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The current concept of brain aging proposes three gradient patterns of changes in

white matter that occur during healthy brain aging: antero-posterior, supero-inferior, and

the myelodegeneration-retrogenesis (or the “last-in-first-out”) concept. The aim of this

study was to correlate white matter diffusivity measures (fractional anisotropy-FA, mean

diffusivity-MD, radial diffusivity-RD, and axial diffusivity-AD) in healthy volunteers with

chronological age and education level, in order to potentially incorporate the findings with

proposed patterns of physiological brain aging. The study was performed on 75 healthy

participants of both sexes, with an average age of 37.32 ± 11.91 years underwent brain

magnetic resonance imaging (MRI) with diffusion tensor imaging (DTI). DTI was performed

using tract-based spatial statistics (TBSS), with the analysis of four parameters: FA, MD,

RD, and AD. Skeletonized measures were averaged in 29 regions of interest in white

matter. Correlations between age and DTI measures and between education-level and

DTI measures were performed using Pearson’s correlation test. To correct for multiple

comparisons, we applied a Bonferroni correction to the p-values. Significance was set

at p ≤ 0.001. A significant negative correlation of FA with age was observed in posterior

thalamic radiation (PTR) (p < 0.001). A significant positive correlation between age and

MD was observed in sagittal stratum (SS) (p < 0.001), between age and RD in PTR, SS,

and retrolenticular internal capsule (p < 0.001), and between age and AD in the body of

the corpus callosum (p< 0.001). There were no significant correlations of DTI parameters

with educational level. According to our study, RD showed the richest correlations with

age, out of all DTI metrics. FA, MD, and RD showed significant changes in the diffusivity

of projection fibers, while AD presented diffusivity changes in the commissural fibers. The

observed heterogeneity in diffusivity changes across the brain cannot be explained by a

single aging gradient pattern, since it seems that different patterns of degradation are true

for different fiber tracts that no currently available theory can globally explain age-related

changes in the brain. Additional factors, such as the effect of somatosensory decline,

should be included as one of the important covariables to the existing patterns.
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INTRODUCTION

Healthy brain aging occurs as a result of numerous
interconnected structural, chemical, and functional brain
changes, and, in turn, can lead to a decline in cognitive function.
Brain aging is associated with a decline in concentration,
attention, and other executive functions, as well as global
cognitive information processing (1). Optimal cognitive
functioning, which is vital for independent living, productivity,
and overall quality of life, relies on coordinated processes in
different brain regions. Disturbances in communication (i.e.,
disconnections) between these regions during healthy aging may
result in cognitive decline (2).

Over the years, many novel techniques of magnetic resonance
imaging (MRI) were introduced in order to clarify the
neuropathological process that lies behind neurological and
psychiatric disorders. One of the most revolutionary techniques
is diffusion-weighted imaging (DWI) which provides tissue
contrast based on the magnitude of diffusion differences between
water molecules (3). Diffusion of the water molecules represents
the random motion of the molecules (Brownian motion), and it
is restricted or facilitated depending on the ongoing pathological
process (4). The more advanced technique, derived from DWI
is called diffusion-tensor imaging (DTI) that analyzes the three-
dimensional shape of diffusion, named diffusion tensor. The
diffusion tensor is actually a 3D structure defined by three
principal diffusivities (eigenvalues, λ1, λ2, and λ3) that are
associated with three principal directions (eigenvectors) (5). This
technique requires more robust post-processing but can provide
valuable information about themicrostructure of the brain tissue.

The concept of cortical disconnections has been confirmed in
healthy brain aging (without the manifest neurological disorder),
using this technique in previous studies (6–8). Given that
DTI is a non-invasive imaging method, it represents a useful
tool to probe brain network integrity and functionality (9).
DTI fractional anisotropy (FA), mean diffusivity (MD), radial
diffusivity (RD), and axial diffusivity (AD) measures can give
insight into diffusivity changes in the brain which can be driven
both by physiological brain aging and pathological processes
(degeneration, inflammation, neoplastic and other diseases).
Most published DTI studies on the aging brain have relied on
the FA, which has been shown to decrease throughout the white
matter of the brain during the aging process (10–12). Age-related
increases in MD and RD have also been consistently observed
(13). However, findings regarding AD have been inconsistent,
with both increases and decreases observed in different settings
(10, 13). The studies comprehensively exploring all four DTI
metrics mainly explored pathological processes in the brain
(neurodegenerative and genetic disorders) (14, 15). There are
several methods for the evaluation of DTI data, with tract-based
spatial statistics (TBSS) being one of the most popular and also
used in this study. The main idea of the TBSS approach is to
project volumetric data onto a white matter skeleton, in order
to gain statistical power and skip some steps regarding data
processing (16).

There are three proposed gradient patterns of white
matter changes during healthy brain aging. The first is the

antero-posterior pattern, with more extensive changes in the
anterior/frontal parts of the brain preceding the posterior
lobes (17). The second pattern is the supero-inferior, with
extensive changes present in the cranial aspects of the brain
parenchyma (18). The third pattern is myelodegeneration-
retrogenesis or, the “last-in-first-out” hypothesis, which proposes
that the degeneration of myelin observed during the aging
process occurs in the opposite direction of myelin development
and maturation (19, 20).

The aim of this study was to correlate white matter DTI
anisotropy and diffusivity measures (FA, MD, RD, and AD) using
TBSS in healthy volunteers, with chronological age and formal
education level (expressed in years of education). The second
aim was to determine whether the gradient pattern of white
matter associations was consistent with any proposed patterns of
physiological brain aging.

MATERIALS AND METHODS

Study Population
Of a total of 81 healthy volunteers who were enrolled in the study
based on the initially performed power sample analysis (α = 0.05
(p-value), β = 0.2 (correspondent to the ower of 80%), and r

> 0.30, the required sample was 79), 75 participants, average
age 37.32 ± 11.91 years (range: 22–62 years; 53 male and 22
female participants) were included into analyses after undergoing
whole brain magnetic resonance imaging (MRI) from July 2011
to April 2017 at the University of Novi Sad. Six data sets were
excluded from the initial sample of 81 subjects due to technically
inadequate quality. All the patients were cognitively screened
using Mini-Mental State Examination (MMSE) (21).

Inclusion criteria were over 18 years of age, MMSE score
over 24 (thus excluding persons eligible for the evaluation of
dementia), and right-handed. MMSE is a 30-point screening test
for the global cognitive assessment, used for quick exclusion of
subjects with signs of cognitive impairment. Right-handedness
was based on the self-report of the preferred hand and on the
results of the Waterloo Handedness Questionnaire (WHQ) (22).
Criteria for the exclusion from the study were acute and chronic
neurologic and psychiatric disorders, presence of diffuse or focal
white matter lesions in the brain (tumors, infarctions, metastases,
vascular malformations, white matter hyperintensities), post-
operative state, head trauma history, patients with palsy or deep
paresis of the dominant hand, visual and hearing disorders,
MMSE score ≤24, history of drug and alcohol abuse according
to Drug Abuse Screening Test and Michigan Alcohol Screening
Test (MAST) (23), and contraindications for MRI scanning.

Neuroimaging
All participants underwent an MRI of the brain on a 3T
clinical scanner (Siemens Trio Tim, Erlangen, Germany), using
an 8-channel head array. Conventional MRI of the brain
consisted of T1W sagittal spin echo [time of repetition (TR)/time
of echo (TE) 440 ms/3.8ms, slice thickness 5mm, duration
2:00min], T2W transversal turbo spin echo (TR/TE 5150
ms/105ms, slice thickness 5mm, duration 2:57min), Fluid
Attenuation Inversion Recovery (FLAIR) transversal (TR/TE

Frontiers in Neurology | www.frontiersin.org 2 June 2022 | Volume 13 | Article 870909

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Boban et al. Age-Related Diffusivity Changes in Healthy Brain

8,000 ms/101ms, slice thickness 5mm, duration 3:30min),
diffusion-weighted imaging (DWI) (TR/TE 4100 ms/91ms, slice
thickness 5mm, duration 2:07min), T2W coronal turbo spin
echo (TR/TE 7150 ms/111ms, slice thickness 5mm, duration
2:17min), and 3D T1W MPRAGE sagittal tomograms (TR/TE
1530 ms/2.97ms, slice thickness 1mm, duration 5:12 min).

Conventional MRI was necessary for obtaining anatomic
information and detection of potential focal or diffuse
brain lesions.

Diffusion tensor imaging was performed using MDDWI
sequence (multidirectional diffusion weighted imaging) with two
diffusion shells (b-values of 1,000 s/mm2 and 1,500 s/mm2) from
64 diffusion-weighted directions each and two non-diffusion
weighted volumes (at b0). The data were acquired at 2mm
isotropic resolution; the fold over direction was A-P with a P
shift. Field-of-viewwas 230. DWI images were denoised using the
LPCA filter and corrected for motion by linearly aligning all DWI
volumes to the b 0 image. T1-weighted images were denoised
using the non-local means filter and underwent N3 intensity
inhomogeneity normalization, and brain extraction. Data sets
that did not fulfill the quality control criteria were excluded
from the analyses (three due to extreme EPI distortion and
three due to skeleton misregistration). T1 images were linearly
aligned to diffusion images, and diffusion images were then non-
linearly warped to their respective T1-weighted scans to correct
for echo-planar imaging (EPI) induced susceptibility artifacts.

Diffusion gradient directions were rotated to accommodate
linear registrations. DTI fractional anisotropy (FA), mean
diffusivity (MD), radial diffusivity (RD), and axial diffusivity
(AD) scalar maps were generated from corrected images (24).

Diffusion tensor imaging analysis was performed using the
tract-based spatial statistics (TBSS) technique from the FSL
software package (24) and publicly available ENIGMA-DTI
protocols (http://enigma.usc.edu/protocols/dti-protocols/) (25).
Each subject’s FA map was warped to the ENIGMA-DTI FA
template with ANTs (26) and the transformations were applied
to all respective DTI maps. DTI measures were then projected
onto the template skeleton. Skeletonized measures were averaged
in a total of 29 regions of interest (ROIs) from the John Hopkins
University White Matter Atlas (27) (Table 1).

Statistical Analysis
Statistical analysis was performed using the software package
SPSS ver. 23.0 (IBM, Chicago, USA). Methods of descriptive
and comparative statistics were used (mean, median, standard
deviation, minimum, maximum, frequencies, and percentage,
depending on the type of the variable). After confirmation
of normal distribution, correlations between age and DTI
measures and between education-level and DTI measures were
performed using Pearson’s correlation test. Additionally, a partial
correlation was performed between age and diffusivity changes in
observed DTI parameters, with education as a control variable.
Permutation tests for Pearson’s correlations were performed
for age and localization, education and localization, and for
partial correlation, using education as a control variable. Gender
differences were also explored using the t-test.

TABLE 1 | List of analyzed locations (ROIs) according to the John Hopkins White

Matter Atlas.

Location Abbreviation

Anterior corona radiate ACR

Anterior limb of internal capsule AIC

Body of the corpus callosum BCC

Corpus callosum CC

Cingulate gyrus CGC

Parahippocampal cingulate fibers CGH

Corticospinal tract CST

External capsule EC

Fornix FX

Fornix-stria terminalis FXST

Genu of the corpus callosum GCC

Inferior fronto-occipital fasciculus IFO

Posterior corona radiata PCR

Posterior thalamic radiation PTR

Posterior limb of the internal capsule PLIC

Retrolenticular limb of internal capsule RLIC

Sagittal stratum SS

Splenium of the corpus callosum SCC

Superior fronto-occipital fasciculus SFO

Superior longitudinal fasciculus SLF

Uncinate fasciculus UNC

To correct for multiple comparisons, we applied a Bonferroni
correction to the p-values. Significance was set at p ≤ 0.001 (21
ROIs× 2 tests+ 4= 46, 0.05/42= 0.00108).

RESULTS

A total of 75 participants were included in the study, 53 men
(70.7%) and 22 women (29.3%). No significant gender-related
differences in white matter diffusivity metrics were observed. The
average age of the participants was 37.32± 11.91 years (range 22–
62). The average education level was 13.87± 2.38 years of formal
education. MMSE scoring was 28.87 ± 1.14 points, no person
scored lower than 26.

Table 2 summarizes the changes in FA on the observed
localization in the brain, in correlation with the chronological age
and educational level of the participants. A significant negative
correlation was observed in PTR (on the left p < 0.001 and on
the right p = 0.001) (Figure 1). All correlations were negative.
No significant correlations of FA with the level of education or
the MMSE score were detected. Table 2A shows the results of the
partial correlation summarized.

Table 3 shows the correlations between MD and age and
between MD and educational level of the participants are
presented for the analyzed locations. A significant positive
correlation was confirmed only in SS on the left side (p =

0.001) (Figure 2). There were no significant correlations of this
parameter with the level of formal education or the MMSE score.
InTable 3A, the results of the partial correlation are summarized.
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TABLE 2 | Results of Pearson’s correlation of FA with age and education level of

the study participants in the observed locations (r-correlation coefficient).

Location Age Education level

r p r p

ACR-L −0.258 0.026 0.024 0.841

ACR-R −0.244 0.035 0.050 0.669

ALIC-L 0.023 0.843 −0.157 0.179

ALIC-R 0.060 0.608 −0.129 0.269

BCC 0.116 0.324 −0.197 0.090

CC 0.040 0.736 −0.215 0.064

CGC-L −0.038 0.749 −0.046 0.693

CGC-R 0.079 0.499 −0.054 0.644

CGH-L −0.114 0.329 0.055 0.642

CGH-R −0.128 0.272 0.160 0.171

CR-L −0.294 0.010 −0.001 0.992

CR-R −0.293 0.011 −0.012 0.922

CST-L −0.002 0.986 0.014 0.908

CST-R −0.004 0.971 0.091 0.437

EC-L −0.102 0.382 0.038 0.747

EC-R −0.102 0.386 0.074 0.530

FX −0.235 0.043 0.185 0.112

FXST-L –0.049 0.679 0.100 0.395

FXST-R −0.111 0.345 0.153 0.190

GCC −0.159 0.172 −0.119 0.311

IC-L −0.197 0.091 −0.087 0.458

IC-R −0.131 0.264 −0.080 0.496

IFO-L 0.002 0.989 −0.188 0.107

IFO-R 0.002 0.989 −0.057 0.624

PCR-L −0.226 0.052 −0.144 0.217

PCR-R −0.229 0.048 −0.233 0.044

PLIC-L −0.113 0.335 −0.145 0.216

PLIC-R −0.121 0.301 −0.162 0.165

PTR-L −0.457 <0.001 −0.056 0.634

PTR-R −0.366 0.001 0.020 0.864

RLIC-L −0.351 0.002 0.082 0.482

RLIC-R −0.247 0.033 0.100 0.394

SCC 0.108 0.358 −0.230 0.047

SCR-L −0.244 0.035 0.031 0.792

SCR-R −0.248 0.032 0.018 0.875

SFO-L 0.001 0.992 −0.085 0.466

SFO-R −0.098 0.401 0.098 0.401

SLF-L −0.189 0.105 −0.022 0.853

SLF-R −0.155 0.183 −0.034 0.770

SS-L −0.341 0.003 0.121 0.300

SS-R −0.340 0.003 0.161 0.167

UNC-L −0.297 0.010 −0.280 0.015

UNC-R −0.100 0.392 −0.318 0.005

Significant results are presented in bold case.

Significant positive correlations were detected between RD
and age in PTR (on the left p < 0.001 and on the right
p = 0.001, Figure 3A), SS (on the left p < 0.001, and on
the right p < 0.001, Figure 3B), and in RLIC (on the left

TABLE 2A | The results of partial correlation of FA with age, using education level

as a control variable.

Location Age

R p

ACR-L −0.257 0.027

ACR-R −0.240 0.040

ALIC-L 0.001 0.992

ALIC-R 0.043 0.717

BCC 0.091 0.443

CC 0.010 0.935

CGC-L −0.045 0.706

CGC-R 0.072 0.539

CGH-L −0.108 0.360

CGH-R −0.109 0.357

CR-L −0.297 0.010

CR-R −0.298 0.010

CST-L <0.001 0.999

CST-R 0.009 0.942

EC-L −0.098 0.406

EC-R −0.092 0.434

FX −0.215 0.066

FXST-L −0.035 0.766

FXST-R −0.091 0.440

GCC −0.179 0.127

IC-L −0.212 0.070

IC-R −0.144 0.222

IFO-L −0.025 0.829

IFO-R −0.006 0.957

PCR-L −0.251 0.031

PCR-R −0.272 0.019

PLIC-L −0.136 0.249

PLIC-R −0.147 0.211

PTR-L −0.470 <0.001

PTR-R −0.366 0.001

RLIC-L −0.344 0.003

RLIC-R −0.236 0.043

SCC 0.078 0.509

SCR-L −0.242 0.037

SCR-R −0.248 0.033

SFO-L –0.011 0.926

SFO-R −0.086 0.467

SLF-L −0.194 0.098

SLF-R −0.162 0.168

SS-L −0.329 0.004

SS-R −0.325 0.005

UNC-L 0.271 0.020

UNC-R 0.059 0.616

Significant results are presented in bold case.

p = 0.001). There were no significant correlations of this
parameter with the level of formal education or the MMSE
score (Table 4). In Table 4A, the results of the partial correlation
are summarized.
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TABLE 3 | Results of Pearson’s correlation of MD with age and education level of

the study participants in the observed locations (r-correlation coefficient).

Location Age Education level

r p r p

ACR-L 0.214 0.066 −0.104 0.375

ACR-R 0.145 0.215 −0.109 0.353

ALIC-L 0.104 0.376 0.090 0.442

ALIC-R 0.018 0.881 0.009 0.941

BCC 0.232 0.046 0.020 0.862

CC 0.243 0.036 0.092 0.435

CGC-L 0.193 0.098 0.030 0.798

CGC-R 0.166 0.154 −0.111 0.343

CGH-L 0.229 0.048 −0.053 0.654

CGH-R 0.197 0.091 −0.092 0.430

CR-L 0.278 0.016 −0.086 0.462

CR-R 0.228 0.049 −0.058 0.619

CST-L 0.207 0.075 −0.067 0.570

CST-R 0.212 0.068 0.058 0.622

EC-L 0.304 0.008 −0.008 0.946

EC-R 0.304 0.008 0.034 0.775

FX 0.228 0.049 −0.049 0.677

FXST-L 0.014 0.904 0.119 0.310

FXST-R 0.119 0.308 0.061 0.605

GCC 0.247 0.032 −0.061 0.606

IC-L 0.171 0.141 0.184 0.113

IC-R 0.146 0.211 0.122 0.296

IFO-L 0.130 0.267 0.004 0.974

IFO-R 0.134 0.252 −0.116 0.321

PCR-L 0.320 0.005 0.055 0.640

PCR-R 0.238 0.040 0.113 0.335

PLIC-L 0.130 0.265 0.209 0.072

PLIC-R 0.095 0.420 0.215 0.064

PTR-L 0.309 0.007 0.152 0.193

PTR-R 0.266 0.021 0.176 0.132

RLIC-L 0.234 0.044 0.170 0.144

RLIC-R 0.248 0.032 0.067 0.567

SCC 0.156 0.180 0.313 0.006

SCR-L 0.279 0.015 −0.117 0.318

SCR-R 0.277 0.016 −0.085 0.468

SFO-L 0.296 0.010 −0.090 0.444

SFO-R 0.153 0.189 −0.141 0.229

SLF-L 0.256 0.027 −0.042 0.719

SLF-R 0.273 0.018 0.010 0.933

SS-L 0.372 0.001 0.016 0.893

SS-R 0.338 0.003 −0.056 0.633

UNC-L 0.068 0.562 0.078 0.507

UNC-R 0.214 0.065 0.239 0.039

Significant results are presented in bold case.

Significant positive correlations between AD and age were
detected in BCC (p= 0.001, Figure 4). There were no significant
correlations between AD and educational level (Table 5).

FIGURE 1 | The trend of FA decrease with advancing age in the posterior

thalamic radiation on the left.

FIGURE 2 | The trend of MD increase with advancing age in the sagittal

stratum on the left side.

However, with education level used as a control variable,
the significance of the diffusivity decrease with age in the BCC
was lost (Table 5A). There were no significant correlations with
MMSE scores.

The results of permutation tests are provided in
Supplementary Material.

DISCUSSION

The main goal of the study was to correlate white matter DTI
anisotropy and diffusivity measures (FA, MD, RD, and AD) in
healthy volunteers with chronological age and formal education
level. Additionally, we aimed to determine whether the gradient
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TABLE 3A | The results of partial correlation of MD with age, using education level

as a control variable.

Location Age

R p

ACR-L 0.202 0.084

ACR-R 0.132 0.263

ALIC-L 0.118 0.316

ALIC-R 0.019 0.873

BCC 0.237 0.042

CC 0.259 0.026

CGC-L 0.199 0.089

CGC-R 0.153 0.193

CGH-L 0.224 0.055

CGH-R 0.186 0.112

CR-L 0.270 0.020

CR-R 0.223 0.056

CST-L 0.200 0.088

CST-R 0.223 0.057

EC-L 0.306 0.008

EC-R 0.312 0.007

FX 0.223 0.056

FXST-L 0.031 0.791

FXST-R 0.129 0.273

GCC 0.242 0.038

IC-L 0.203 0.083

IC-R 0.166 0.157

IFO-L 0.132 0.264

IFO-R 0.120 0.310

PCR-L 0.331 0.004

PCR-R 0.258 0.027

PLIC-L 0.165 0.160

PLIC-R 0.129 0.274

PTR-L 0.337 0.003

PTR-R 0.298 0.010

RLIC-L 0.264 0.023

RLIC-R 0.261 0.025

SCC 0.213 0.069

SCR-L 0.267 0.021

SCR-R 0.268 0.021

SFO-L 0.288 0.013

SFO-R 0.136 0.247

SLF-L 0.253 0.030

SLF-R 0.278 0.017

SS-L 0.378 0.001

SS-R 0.334 0.004

UNC-L 0.080 0.499

UNC-R 0.258 0.026

Significant results are presented in bold case.

pattern of these associations was consistent with any of the
proposed physiological brain aging patterns.

In our study, FA values showed significant reduction with
advancing age in the PTR, which is the dorsal part of

thalamocortical radiations connecting the thalamus with cortical
centers. It consists of fibers that start from the caudal thalamic
nuclei (pulvinar and lateral geniculate) via the retrolenticular
part of the IC toward the parietal and occipital cortices. The
function of this tract is primarily somatosensory (comprises
parts of visual, gustatory, and auditory tracts) (28, 29). The
relationship between the decline in perceptive and cognitive
abilities is well-established in the process of aging; however,
growing evidence suggests that there is a direct association
between sensory deprivation-decreased processing of sensory
information- and cognitive decline (30). The decrease in FA
was observed in women with anorexia nervosa (31), patients
with a high risk of psychosis converting to manifest psychosis
(32), methamphetamine addicts (33), and children with cerebral
palsy (34). An interesting recent study showed the relationship
between cigarette smoking and changes in FA and MD in the
PTR (35), supporting the necessity to include the daily habits as
a sine-qua-non in future DTI studies (eg., nicotine and alcohol
consumption, substance abuse, and pharmaceuticals).

A significant increase inMDwith advancing age was observed
in the SS on the left side. This tract is positioned in the deep
lateral aspect of the cerebral hemisphere and organized into three
layers: superficial (consisting of inferior longitudinal fasciculus
and inferior part of SLF), middle (fronto- occipital fasciculus),
and deep (fibers of optic radiation) (36). It is included in the
information transport from parietal, occipital, cingulate, and
temporal gyri to the subcortical nuclei (thalamus and pontine
nuclei). In the past studies, the increase in MD was detected in
patients with essential tremors and has been suggested as one of
the differentials from Parkinson’s disease in these patients (37). It
was also observed in the mild traumatic injury of the brain (38),
children with ADHD (associated with aberrant myelination) (39)
but was also observed in healthy cigarette smokers (40).

A significant increase in RD with advanced age was detected
in the PTR, SS, and RLIC. RLIC is positioned dorsally to
the corticospinal and corticopontineus tracts but represents a
functionally separate entity because it carries parts of optic
radiation, proximal part of PTR, and occipito-tectal and occipito-
pontine fibers. Since the increase in this parameter was observed
in the PTR and RLIC, it is clear that, along with the close
anatomic relationship, there is also a functional connection
between these two structures, mainly in the somatosensory
information transmission. SS is also functionally associated with
the latter two tracts. Disturbances in the diffusivity of RLIC have
been priorly observed in depression (41), bipolar disorder (36),
methadone addiction (42), and traumatic injury of the brain
associated with sports (43).

A significant increase in AD with advancing age was detected
in BCC. The corpus callosum is the biggest commissural tract
that connects corresponding regions of cerebral hemispheres.
Different parts of CC are included in the transmission of various
information, with premotor and supplementary motor fibers of
the cortex located in the body 409. Madden et al. did not show
differences in AD with advanced age (44). However, Fan et al.
presented differences in FA between young (20–28 years) and
elderly adults (60–75 years) primarily in the anterior portion
of CC (within interhemispheric fibers), that were positively
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FIGURE 3 | The trend of RD increase with advancing age in the sagittal stratum (A) and posterior thalamic radiation (B).

correlated with performance on the visuospatial tasks—AD was
not explored in that particular study (45). Evidence supporting
the “last-in-first-out” theory was also presented in the study
of Davis et al. presenting greater age-related differences in
RD than in AD in the CC and UNC, thus supporting the
theory of myelodegeneration and retrogenesis (46). In our
study, however, AD was more sensitive to the changes in these
regions, thus indicating that these theoretical interpretations of
the white matter diffusivity changes are in fact a simplification
of the aging process. That is why we highlight the need for
a deeper understanding of the age-related effect on the white
matter integrity.

It is interesting to note that FA, MD, and RD were associated
with the diffusivity changes in projection tracts (that connect
cortical structures with the brainstem, cerebellum, and spinal
medulla). On the contrary, the AD was associated with diffusivity
changes in commissural tracts, connecting two hemispheres. In a
recent longitudinal study, that followed healthy participants aged
50–84 years (at the moment of the first scan, the average age of
women was 63.85 years and men was 67.31 years) during the
follow-up period of 7 years, showed the most prominent changes
in the FA and RD in commissural and projection tracts (47).
It is possible that the changes in these two parameters are first
observed in projection tracts, as shown in our study, and later
during chronological aging, are followed by diffusivity changes in
the commissural tracts as well.

Little is known about the oligodendrocyte dynamics and
myelin sheath remodeling in the mature brain. However,
recent studies confirmed that sensory enrichment could induce
experience-dependent myelination and robustly increase the
integration of oligodendrocytes (48). Reversely, the results of
our study, with age-related changes detected mainly in the

somatosensory tracts may imply that somatosensory deprivation
during healthy aging negatively affects myelin sheaths (in the
sense of myelin degradation and/ or disintegration) and results
in DTI metrics changes. This effect of somatosensory deprivation
on white matter integrity during the brain aging, should,
in our opinion, be included in the current theories of the
white matter degradation during aging process, along with the
myelodegeneration-retrogenesis and gradients of degenerations
(antero- posterior and supero-inferior).

It is interesting to see the overlap in the DTI metrics changes
observed in specific tracts, which could potentially clear the
etiology of age-related changes. We tried to group the differences
in DTI metrics in the following patterns, as shown in Table 6.
In our study, the observed patterns of age-related diffusivity
changes were the FA-RD (detected in PTR) and the MD-RD
pattern (detected in SS), speaking in favor of myleodegeneration
over axonal damage in the named tracts (Figure 5 showing brain
maps). In RLIC, we found the diffusivity changes reflected as RD
increased, also speaking in favor of myelodegeneration. Given the
absence of manifest cognitive impairment and the strict exclusion
criteria that we proposed for randomizing the subjects, in our
opinion, patterns found in our study sample were expected. In the
cohort of healthy, fully functional, and cognitively unchallenged
subjects, age-related myelin degeneration and loss seem to be
the leading mechanism of white matter diffusivity changes. One
recent study also tried to group the findings in DTImetrics across
the brain white matter tracts. The FA–RD pattern was observed
only in the posterior thalamic radiation in our study sample,
while in the study of Molloy et al., it was the most observed
pattern, detected in more than 30% of the brain tracts (10).
The FA–RD–AD pattern in this study was observed in almost
30% of the brain (10). Other patterns were more uncommon.
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TABLE 4 | Results of Pearson’s correlation of RD with age and education level of

the study participants in the observed locations (r-correlation coefficient).

Location Age Education level

r p r p

ACR-L 0.270 0.019 −0.067 0.568

ACR-R 0.242 0.036 −0.078 0.507

ALIC-L 0.079 0.498 0.148 0.206

ALIC-R 0.000 0.997 0.079 0.503

BCC 0.037 0.752 0.143 0.223

CC 0.090 0.443 0.186 0.109

CGC-L 0.116 0.320 0.034 0.772

CGC-R 0.116 0.320 −0.070 0.550

CGH-L 0.232 0.045 −0.080 0.497

CGH-R 0.228 0.049 −0.144 0.218

CR-L 0.347 0.002 −0.044 0.708

CR-R 0.331 0.004 −0.017 0.887

CST-L 0.138 0.236 −0.055 0.636

CST-R 0.167 0.153 –0.038 0.744

EC-L 0.287 0.013 −0.026 0.827

EC-R 0.257 0.026 −0.007 0.952

FX 0.234 0.044 −0.072 0.538

FXST-L 0.071 0.545 0.010 0.935

FXST-R 0.159 0.172 −0.060 0.612

GCC 0.214 0.065 0.063 0.592

IC-L 0.238 0.040 0.163 0.163

IC-R 0.179 0.125 0.115 0.327

IFO-L 0.038 0.744 0.070 0.553

IFO-R 0.071 0.546 −0.031 0.790

PCR-L 0.357 0.002 0.114 0.328

PCR-R 0.309 0.007 0.179 0.125

PLIC-L 0.140 0.232 0.206 0.076

PLIC-R 0.126 0.282 0.220 0.058

PTR-L 0.440 <0.001 0.108 0.357

PTR-R 0.369 0.001 0.075 0.521

RLIC-L 0.377 0.001 0.043 0.716

RLIC-R 0.303 0.008 −0.019 0.870

SCC 0.017 0.888 0.296 0.010

SCR-L 0.334 0.003 −0.075 0.521

SCR-R 0.334 0.003 −0.043 0.711

SFO-L 0.311 0.007 −0.102 0.383

SFO-R 0.184 0.114 −0.090 0.440

SLF-L 0.263 0.023 −0.026 0.825

SLF-R 0.246 0.033 0.028 0.812

SS-L 0.396 <0.001 −0.061 0.606

SS-R 0.392 <0.001 −0.121 0.299

UNC-L −0.148 0.205 0.225 0.052

UNC-R 0.043 0.716 0.339 0.003

Significant results are presented in bold case.

Burzynska et al. confirmed that FA was significantly correlated
with age in more than half of the brain white matter (13).
Molloy et al. showed that the highest percentage of voxels

TABLE 4A | The results of partial correlation of RD with age, using education level

as a control variable.

Location Age

R p

ACR-L 0.254 0.021

ACR-R 0.241 0.035

ALIC-L 0.075 0.480

ALIC-R 0.001 0.956

BCC 0.035 0.777

CC 0.090 0.445

CGC-L 0.114 0.318

CGC-R 0.112 0.316

CGH-L 0.244 0.051

CGH-R 0.226 0.048

CR-L 0.345 0.054

CR-R 0.331 0.053

CST-L 0.141 0.235

CST-R 0.160 0.158

EC-L 0.257 0.018

EC-R 0.250 0.020

FX 0.234 0.042

FXST-L 0.068 0.532

FXST-R 0.159 0.172

GCC 0.202 0.075

IC-L 0.238 0.054

IC-R 0.179 0.125

IFO-L 0.038 0.744

IFO-R 0.071 0.546

PCR-L 0.357 0.201

PCR-R 0.309 0.207

PLIC-L 0.287 0.232

PLIC-R 0.185 0.282

PTR-L 0.323 0.033

PTR-R 0.356 0.042

RLIC-L 0.343 0.028

RLIC-R 0.373 0.064

SCC 0.017 0.880

SCR-L 0.289 0.052

SCR-R 0.300 0.060

SFO-L 0.222 0.075

SFO-R 0.184 0.114

SLF-L 0.263 0.023

SLF-R 0.246 0.033

SS-L 0.311 0.020

SS-R 0.325 0.042

UNC-L 0.140 0.211

UNC-R 0.043 0.716

Significant results are presented in bold case.

significantly correlated with age were found in the forceps minor
(part of CC) (10). The FA–MD–RD pattern is related to chronic
white matter degeneration, mainly dependent on the myelin loss
during the aging process. The changes in AD, however, have
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FIGURE 4 | The trend of AD increase in the body of the corpus callosum.

been linked to axonal damage (in combination with FA changes
representing acute axonal swelling and fragmentation) (13). FA
alone changes have been suggested to reflect mildmicrostructural
changes with the loss of fiber structure without great tissue
loss. Additional MD changes, following FA changes, reflect the
presence of tissue loss and atrophy (46). The changes in RD
(combined with FA and, sometimes AD) were related to gliosis
and subsequent increase in extracellular tissue (48). Several
studies confirmed that greater changes in RD (compared to AD)
were found across the brain, similar to our results, suggesting
that the leading mechanism of white matter degradation is to
be associated with myelin degeneration (10, 13, 17, 46). The
findings in AD were inconsistent in our study, similar to other
studies from the available literature, showing both positive and
negative correlations with age (10, 13, 46). The explanation for
this finding in our study might be that our cohort had more
prevalent chronic axonal damage (related to the increase in AD)
or that these changes can be related to the incoherence in the
regions of crossing fibers (which is, in our opinion, a more
probable explanation).

Finally, no significant gender differences related to white
matter diffusivity metrics were detected (Figure 6). However,
this finding might be associated with the small sample with
uneven distribution of men and women (males significantly
outnumbering females).

Heterogeneity in findings in diffusivity changes across the
brain, in our opinion, cannot be explained by one single gradient
of physiological brain aging. It seems that different patterns of
degradation are true for different fiber tracts in the brain and
that no currently available theory can globally explain age-related
changes in the brain. Furthermore, the effect of somatosensory
decline should be included as one of the important covariables in
the existing patterns.

In addition, a recent study by Behler et al. showed that
diffusion properties of most white matter tracts in a healthy
aging brain followed a triphasic pattern (in a simplified manner,

TABLE 5 | Results of Pearson’s correlation of AD with age and education level of

the study participants in the observed locations (r-correlation coefficient).

Location Age Education level

r p r p

ACR-L –0.013 0.911 −0.102 0.386

ACR-R −0.097 0.407 −0.089 0.447

ALIC-L 0.084 0.475 −0.009 0.936

ALIC-R 0.028 0.814 −0.075 0.523

BCC 0.376 0.001 −0.162 0.166

CC 0.316 0.006 −0.088 0.451

CGC-L 0.152 0.192 0.004 0.974

CGC-R 0.104 0.374 −0.080 0.497

CGH-L 0.143 0.220 0.000 0.997

CGH-R 0.103 0.378 −0.006 0.957

CR-L 0.034 0.775 −0.108 0.356

CR-R −0.038 0.747 −0.087 0.457

CST-L 0.177 0.130 −0.046 0.692

CST-R 0.176 0.132 0.130 0.265

EC-L 0.219 0.059 0.024 0.841

EC-R 0.253 0.029 0.096 0.410

FX 0.166 0.155 0.036 0.757

FXST-L −0.053 0.652 0.184 0.114

FXST-R 0.028 0.813 0.155 0.186

GCC 0.144 0.216 −0.203 0.080

IC-L 0.039 0.743 0.144 0.217

IC-R 0.039 0.743 0.077 0.514

IFO-L 0.208 0.073 −0.092 0.434

IFO-R 0.142 0.225 −0.166 0.155

PCR-L 0.106 0.367 −0.052 0.657

PCR-R 0.021 0.859 −0.037 0.751

PLIC-L 0.082 0.484 0.152 0.193

PLIC-R 0.008 0.945 0.103 0.381

PTR-L −0.203 0.081 0.088 0.451

PTR-R −0.096 0.412 0.171 0.143

RLIC-L −0.077 0.509 0.226 0.052

RLIC-R 0.061 0.601 0.143 0.222

SCC 0.238 0.040 0.155 0.184

SCR-L 0.038 0.748 −0.103 0.380

SCR-R 0.015 0.898 −0.078 0.507

SFO-L 0.133 0.254 −0.030 0.799

SFO-R 0.020 0.868 −0.123 0.293

SLF-L 0.075 0.524 −0.042 0.721

SLF-R 0.144 0.217 −0.026 0.825

SS-L 0.114 0.329 0.139 0.235

SS-R 0.074 0.528 0.071 0.544

UNC-L 0.340 0.003 −0.179 0.124

UNC-R 0.287 0.013 −0.052 0.659

Significant results are presented in bold case.

FA showed a gradual increase during early adulthood followed
by a stable state during middle age, and gradual decline in
senium; RD, MD, and AD showed a decline during the early
adulthood, followed by the stable state in middle age and increase
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TABLE 5A | The results of partial correlation of AD with age, using education level

as a control variable.

Location Age

R p

ACR-L −0.028 0.814

ACR-R −0.111 0.346

ALIC-L 0.083 0.480

ALIC-R 0.017 0.884

BCC 0.362 0.002

CC 0.308 0.008

CGC-L 0.154 0.189

CGC-R 0.094 0.424

CGH-L 0.145 0.219

CGH-R 0.103 0.381

CR-L 0.019 0.875

CR-R −0.051 0.667

CST-L 0.172 0.143

CST-R 0.198 0.092

EC-L 0.225 0.054

EC-R 0.270 0.020

FX 0.173 0.141

FXST-L −0.028 0.814

FXST-R 0.051 0.669

GCC 0.120 0.310

IC-L 0.060 0.610

IC-R 0.050 0.673

IFO-L 0.198 0.091

IFO-R 0.121 0.303

PCR-L 0.100 0.399

PCR-R 0.016 0.893

PLIC-L 0.106 0.370

PLIC-R 0.023 0.847

PTR-L −0.193 0.099

PTR-R −0.074 0.531

RLIC-L −0.047 0.688

RLIC-R 0.083 0.482

SCC 0.265 0.022

SCR-L 0.024 0.841

SCR-R 0.004 0.972

SFO-L 0.131 0.268

SFO-R 0.002 0.984

SLF-L 0.070 0.556

SLF-R 0.142 0.227

SS-L 0.136 0.247

SS-R 0.085 0.471

UNC-L 0.323 0.005

UNC-R 0.283 0.015

Significant results are presented in bold case.

in senium), so that non-linear age correction should be applied
to most of the tracts. Cerebellar tracts (superior and middle
cerebellar pedunculi) showed basically no change over time (i.e.,
age correction is not applicable); optic radiation and anterior

TABLE 6 | Patterns of significant findings in selected ROIs.

Location FA MD RD AD

Posterior thalamic radiation

Sagittal stratum

Retrolenticular internal capsule

Body of the corpus callosum

The arrows represent significant decrease or increase, depending on the direction they

are pointing to downward-decrease, upward-increase.

limb of the internal capsule showed linear regression with age,
meaning that non-linear age correction is not necessary (49).

Study Limitations
There are some limitations to the study performed. Even though
the number of participants was justified by the power analysis,
it is possible that some correlations would have shown to be
significant if the study sample were larger, and this might be
resolved in a future study. However, it is important to highlight
that the exclusion criterion for our study sample was the presence
of white matter lesions including white matter hyperintensities
(WMH) which represents a pertinent factor for the assessment of
the changes in the white matter related to aging.

The second limitation of the study was the lack of a detailed
neurocognitive assessment of our participants (only a screening
cognitive test was performed as a part of the exclusion criteria).
MMSE scoring test represents a screening test, of high clinical
importance, but is not sensitive enough for the cases of early
cognitive impairment, thus, in our opinion, suitable for the
exclusion of cognitively challenged persons, but not suitable for
detailed correlations. Some of the tracts we analyzed are known
to be associated with affect and personality features, which means
that additional assessment of depression and anxiety would
be recommendable.

An additional limitation is a cross-sectional evaluation
and the lack of longitudinal design, since the changes in
diffusivity measurements may follow certain trajectories during
chronological aging in an individual.

It is necessary to point out that the maturation of the fibers
does not follow the identical dynamics in all observed tracts.
Some of the tracts (IFO, AIC, PLIC, SCC, BCC, GCC, UNC, SFO,
IFO, SLF) reach the full maturity (maximal FA and minimal MD
values) between 20 and 40 years of age (50). In one part of our
study sample, these tracts potentially did not develop their full
maturity, given that the average age of the sample was around
37 years.

The final (small) limitation of the study is the lack of
information on prematurity, which could also influence the
changes in tract diffusivity (CC in the first place) (51).

Even though there were no significant comorbidities noted
in the study sample, it will be reasonable to include additional
information on metabolic function (blood glucose level,
lipidemia, parameters of liver function, arterial tension, etc.) and
lifestyle in the future studies (52, 53).
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FIGURE 5 | Brain maps showing localization with significant age-related diffusivity changes (FA showed a significant decrease in posterior thalamic radiation, MD

showed a significant increase in left sagittal stratum, RD showed a significant increase in posterior thalamic radiation, and AD showed significant changes in the body

of corpus callosum).

It is also worth mentioning that advanced techniques for
evaluation of DWI data could provide more detailed information
than the DTI option (54) and added to the potential of
longitudinal studies in revealing the gradients of changes in
the DTI metrics are two main recommendations for the
future studies.

CONCLUSION

All four DTI metrics showed significant correlations with the
advancing age of healthy participants (FA in posterior thalamic
radiation, MD in left sagittal stratum, RD in the posterior
thalamic radiation, sagittal stratum, and retrolenticular limb
of internal capsule, and AD in body of the corpus callosum).
According to our study, RD showed the richest correlations with
age, out of all DTI metrics. FA, MD, and RD showed significant
changes in the diffusivity of projection fibers, while AD presented
diffusivity changes in the commissural fibers.

It is important to realize that all four DTI metrics are
necessary for the assessment of healthy brain aging effect on

white matter integrity, given that routinely analyzed parameters
(FA and MD) do not allow complete insight into diffusivity
changes. Since the changes in the white matter integrity
that we observed during healthy aging also overlap with
changes observed in several pathological conditions—psychiatric
disorders, traumatic lesions, and dementia/MCI—caution is
necessary when interpreting these differences in a healthy
individual. In such cases, a longitudinal follow-up is necessary to
track the trajectories of degenerative changes associated with the
aging brain.

Finally, the observed heterogeneity in diffusivity changes
across the brain, in our opinion, cannot be explained by
a single aging pattern (antero-posterior, supero-inferior, or
myelodegeneration- retrogenesis). It seems that different patterns
of degradation are true for different fiber tracts in the
brain and that no currently available theory can globally
explain age-related changes in the brain. Some additional
factors, such as the effect of somatosensory decline, should
be included as one of the important covariables in the
existing patterns.
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FIGURE 6 | Box plots showing gender differences in observed locations (1-male, 2- female).
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