points to a generalized vulnerability of association 
cortices, including the frontal but also the parietal (Fjell 
et  al.  2009; Grieve et  al.  2005; Sowell et  al.  2003) and se-
lect temporal (Bartzokis et al. 2001; Fjell et al. 2009; Sowell 
et  al.  2003) regions as compared to visual, sensorimotor, or 
limbic cortices (Grieve et  al.  2005; Salat et  al.  2005; Ziegler 
et  al.  2010). This observed association-sensory pattern of 
aging is often described as having a retrogenesis-like time 
course of differential vulnerability, such that the earliest re-
gions to mature, from either a developmental or evolution-
ary perspective, are the latest regions to decline in aging 
(Raz  2000; Salat et  al.  2004). Taking this aging pattern into 
consideration with recent developmental literature charac-
terizing cortical maturation in sensory-motor and associative 
regions (Sydnor et al. 2021), we believe there is also support 
for an aging sensorimotor-association axis that contrasts un-
imodal, inflexible, and perceptive regions with multi-modal, 
plasticity-derived, and cognitive center regions.

These differential patterns of age-related cortical decline as-
sociated with regional heterochronicity likely reflect differ-
ences in the underlying biological tissue properties (Koenig 
et  al.  2022; Raz and Daugherty  2017), which are difficult to 
assess with typical in  vivo MRI sequences (i.e., due to re-
strictions in scanning duration and sequence resolution). As 
such, these more fine-grained features of brain biology driv-
ing patterns of regional differentiation are poorly understood. 
Examination of laminar features, such as cytoarchitectural 
and myeloarchitectural patterns of organization, typically re-
quires microscopy techniques in ex vivo samples. Fortunately, 
microscopy-based brain research delineating regional differ-
entiation in brain structure has been a major focus of neuro-
scientists since pioneering researchers began characterizing 
and parcellating the brain in the late 19th and early 20th cen-
turies. Using ex  vivo dissection, combined with histological 

staining and macrophotography techniques, neuroanatomists 
have revealed microscopic tissue properties of cell size, lam-
inar thickness, and neuronal organization in an attempt to 
define areal boundaries (Brodmann  1909), chronicle myelin 
precedence (Flechsig 1920), or map regional cortical layering 
patterns (von Economo and Koskinas  1925). These seminal 
efforts have resulted in several structural parcellation atlases 
that are still widely used today to differentiate and classify 
anatomical features based upon cytoarchitectonic and mye-
loarchitectonic patterns as well as provide a spatial and con-
ceptual framework to map findings across studies. Recent 
work has pushed to digitize parcellation atlases to allow for 
direct mapping of the microstructural organization of the cor-
tex with neuroimaging data (Markello et al. 2022; Pijnenburg 
et al. 2021; Scholtens et al. 2018). The von Economo–Koskinas 
(vE-K) atlas (Triarhou 2007; von Economo and Koskinas 1925) 
is ideally suited to identify biological gradients across the cor-
tex because it is based on careful histological cytoarchitectural 
and myeloarchitectural cortical mapping. Using techniques 
that parcellate the cortex based upon microscopic changes in 
cell size, cell type, and myelin content at various sulcal depths 
allows for greater biologically interpretability of neuroimag-
ing data across the cortex with differences captured across 
regions. Directly incorporating digitized atlases with in vivo 
neuroimaging allows integration across biological scales of 
resolution.

The current study aims to combine the information provided 
from microscopy (utilizing the digitized vE-K atlas) with multi-
modal MRI estimates of in  vivo brain health (white matter 
diffusion and gray matter morphometry) to better refine our un-
derstanding of the biology underpinning in vivo neuroimaging 
and, in turn, of aging brain structure. To elucidate the regional 
heterogeneity and heterochronicity in structural brain aging, 
combining analysis of gray and white matter structural health 
within a histologically derived parcellation scheme, we model 
age-related trajectories of white matter diffusion paired with 
four-year longitudinal changes in gray matter morphometry to 
assess the degree to which these aging trajectories are chrono-
logically linked, suggestive of overall neuronal degradation. We 
expect estimates of structural health to decline in tandem across 
the lifespan. Specifically, we expect heterogenous patterns in 
brain macrostructure to align with microstructurally defined 
parcellation schemes emphasizing the interconnected nature 
of neuronal subparts. Additionally, we predict that declines 
will be greatest in cortical regions associated with higher-order 
cognitive functioning, aligning with known patterns of neuro-
nal layering and organization that underpin the sensorimotor-
association gradient.

2   |   Materials and Methods

2.1   |   Participants

Participants were drawn from a healthy adult lifespan sample 
residing in the Dallas-Fort Worth Metroplex, the Dallas Area 
Longitudinal Lifespan Aging Study (DALLAS). All data were 
collected with participants' informed consent and in accordance 
with institutional review board guidelines at The University 
of Texas at Dallas and the University of Texas Southwestern 
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Medical Center. Participant recruitment was aimed at collect-
ing a representatively diverse sample of healthy adults with 
exclusions made for neurologic or psychiatric conditions, car-
diovascular disease, head trauma with loss of consciousness 
> 5 min, diabetes, depression, dementia, substance abuse, and 
use of psychotropic medications. Depression was screened 
using the Center for Epidemiological Study Depression Scale 
(CES-D; Radloff 1977) with a cutoff of ≤ 16, while dementia was 
screened using the Mini-Mental State Examination (MMSE; 
Folstein et al. 1975) with a cutoff of > 25. Additionally, all par-
ticipants were required to be native English speakers (by the 
age of 6 years), right-handed, and have normal hearing and 
normal or corrected vision (at least 20/40). Finally, participants 
were excluded for any contraindications to MRI such as metal-
lic implants or claustrophobia. These data were part of a larger, 
multi-wave longitudinal dataset collected between 2014 and 
2020 that includes two separate neuroimaging sessions sepa-
rated by an average of 50 months (approximately 4 years). In 
total, 105 participants successfully completed both waves of data 
collection, including a full protocol of structural neuroimaging 
acquisitions. Of these 105 participants, three participants were 
removed due to brain abnormalities discovered in their neuro-
imaging data after completing the study. Therefore, the sample 
used was based on the 102 participants that remained after com-
pleting quality assessment of the data (Table 1 provides demo-
graphic information).

2.2   |   MRI Acquisition

Neuroimaging data were acquired on a single 3-Tesla Philips 
Achieva scanner with a 32-channel head coil using SENSE en-
coding (Philips Healthcare Systems, Best, Netherlands) at the 
University of Texas Southwestern Medical Center's Advanced 
Imaging Research Center. The scanning session included a 
T1-weighted acquisition and a single-shell diffusion-weighted 
imaging sequence to estimate various aspects of structural 
tissue health: T1-weighted (T1w) field echo MPRAGE images 
were collected with 160 sagittal slices, an isotropic voxel size 
of 1 mm3, flip angle = 12°, TR/TE/TI = 8.1 ms/3.7 ms/1100 ms, 
FOV = 204 × 256 × 160, matrix = 256 × 256, and a duration of 
3:57 min. Single-shell diffusion-weighted echo-planar imaging 
(EPI) sequence with 65 axial slices, a voxel size of 2 × 2 × 2.2 mm3 
reconstructed to 0.85 × 0.85 × 2.2 mm3, 30 diffusion direc-
tions at a b-value of 1000 s/mm2 and 1 non-diffusion weighted 
at a b-value of 0 s/mm2 (b0 image), TR/TE = 5608 ms/51 ms, 

FOV = 224 × 224 × 143, matrix = 112 × 112, and a duration of 
4:19 min.

2.3   |   Data Processing

T1w data were processed through an extensive suite of neuro-
imaging software packages to ensure the quality and accuracy 
of the derived variables of interest. Raw data underwent man-
ual quality assessment by trained researchers viewing multiple 
slices of each individual volume acquired for every participant 
to identify artifacts including anatomical abnormalities and 
participant movement distortions. Images were then processed 
through the automated recon-all function with iterative man-
ual edits as part of the FreeSurfer 5.3 package (Dale et al. 1999; 
Fischl and Dale  2000). FreeSurfer allows the calculation of 
surface-based estimates of volume, thickness, and surface-area 
measures as well as the generation of pial and white matter 
surfaces. To avoid registration biases and align with previous 
longitudinal analyses utilizing the DALLAS dataset, each T1w 
image was processed in a cross-sectional fashion, in the ab-
sence of any information from the other waves of data from the 
same participant, and thus each participant has two separate 
and independent FreeSurfer reconstructions. A digitized ver-
sion of the von Economo-Koskinas atlas was used to parcellate 
the brain based on its histological cytoarchitectural and lami-
nar organization for each participant and each wave (Scholtens 
et al. 2018). Surface-based estimates of volume, thickness, and 
surface area were extracted from each parcellation of the vE-K 
atlas for each participant and each wave resulting in 43 regions 
in each hemisphere (Figure 1). See Table 2 for a list of regions 
and abbreviations.

Raw diffusion weighted imaging data were quality assessed 
manually by trained researchers viewing multiple slices of each 
individual gradient acquired for every participant to identify 
artifacts including eddy current and intensity distortions, sig-
nal dropout, and participant movement distortions common to 
EPI imaging. Brain extraction was performed using FSL's bet 
function on the non-diffusion weighted b0 image (Smith 2002). 
Custom shell scripts and affine registration functions from the 
advanced normalization tools (ANTs) software package (Avants 
et al. 2009) were used to apply the brain extraction mask to all 
gradients for increased accuracy in brain extraction across the 
entire acquisition. Automated preprocessing was performed 
using the software DTIprep (Liu et al. 2010) to account for any 

TABLE 1    |    Sample demographics.

Age group (range) Sample size (M/F) Age mean ± SD Edu. mean ± SD CESD mean ± SD MMSE mean ± SD

YA (20–34) 23 (8/15) 27.00 ± 4.61 15.39 ± 2.21 4.91 ± 4.33 29.13 ± 1.01

EM (35–54) 23 (11/12) 48.00 ± 4.78 15.04 ± 2.48 4.09 ± 4.25 29.09 ± 0.90

LM (55–69) 29 (11/18) 61.10 ± 3.70 16.00 ± 2.39 4.41 ± 4.19 28.97 ± 0.78

OA (70–86) 27 (6/21) 75.59 ± 5.03 16.01 ± 2.55 4.00 ± 3.91 28.89 ± 0.75

Total (20–86) 102 (36/66) 54.29 ± 18.25 15.66 ± 2.41 4.34 ± 4.12 29.01 ± 0.85

Note: Age was sampled and analyzed as a continuous variable in all analyses. Age groups are arbitrarily shown for sample visualization.
Abbreviations: CESD—Center for Epidemiological Studies—Depression scale; Edu—education; EM—early middle-aged adults; F—female; LM—late middle-aged 
adults; M—male; MMSE—Mini Mental Status Exam; OA—older adults; SD—standard deviation; YA—younger adults.



4 of 25 Human Brain Mapping, 2025

rotations applied to the gradients (Leemans and Jones  2009). 
Diffusion tensor calculation was performed using the DSI 
Studio software package to obtain fractional anisotropy (FA), 
axial diffusivity (AD), radial diffusivity (RD), and mean diffu-
sivity (MD) metrics (Yeh et  al.  2013). To extract white matter 
metrics of interest from the wave 1 diffusion data, each parcel-
lation from the vE-K atlas (Figure 1) was dilated by 3 mm into 
the white matter of the wave 1 T1w image. A non-linear regis-
tration algorithm using the ANTs software program was used to 
align each participant's wave 1 T1w MPRAGE scan to the wave 
1 b0 image. This registration enabled mapping of the individu-
al's dilated parcellations of the vE-K atlas directly into diffusion 
space, resulting in extended vE-K parcel dilations into the white 
matter of the diffusion image (Figure 2). White matter metrics 
(FA, AD, RD, and MD) were extracted from this dilated space 
to ensure that the metrics were pulled from the voxels directly 
neighboring (within 3 mm) the gray matter surface specific to 
each vE-K parcel. As our hypotheses of interest were not pred-
icated on hemispheric differences, all variables were averaged 
within-modality across hemispheres, resulting in 43 gray matter 
and 43 adjacent white matter regions (Figure 1).

2.4   |   Statistical Analysis Approach

To estimate the associations of both within-subject and between-
subjects proxies of structural health, linear mixed effects (LME) 
statistical models were employed to simultaneously account for 
all variables in a single model in a way that allows for model-
ing of higher-order interactions and accounts for both fixed and 
random effects. The full LME model can be broken down into 
two parts representing the fixed effects component (1) and the 
random effects component (2):

where y represents the gray matter morphometric feature 
across waves (i.e., volume, thickness, or surface area); IWI is 
the inter-wave interval, or the time delay between a partici-
pant's wave 1 and wave 2 MRI sessions; WM represents the 
white matter DTI metric extracted from the dilated regions 
at wave 1 (i.e., FA, RD, AD, and MD); and AGE represents 
the participant's age in years at their baseline MRI session at 
wave 1. In other words, IWI had a fixed intercept and ran-
dom slope for each subject while WM properties along with 
their interactions were fixed estimates. Age, WM, and IWI 
were all mean-centered. Inherent to the hypotheses is ex-
amining how age and white matter diffusion differentially 
predict gray matter morphometric change. We used a single 
LME for each WM (FA, AD, MD, and RD) and GM (thickness, 
volume, and surface area) metric for each vE-K region and ex-
amined the main effects and interactions to understand the 
influence of each variable. Main effects included the change 
in gray matter predicted by the four-year inter-wave interval, 
baseline age, and underlying WM. Additionally, the interac-
tion of age and WM indicates how gray matter morphometry 
differences across the lifespan are differentially influenced 
by baseline white matter health proxies. Importantly, because 
all variables and interactions are included in the LME model, 
focusing on specific main effects or interactions accounts for 
other variables (similar to considering them as regressors or 
covariates). All statistical tests were run using the “lmerTest” 
Linear Mixed-Effects Models that computes Satterthwaite 
denominator degrees of freedom using ‘Eigen’ and S4 (Bates (1)yij = β0j + β1j ∗ IWIij + εij where �i j ∼

(

0, �2
)

β0j = γ00 + γ01 ∗WMj + γ02 ∗AGEj

(2)

β1j = γ10 + γ11 ∗WMj + γ12 ∗AGEj +U1j where U1j ∼
(

0, �210
)

FIGURE 1    |    Von Economo-Koskinas atlas with the 43 digitized parcellated regions displayed on both the pial and inflated surfaces. Color scale 
shades correspond to lobar location: Greens = frontal; dark blues = hippocampal; purples = insula; light blues = limbic; yellows = occipital; pinks = pa-
rietal; reds/tans = temporal cortices.
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TABLE 2    |    Von Economo-Koskinas region label, region name, and most closely corresponding regions in Desikan-Killiany label.

Acronym Original name Desikan–Killiany Overlap

Frontal

FA Area praecentralis 81% Precentral; 19% Paracentral

FB Area frontalis agranularis 43% Superior Frontal; 24% Caudal 
Middle Frontal; 23% Precentral

FC Area frontalis intermedia 57% Superior Frontal; 33% Rostral Middle Frontal

FCBm Area (frontalis intermedio agranularis 
magnocellularis in) Broca

86% Pars Opercularis

FD Area frontalis granularis 47% Rostral Middle Frontal; 47% Superior Frontal

FDdelta Area frontalis granularis media 100% Rostral Middle Frontal

FDT Area frontalis granularis triangularis 75% Pars Triangularis; 14% Pars Opercularis

FE Area frontopolaris 36% Medial Orbitofrontal; 23% Lateral Orbitofrontal; 
23% Rostral Middle Frontal; 12% Frontal Pole

FF Area orbitalis (granularis) 72% Lateral Orbitofrontal; 12% Pars 
Orbitalis; 12% Pars Triangularis

FG Area gyri recti (Ar. recta) 98% Medial Orbitofrontal

FH Area praefrontalis 90% Medial Orbitofrontal

FJK Area frontoinsularis + Area piriformis frontalis 40% Insula; 33% Lateral Orbitofrontal

FLMN Area parolfactoria + Area geniculata 
+ Area praecommissuralis

77% Medial Orbitofrontal

Hippocampal

HA Area uncinata 92% Entorhinal

HB Area parauncinata 97% Entorhinal

HC Area rhinalis limitans 85% Parahippocampal

Insular

IA Area insulae praecentralis 98% Insula

IB Area insulae postcentralis 90% Insula

Limbic

LA1 Area limbicus anterior 
agranularis—praecingularis

37% Posterior Cingulate; 29% Caudal Anterior Cingulate; 
20% Rostral Anterior Cingulate; 11% Superior Frontal

LA2 Area limbicus anterior agranularis—
cingularis anterior

35% Posterior Cingulate; 33% Caudal Anterior 
Cingulate; 33% Rostral Anterior Cingulate

LC1 Area cingularis posterior dorsalis 47% Precuneus; 26% Isthmus Cingulate; 
26% Posterior Cingulate

LC2 Area cingularis posterior ventralis 61% Isthmus Cingulate; 32% Posterior Cingulate

LC3 Area cingularis limitans posterior 91% Posterior Cingulate

LD Area retrosplenialis agranularis 75% Isthmus Cingulate; 25% Parahippocampal

LE Area retrosplenialis granulosa 66% Isthmus Cingulate; 14% Parahippocampal

Occipital

OA Area peristriata 34% Lateral Occipital; 24% Lingual; 16% 
Superior Parietal; 13% Cuneus

OB Area parastriata 41% Lingual; 25% Cuneus; 22% Lateral Occipital

(Continues)
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et al. 2015) library within the R statistics software package (R 
Core Team 2021). To illustrate regional patterns or gradients 
across the cortex, effects are reported and interpreted as un-
corrected for multiple comparisons, as our primary focus is on 

the relative spatial distribution of effects rather than binary 
significance testing; moreover, LME models already incorpo-
rate partial pooling, which reduces the risk of false positives, 
and traditional correction methods (e.g., Bonferroni and FDR) 

Acronym Original name Desikan–Killiany Overlap

OC Area striata (granulosa) 48% Pericalcarine; 32% Lingual

Parietal

PA Area postcentralis gigantopyrimidalis + 
Area postparacentralis gigantopyrimidalis

40% Postcentral; 23% Precentral; 19% 
Precuneus; 15% Paracentral

PB Area postcentralis oralis simplex + 
Area postcentralis oralis granulosa

74% Postcentral; 17% Paracentral

PC Area postcentralis intermedia 82% Postcentral

PD Area postcentralis caudalis 42% Superior Parietal; 25% Postcentral; 20% 
Supramarginal; 13% Inferior Parietal

PE Area parietalis superior 51% Superior Parietal; 48% Precuneus

PF Area supramarginalis 74% Supramarginal; 12% Postcentral

PG Area angularis 96% Inferior Parietal

PH Area parietalis (temporo-occipital) basalis 51% Lateral Occipital; 27% Fusiform; 13% Inferior Parietal

Temporal

TA Area temporalis superior 94% Superior Temporal

TB Area supratemporalis magnocellularis simplex 96% Superior Temporal

TC Area supratemporalis granulosa 66% Transverse Temporal; 29% Superior Temporal

TD Area supratemporalis intercalata 54% Transverse Temporal; 25% Insula; 13% Supramarginal

TE Area temporalis propria 32% Middle Temporal; 29% Inferior Temporal; 20% 
Superior Temporal; 14% Banks Superior Temporal Sulcus

TF Area fusiformis 92% Fusiform

TG Area temporoporalis 28% Superior Temporal; 27% Temporal Pole; 16% 
Middle Temporal; 15% Inferior Temporal

Note: Comparison between original von Economo–Koskinas labels (reproduced from Scholtens et al. (2018) and the Desikan–Killiany labels. Percent overlap generated 
by projecting both surfaces on fsaverage brain.

TABLE 2    |    (Continued)

FIGURE 2    |    Coronal, axial, and sagittal views of an example participant's brain displaying the “FA” region (precentral gyrus) from the Von 
Economo–Koskinas digital atlas. The border of the gray matter and white matter surface of the precentral region is outlined in red. White matter 
voxels included in a dilation of 3 mm from the surface are in blue.
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may be overly conservative and reduce sensitivity in high-
dimensional neuroimaging data (see Table S8 for effects that 
would be altered after FDR correction).

3   |   Results

3.1   |   Analytic Overview

Linear mixed effects models returned main effects and in-
teractions for each of the terms of IWI, baseline white mat-
ter diffusion, and baseline age on the change in gray matter 
morphometry across the regions. Results from age and white 
matter terms (and their interactions) on change in gray matter 
morphometry were informative and will be discussed below; 
however, the interactions with IWI were non-significant across 
the majority of cortical regions, which would be expected with 
only a single follow-up timepoint. For this reason, we report 
these interactions only in Tables S5–S7 and Figures S5–S7. The 
four sets of LME results across the models are summarized in 
Tables  3–6 and are plotted on the inflated cortical surface in 
corresponding panels A-D of Figure 3. Tables are organized into 
two halves, with the fractional anisotropy results on the left and 
mean diffusivity results on the right (results for radial and axial 
diffusivities are presented in Tables S1–S4 and Figures S1–S4). 
Columns represent the three gray matter morphometric fea-
tures (cortical thickness, volume, and surface area), while rows 
are the vE-K regions sorted by lobe. Color coding matches the 
region legend in Figure 1.

3.2   |   Change in Gray Matter Morphometry Across 
the Inter-Wave Interval

Across the roughly 4-year IWI, we found significant gray matter 
change in all three measures of cortical morphometry (Table 3, 
Figure 3A, and Figure 4). Among these, longitudinal decreases 
in volume were the most robust and were observed across the 
majority of regions except for primary occipital (OC), hippo-
campal (HA and HB), posterior limbic (LC3, LD, and LE), tem-
poropolar (TG), and various frontopolar (FE) and orbitofrontal 
regions (FJK and FG). The most significant declines in volume 
were seen in prerolandic frontal, parietal, and some temporal re-
gions. Changes in thickness were less robust, but still found to 
be significant in about half of the cortical regions. Areas closest 
to the pre- and post-central gyri underwent the most significant 
change in thickness over time, while occipital and orbitofrontal 
areas were non-significant. Surface area was the most resilient 
to aging, with only a handful of areas showing significant lon-
gitudinal decreases in surface area, with many non-significant 
regions mirroring the thickness results, such as the orbitofrontal 
areas and some occipital regions. Additionally, middle temporal 
(TE), auditory areas (TB), and parts of the post-central (PB and 
PD) were among the few areas demonstrating significant 4-year 
decline across all three aspects of morphometry. These opposing 
regional thickness-surface area findings suggest there are funda-
mental differences in these two aspects of morphometry. Parts 
of the frontopolar and orbitofrontal regions evidence significant 
decreases in surface area and volume but increases in thickness 
(e.g., FG). While this could be an example of differential aging of 
each morphometric feature in these regions, it is also likely that 

there are inconsistencies in estimates of thickness from these pos-
terior frontal regions that are susceptible to imaging artifacts.

3.3   |   Change in Gray Matter Morphometry 
Associated With Age

Longitudinal changes in gray matter morphometry were found to 
be highly associated with participants' age such that increasing 
age is associated with more gray matter loss over 4 years. There 
was a significant main effect of declining gray matter thickness 
and volume across the lifespan in almost every region analyzed 
(Table 4, Figure 3B, and Figure 5). Frontal, posterior parietal, and 
temporal regions demonstrated the most significant change in 
thickness and volume across the lifespan. Age-related surface 
area declines were also prevalent in almost half of all regions ana-
lyzed, with effects primarily in the pre-frontal, posterior parietal, 
lateral temporal, anterior limbic, and occipital regions (Table 4 
and Figure 3B). The ubiquity of these significant findings war-
rants a closer examination of the gradients of effects across the 
cortex to better understand the emerging patterns characterizing 
lifespan change and is discussed in Section 4.2.

An overall gradient of association strength is evident across 
regions throughout the cortex. Changes in the relationship be-
tween thickness or volume with age attenuate when moving 
from higher order association-like cortices to primary motor 
and sensory areas. This is most evident in hippocampal, occip-
ital, and insular areas that all have weak associations. Primary 
sensory areas demonstrate weak associations within the parietal 
lobe, strengthening when moving posteriorly towards angular 
(PG) and supramarginal gyri (PF), and in the temporal lobe, 
strengthening when moving away from transverse temporal 
(TC and TD) and fusiform areas (TF) toward inferior and middle 
temporal (TE) and temporopolar (TG). The frontal lobe shows a 
less clear gradient. While triangular gyrus (FDT), middle fron-
tal gyrus (FDT), orbital frontal (FF) and frontal pole (FE) areas 
demonstrate consistently high age-related change, some poste-
rior motor areas also show strong morphometric differences. 
Surface area measures show differential age-related relation-
ships that are much weaker overall than both thickness and 
volume. Interestingly, most of the association cortices exhibiting 
the greatest change in thickness and volume were also signif-
icant with surface area, albeit to a lesser degree. This includes 
much of the prefrontal, inferior parietal, and inferior temporal 
regions, while prerolandic frontal regions surrounding motor 
areas and supratemporal regions surrounding auditory areas re-
mained non-significant.

Very few areas showed non-significant changes (areas in gray) 
or increases (areas in warm color scale) in morphometry with 
age. Hippocampal regions showed some of the weakest associa-
tions, even showing age-related increases in volume and surface 
area in the entorhinal (HA). Similarly, primary areas of the pari-
etal and temporal lobes, specifically the precentral (PA) and su-
pratemporal regions (TA, TC, and TD) show increases in surface 
area, albeit non-significant.

We also note that because diffusivity estimates were included in 
the omnibus models, when isolating the main effects of age in the 
LMEs, these proxies of white matter health were essentially treated 
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FIGURE 3    |     Legend on next page.
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as regressors. Comparing across models, there are differences be-
tween fractional anisotropy and mean diffusivity that suggest a 
differential influence in aging by accounting for each (Table 4). In 
general, declines in thickness and volume were influenced more 
when accounting for FA than MD. Regionally, accounting for FA 
led to more significant age-related change in the precentral (FA) 
compared to accounting for MD, whereas accounting for MD leads 
to more significant age-related change in the agranular and inter-
mediate frontal areas (FB and FC) than when accounting for FA. 
Differences in the change in surface area were primarily in lim-
bic regions, as accounting for FA led to much stronger declines in 
surface area than accounting for MD, especially in anterior lim-
bic (LA2). Other important differences were observed between 
aspects of thickness and volume. Overall, greater age-related 

changes were observed when modeling thickness. Thickness was 
disproportionately influencing estimates from supratemporal re-
gions, leading to much stronger relationships with age than vol-
ume. Interestingly, areas that showed more declines in thickness 
compared to volume were also the areas that showed no signifi-
cant differences in surface area with age.

3.4   |   Change in Gray Matter Morphometry 
Associated With Baseline Measures of White Matter 
Diffusion

One major aim of this study was to identify areas in which white 
matter structure was significantly coupled with longitudinal 

FIGURE 3    |    Separate main effects and interactions from the full model plotted regionally on the inflated von Economo–Koskinas surface. Main 
effects are plotted for (A) inter-wave-interval, (B) age, and (C) white matter metrics, as well as the interaction between D) age and white matter met-
ric on gray matter morphometry. Individual brains are colored according to the significance of each region such that transitions from blue to green 
represent a stronger negative relationship, and transitions from red to yellow represent a stronger positive relationship. Non-significant regions at 
an uncorrected p > 0.05 are grayed out. Columns represent the right and left view of the corresponding gray matter metric of thickness, volume, or 
surface area as indicated above. Rows represents the model accounting for each white matter metric, FA and MD, as indicated on the left.

FIGURE 4    |    Scatterplots of the raw data depicting the main effects of GM ~ IWI from the full linear mixed effects model. Open circles indicate 
baseline visit and closed circles indicate longitudinal follow-up. Red lines reflect a decrease in gray matter thickness while green reflects an in-
crease. (A) Region FG (area gyri recti), highest positive t-value in models accounting for FA (t = 4.21, p = 3.89e−05); (B) region PD (area postcentralis 
caudalis), highest negative t-value in models accounting for FA (t = −4.84, p = 2.62e−06); (C) region FG (area gyri recti), highest positive t-value in 
models accounting for MD (t = 4.00, p = 8.80e−05); D) region PD (area postcentralis caudalis), highest negative t-value in models accounting for MD 
(t = −4.46, p = 1.37e−05).
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changes in gray matter morphometry. Overall, large portions 
of the cortex show a significant gray matter–white matter cou-
pling, suggesting that there are biological characteristics link-
ing the two tissue types. Specifically, baseline white matter 
FA and MD were found to significantly influence the change 
in gray matter morphometry such that poorer white matter 
health (decreased FA or increased diffusivity) was associated 
with greater morphometric declines. Regionally, associations 
were strongest in the sensory and motor areas of the frontal, 
parietal, and temporal cortices, primarily in the areas en-
compassing the pre and postcentral gyri (Table 5, Figure 3C, 
and Figure  6). While results were consistent across regional 
models, there were several gradients of effects and differences 
across measures that were notable and are discussed in detail 
in Section 4.3.

A gradient was observed across the cortex, most notably within 
models of thickness, demonstrating that primary sensory and 
motor areas declined the most due to baseline white matter 
health. This contrasts with that of the main effect of age, likely 
because age is included in this model but is treated as a regres-
sor when interpreting the main effect of baseline diffusion. 
Therefore, age accounts for much of the variance observed in 

these association-like cortices. Once age, IWI, and interaction 
terms are accounted for, the remaining variance is primarily in 
these primary sensory and motor areas, specifically the precen-
tral (FA) and agranular frontal (FB), as well as all the regions en-
compassing the postcentral (PA, PB, PC, and PD). In fact, many 
of the prefrontal regions are showing weak or non-significant 
coupling between each aspect of morphometry with baseline 
white matter.

Gross differences were observed among morphometric fea-
tures such that volume and thickness loss was more strongly 
associated with differences in baseline white matter than sur-
face area. Differences between thickness and volume mea-
sures were minimal but were observed in posterior limbic 
areas (LC1, LC2, and LE) demonstrating stronger relationships 
with thickness than volume, and prefrontal areas demonstrat-
ing stronger relationships with volume than thickness (FD, 
FE, and FDT). Unique GM/WM coupling is found in the an-
terior limbic areas LA1 and LA2 such that slight decreases in 
morphometric measures were found with higher baseline FA. 
Surface area showed unique relationships with white matter 
in several ways. Most notably, coupling with surface area was 
weaker or non-significant compared to volume and thickness 

FIGURE 5    |    Scatterplots of the raw data depicting the main effects of GM ~ Age from the full linear mixed effects model. Open circles indicate 
baseline visit and closed circles indicate longitudinal follow-up. Red lines reflect a decrease in gray matter volume/thickness while green reflects an 
increase. (A) Region HA (area uncinata), highest positive t-value in models accounting for FA (t = 2.33, p = 0.02); (B) region TA (area temporalis supe-
rior), highest negative t-value in models accounting for FA (t = −12.15, p = 1.13e-25); (C) region HA (area uncinata), highest positive t-value in models 
accounting for MD (t = 2.04, p = 0.04); (D) region TA (area temporalis superior), highest negative t-value in models accounting for MD (t = −10.97, 
p = 8.52e-22).
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across much of the cortex, including the prerolandic frontal, 
parietal, and temporal areas. Additionally, prefrontal regions 
show declines in surface area with increased baseline FA 
that mirror regions that were non-significant in models with 
thickness.

3.5   |   Change in Gray Matter Morphometry 
Associated With the Interaction of Age and Baseline 
Measures of White Matter Diffusion

Given that morphometric change was found to be heavily influ-
enced by (coupled with) both age and white matter, we examined 
the interacting effects of both factors to reveal where coupling of 
gray and white matter was age-dependent (Table 6, Figure 3D, 
and Figure  7). Interaction effects were evident throughout the 
prefrontal and temporal cortices such that lower baseline FA 
was indicative of greater thickness and volume decline across 
the adult lifespan. See Figure 7 for simple slopes breakdown of 
the interactions. Similarly, higher MD was indicative of greater 
morphometric rate of decline across the lifespan. These effects 
were similar in that they were driven by proxies of degraded 
white matter health from lower baseline FA and higher baseline 

MD. Additionally, these results follow similar gradients to those 
observed in the main effects such that the most significant inter-
actions were in regions responsible for higher-order association 
processing. Moving along the cortex, away from tertiary hubs to-
wards primary regions in the frontal and temporal lobes, resulted 
in attenuated or non-significant effects. Interestingly, anterior 
limbic regions demonstrated similar coupling across the lifespan 
for volume and surface area metrics. In the LA1 and LA2 regions, 
lower baseline WM values led to greater morphometric declines 
across the lifespan. These results are intuitive for FA, but unex-
pected for MD as typically lower MD would indicate healthier 
baseline WM. In these regions we found no significant interac-
tions as thickness declined at a similar rate across the lifespan 
regardless of baseline levels of WM.

Despite the strength of the morphometric declines in parietal 
cortices, both across the lifespan and with baseline WM, no pa-
rietal regions demonstrated a significant interaction. Closer in-
spection revealed that parietal regions show consistent declines 
in morphometry due to baseline diffusion across the lifespan. 
Other regions showing non-significant effects were typically 
primary motor, sensory, and visual areas of the post-central, 
pre-central, and occipital regions.

FIGURE 6    |    Scatterplots of the raw data depicting the main effects of GM ~ WM from the full linear mixed effects model. (A) Region FA (area 
praecentralis), highest positive t-value (t = 8.71, p = 1.30e−15); (B) region LC2 (area cingularis posterior ventralis), highest negative t-value (t = −4.21, 
p = 4.10e−05); (C) region FLMN (area parolfactoria, geniculata, and praecommissuralis), highest positive t-value (t = 3.42, p = 0.001); (D) region FA 
(area praecentralis), highest negative t-value (t = −8.34, p = 5.72e−11).
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4   |   Discussion

4.1   |   Overview of Results

4.1.1   |   Novelty of Study

Building off decades of previous research, the current study 
substantiates patterns of structural vulnerability of regional 
gray matter, but also highlights the impact of underlying white 
matter on neuronal health and the aging process. Previous at-
tempts to concurrently assess white and gray matter structural 
health in aging included several methods with varying success 
and suffered limitations such as the use of correlation-based 
statistical methods or the omission of older adults (Tamnes 
et al. 2010; Westlye et al. 2010). One group found age-related 
associations between gray matter thickness and skeletonized 
white matter with patterns of regional differentiation akin to 
evolutionary precedence (Kochunov et  al.  2011). Advanced 
statistical modeling has also been utilized, but has failed to 
link aging to regional differentiation or isolate tissue types 
that demonstrate coupled relationships (Groves et  al.  2012). 
Findings from our own cross-sectional research revealed an 
age-related coupling of gray matter thickness and white matter 
fractional anisotropy, providing support for retrogenesis-like 

theories of differential vulnerability, although limited in 
regional specificity beyond the frontal and parietal lobes 
(Hoagey et al. 2019).

Here we report (1) within-person declines in cortical thickness 
and volume across much of the cortex, primarily in frontal, pa-
rietal, and temporal lobes; (2) spatial gradients of association 
including (a) regional differentiation as frontal, parietal, and 
temporal lobes demonstrate the greatest changes, and (b) within-
lobe gradients as areas further from sensory and motor hubs 
demonstrate stronger age-related effects; (3) poorer estimates of 
white matter health predict greater gray matter morphometric 
change on average over time, most prominently in the frontal, 
parietal, and temporal lobes, suggesting coupled vulnerability 
in these regions; (4) coupled gray and white matter structural 
health is increasingly more vulnerable as age increases, specif-
ically in prefrontal and temporal regions, indicating that the 
biological mechanisms influencing the coupled declines in neu-
ronal health are exacerbated with advanced aging. Additionally, 
our use of a biologically informed parcellation scheme, the von 
Economo-Koskinas cyto- and myelo-architectonic informed 
atlas, enhances interpretation of regional differentiation and sets 
the stage for future work delineating biological mechanisms of 
in vivo neuroimaging.

FIGURE 7    |    Simple slopes of the interaction effects of GM ~ Age*WM from the full linear mixed-effects model. (A) Region TA (area temporalis 
superior), highest positive t-value (t = 4.51, p = 1.10e−05); (B) region OC (area striata), highest negative t-value (t = −2.36, p = 0.02); (C) region LA2 
(area limbicus anterior agranularis-cingularis anterior), highest positive t-value (t = 4.70, p = 4.94e−06); (D) region TG (area temporoporalis), highest 
negative t-value (t = −5.12, p = 7.12e−07).
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4.2   |   Heterochronicity of GM/WM Coupling

4.2.1   |   Retrogenesis/SA-Axis

Of primary interest are the age-related gradients in structural de-
clines, indicative of differential vulnerabilities in neuronal fea-
tures. In gray matter, we observed several prominent gradients 
of association strength such that age-related declines in thick-
ness, volume, and, to a lesser degree, surface area were found 
to be strongest closer to higher-order cognitive centers. This 
was most evident, in a tertiary to unimodal fashion, across the 
frontal lobes from pre-frontal towards pre-rolandic areas, across 
the parietal lobe from basal and inferior parietal towards the 
post-central region, and across the temporal lobe from tempo-
ral proper towards fusiform, hippocampal, insular, and auditory 
areas. These findings reiterate previous theories of retrogenesis 
such that higher-order association cortices that develop later in 
life are the most vulnerable to aging. Conversely, regions closer 
in proximity to primary motor and sensory hubs demonstrate 
resilience, exemplifying a sensorimotor-association gradient.

Accounting for the influence of white matter health and as-
sessing the combined impact on changes in gray matter is a 
key element of our design. As noted, poorer baseline fractional 
anisotropy was associated with greater declines in gray matter 
morphometry. Across the lifespan, this was primarily driven by 
the oldest adults and in frontal and temporal cognitive areas. 
Overall, this indicates that the biological mechanisms influenc-
ing the coupled declines in neuronal health are exacerbated with 
advanced aging, primarily in association cortices. This may in-
dicate that there is greater age-related loss in the shape or direc-
tionality of diffusion as opposed to the magnitude or speed of 
diffusion. The water flow in the underlying white matter fibers 
neighboring or adjacent to these gray matter regions, in particu-
lar for association cortices, might be experiencing increased dis-
persion or fanning, such as from axonal thinning or increases in 
extracellular space, that is exacerbated with aging. While these 
estimates of white matter structure were taken at baseline, not 
longitudinally, lower levels of baseline white matter fractional 
anisotropy in older adults would suggest that this loss of direc-
tionality could be underway and predictive of future loss in gray 
matter morphometry.

Interestingly, parietal regions, which demonstrated strong as-
sociations with age and baseline white matter when modeled 
separately, did not demonstrate age-related interactions to the 
same degree as frontal and temporal areas. Rather, parietal re-
gions demonstrate consistent linear declines in coupling across 
the whole adult lifespan. Given that frontal, temporal, and pari-
etal higher-order association areas show coupled declines across 
both tissue types, it is possible that the mechanisms leading to 
structural decline occur much earlier and more consistently in 
parietal regions as opposed to more abrupt declines later in the 
lifespan in prefrontal and temporal regions. This might suggest 
differences in the underlying biology of structural declines in 
the parietal regions compared to frontal and temporal cortices. 
More research on the specific cytoarchitectural differences or 
neuronal organization of these regions could clarify these dif-
ferential patterns further. One highly speculative explanation 
for these results, given the directionality of our models, is that 
parietal neurons degrade from cell body to axons (e.g., as in 

Wallerian degeneration). Given the differential association with 
diffusion that appears to be informative in determining mor-
phometric declines in frontal and temporal regions, it is possible 
that frontal and temporal neurons could degrade from cell axons 
to body (e.g., transneuronal atrophy). As such, baseline white 
matter health could be predictive of future gray matter morpho-
metric decline in frontal and temporal regions but not parietal. 
This idea was initially noted in our previous cross-sectional 
work (Hoagey et al. 2019) and these longitudinal results might 
provide further evidence to this claim that parietal cortices age 
differently in their gray–white coupling than other association 
cortices, although more research is needed with longitudinal 
data across both modalities to properly tease apart these lead–
lag associations. The parietal association cortices are also the 
regions demonstrating the most protracted development in the 
brain, and have arisen relatively recently from an evolutionary 
perspective, which adds credence to the retrogenesis hypothesis 
of brain aging.

4.3   |   Ubiquitous Coupling Versus Regional 
Differentiation

Directly modeling the relationship between gray and white 
matter structural health was one of the major goals of the study. 
We found that there is a coupled relationship between neuronal 
subparts, as cortical regions show change in volume or thick-
ness in association with the baseline diffusion values in adja-
cent white matter. This was evident across much of the cortex, 
possibly evidencing ubiquity in the biological connectedness 
of these tissue proxies as hypothesized. The main effect model 
accounted for chronological age; therefore, these coupling ef-
fects were above and beyond chronological aging. Volumetric 
differences appeared to be the most pronounced, and this was 
driven primarily by changes in thickness but not surface area. 
It is likely that myelin in neighboring white matter leads to dif-
ferences in the thickness of the lamina that does not impact the 
surface area directly. While this could be due to an inability of 
the imaging proxies to accurately differentiate between tissue 
types (Westlye et al. 2009), given that these are acquired in sepa-
rate imaging sequences, this is better explained as the interplay 
between neuronal layers and the health of innervating myelin. 
If the white matter neighboring and innervating the gray mat-
ter is thinning, losing axon caliber, or the extracellular space is 
expanding and taking the place of healthy portions of myelin-
ated axons, this would affect the neighboring gray matter and 
manifest as a loss of volume, primarily due to the shrinking of 
laminae and would lead to an overall loss of thickness, with-
out necessarily influencing the cortical surface area. Increased 
dispersion has been shown to be an indicator of age-related de-
clines in more advanced biophysical multicompartment models. 
In fact, it was shown that fractional anisotropy shares a large 
amount of variance with estimates of orientation dispersion, 
more so than with other estimates of white matter health such 
as neurite density or myelin water fraction (Billiet et al. 2015). 
Reduced directionality, or an overall increase in the dispersion 
of diffusion in these areas at the gray/white interface, could 
be indicative of initial declines in one of these processes in the 
neighboring gray matter, leading to a subsequent age-related 
loss in volume, but specifically in aspects of thickness contrib-
uting to overall volume. One exception to this pattern appears 
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to be in the pre-frontal areas, as volumetric change seems to 
be more influenced by decreases in surface area, as there are 
very few pre-frontal regions showing cortical thinning, beyond 
age effects. In general, these results support one of our main 
hypotheses in that the relationship between gray matter and 
white matter is only somewhat regionally differential, but is 
better described as ubiquitous, as accounting for the effects 
of age results in strong coupling between the two tissue com-
partments across the majority of the cortex. Particularly, these 
results highlight the coupled relationship between gray matter 
(specifically volume and thickness) and white matter (specif-
ically fractional anisotropy) structural estimates. Previous 
cross-sectional findings from our lab have identified a similar 
pattern of coupled age-related decline of gray matter and white 
matter diffusion, particularly in the parietal and frontal regions 
(Hoagey et al. 2019). Differences in our results here are likely 
due to statistical modeling factors, as chronological age is in-
cluded in the longitudinal models in the current study, rather 
than being expressed as a latent component in the partial least 
squares analysis of the cross-sectional data.

4.4   |   Underlying Biology via von 
Economo-Koskinas Information

4.4.1   |   Regional Differences Align With Myelo/
Cyto-Architecture

The Von Economo–Koskinas atlas, derived from the cellular 
characteristics and laminar differences among regions, aligns 
with the regional differentiation in our results matching the 
original seven-lobe scheme, but also the within-lobe parcel-
lations determined from regional myeloarchitectural and cy-
toarchitectural features. These sub-divisions map with other 
recently derived histological and neuroimaging-based features 
supporting these gradients of age-related change. Regions with 
a simple laminar structure, primarily heterotypical and agranu-
lar homotypic areas, are not as vulnerable to aging processes as 
homotypic areas with well-defined six-layer laminar composi-
tion. This suggests that the age-related association between gray 
matter morphometry and neighboring white matter is greater 
in homotypic association cortices than in heterotypic or agran-
ular regions. The amount of heavily packed granule cells ap-
pears to be important compared to areas with less density or the 
relative absence of granular cells within regions. Dense gran-
ular layers are typically those in sensory areas such as visual 
and somatosensory cortices. Originally termed “koniocortex,” 
these regions are specialized receptive fields with very dense 
granular layers optimized for continuous communication with 
the thalamus and requiring limited flexibility or adaptability 
over time (Triarhou 2007). In contrast, the absence of granule 
cells in layer IV results in larger, long-range connections of the 
motor and neighboring agranular cortices. These differences in 
cellular composition directly impact cellular features such as 
dendritic density and caliber, axon branching, and intracortical 
myelination. Association cortices with a low density of granule 
cells allow for complexity in laminar structure and promote the 
propagation of larger dendritic arbors to maximize short-range 
connections. The proportion of high-caliber projection fibers de-
creases in regions farther from primary motor and sensory cen-
ters (Nieuwenhuys and Broere 2017). In general, these patterns 

align with our findings showing a disposition towards worsen-
ing structural health across the lifespan in areas comprised of a 
lower density of granule cells, characteristic of frontal and pa-
rietal cortical types in higher-order association cortices. These 
cortical areas have decreased neuron density due to a high com-
position of larger neurons, vast dendritic arbors, and modest 
axon calibers, characteristics typical of 6-layer homotypic cor-
tical types that promote specialized higher-order function and 
integration across the cortex (Tomer et al. 2022).

Finally, grouping of laminar properties into homotypic and 
heterotypic categories relates to phylogenetic and ontogenetic 
cortical patterns that map with our results. Maturation pro-
cesses can be summarized as a cascade of structural growth, 
with white and gray matter expansion starting with essential 
visual, motor, and sensory areas developing first, higher-order 
cognitive centers continuing development throughout child-
hood, with some areas not fully maturing until early adulthood 
(Casey et al. 2005). Aging processes mirror those of maturation 
such that areas that develop latest exhibit greater vulnerabil-
ity in aging (Raz  2000; Salat et  al.  2004; Scheibel et  al.  1975; 
Yeatman et  al.  2014). Laminar complexity aligns with this 
gradient, as the regions with less complex laminar structure, 
such as agranular and primary areas, complete development 
first, while more complex areas, such as the von Economo–
Koskinas labeled “frontal” and “parietal” cortical types (com-
prised of prefrontal, temporal, and lateral parietal), develop 
last. Similarly, the cortical types that are simpler are phyloge-
netically older, while the more elaborate are evolutionarily re-
cent (García-Cabezas et al. 2019), suggesting that the processes 
leading to evolutionarily newer cortical structure also require 
longer to develop. Given that these regions also show the most 
(or earliest) age-related vulnerability, it is likely that this unique 
laminar composition is responsible for early susceptibility. This 
“complexity” is often accompanied by high plasticity, an in-
crease in small, tangentially oriented fibers, and the expansion 
of dendritic arbors within cortical layers. Relatedly, some of 
the first neurons to migrate from the ventricular germinal zone 
are radially oriented, followed by the expansion of tangentially 
oriented fibers and dendritic growth (Marín-Padilla  1992). 
While robust intercortical radial and tangential fibers seem 
to maintain health during aging, an interesting finding in our 
results is that the earliest signs of aging appear in areas with 
more tangentially oriented fibers, especially those with exten-
sive dendritic arborization—a pattern noted in previous reports 
(McNab et al. 2013; Scheibel et al. 1975). Similarly, comparing 
evolutionary change between a fully developed primate brain 
and the human neocortex illustrates the expansion of higher-
order cognitive regions of the prefrontal, parietal, and lateral 
temporal cortices (Grydeland et al. 2019).

4.5   |   Limitations

While previous literature details morphometric declines across 
the lifespan, the current models account for additional factors 
that add to our understanding of gray matter structural declines. 
Primarily, morphometric declines are modeled with two time 
points of longitudinal data while accounting for the baseline dif-
ferences in white matter health proxies of the neighboring vox-
els. Given the interconnectedness of these structural proxies, it is 
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important to show that while accounting for variations in white 
matter health, these morphometric changes remain. Our results 
highlight our extensive main effects demonstrating morphomet-
ric two-wave longitudinal decline; however, there are no notable 
interactions of inter-wave interval with either white matter, age, 
or the combination of white matter and age. This is likely a result 
of having (thus far) only longitudinal data from two time points 
separated by 4 years. Change within this short period may not 
contain enough variance to have differential effects on other vari-
ables. Future follow-up analyses with additional time points will 
expand on these limited findings, hopefully bolstering our ability 
to detect longitudinal change. Another limitation of note is that 
statistical results are presented without correcting for multiple 
comparisons. While this might leave open the possibility of false-
positive findings, our results and discussion are focused on gra-
dients of change across cortical regions and not specific p value 
cutoffs. Additionally, the use of LME makes the estimates more 
conservative by shifting the estimates towards each other (partial 
pooling) and should reduce the need for multiple comparisons 
(Gelman et  al. 2012). FDR-corrected model effects that would 
exceed p < 0.05 are included in Table S8. Additionally, diffusion 
acquisition sequences and diffusion tensor imaging reconstruc-
tion schemes have several pitfalls (Jones and Cercignani 2010). 
Analyzing the white matter directly adjacent to cortical gray mat-
ter offers a unique perspective of white matter health that might 
ameliorate some concerns inherent to tract tracing methods, but 
these voxels are not representative of any specific long-range 
fiber bundles or functional connections between regions and, 
in fact, might be more related to u-shaped close-ranged connec-
tions (Catani et al. 2012; Yeterian et al. 2012). Superficial white 
matter voxels are also more prone to artifacts such as decreased 
diffusion, directionality, and gyral biases (Reveley et  al.  2015) 
which could influence our results; although we would expect 
any effect to be consistent and not introduce an age or regional 
bias. Finally, we do not claim to be measuring any biological or 
anatomical features directly. Any mention of cytoarchitectural, 
myeloarchitectural, or cellular features is derived from previ-
ous histological or postmortem work, primarily the parcellation 
and characterization of the von Economo–Koskinas atlas used 
throughout the study.

5   |   Conclusion

Results demonstrate that coupled declines of gray and white 
matter structural health exhibit differential aging trajectories 
across the cortex. Gradients of association strength across these 
proxies of structural vulnerability align with known cortical 
characteristics and functional hierarchies such that higher-
order association-like cortices demonstrate age-related coupled 
declines in structural health. Overall, these findings highlight 
the importance of understanding the fine-grained neuronal 
properties underlying neuroimaging proxies and point toward 
the importance of integrating cytoarchitecture and myeloarchi-
tectural features in aging research.
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