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Abstract

Objective

With a globally aging population, there is a need to better understand how brain structure
relates to function in healthy older and younger adults.

Methods

34 healthy participants divided into older (17; Mean = 70.9, SD = 5.4) and younger adults
(17; Mean = 28.1, SD = 2.8) underwent diffusion-weighted imaging and neuropsychological
assessment, including the California Verbal Learning Test 2nd Edition and the Trail Making
Test (TMT-A and TMT-B). Differences in white matter microstructure for older and younger
adults and the association between DTI metrics (fractional anisotropy, FA; mean diffusivity,
MD) and cognitive performance were analyzed using tract-based spatial statistics (p < 0.05,
corrected).

Results

Older adults had significantly lower FA and higher MD than younger adults in widespread
brain regions. There was a significant negative correlation between executive function
(TMT-B) and MD for older adults in the right superior/anterior corona radiata and the corpus
callosum. No significant relationship was detected between DTI metrics and executive func-
tion in younger adults or with memory performance in either group.

Conclusions

The findings underscore the need to examine brain-behaviour relationships as a function of
age. Future studies should include comprehensive assessments in larger lifespan samples
to better understand the aging brain.
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Introduction

There has been a global shift in population demographics, such that the number of individuals
over the age of sixty years currently outnumber youth under age five [1]. With an aging popu-
lation, it is imperative to understand changes in brain structure throughout the course of
adulthood, and how these relate to performance on neuropsychological assessment. Many
studies have used magnetic resonance imaging (MRI) to examine the aging brain because it is
widely accessible and easy to repeat. However, many of these studies have examined differ-
ences or changes specific to grey matter volume, and fewer have examined white matter micro-
structure using techniques such as diffusion tensor imaging (DTT). Studies focused on white
matter have demonstrated decreased white matter integrity in older adults (OA) compared to
younger adults (YA) [e.g. 2, 3]. Furthermore, although many studies have examined the corre-
lates of DTI metrics and neuropsychological performance in various conditions, such as Alz-
heimer’s disease and traumatic brain injury, most studies have used experimental tasks rather
than neuropsychological assessment measures that are typically used in clinical practice. Rela-
tively few studies have used traditional neuropsychological measures combined with DTT to
study healthy OA. Research to date on OA has revealed that reduced microstructural integrity
of white matter relates to slower processing speed [4, 5], executive function [6] memory [7]
and language [8, 9], although more studies are needed.

The current study had two main objectives: 1) to derive DTT metrics of white matter micro-
structural integrity and compare groups of healthy OA and YA; and 2) to examine the relation-
ship between DTI metrics and cognitive performance using neuropsychological assessment
measures of memory and executive function in both OA and YA.

It was hypothesized that the OA group would have significantly lower white matter integrity
than the YA group, particularly in the frontal and temporal lobes. It was also expected that
measures of memory and executive function would correlate with DTI metrics in both groups,
but to a greater extent in older adults.

Methods

Participants

Participants were recruited from the community between June-December 2019, based on age
with a younger adult group ranging from age 25-35 years and an older adult group aged 65
years and up. Inclusion criteria specified English speakers, with normal or corrected-to-nor-
mal vision. Participants also needed to be “neurologically healthy”, defined as no history of
major neurological conditions (e.g. neurodegenerative disorders) or psychiatric disorders (e.g.
schizophrenia). Individuals were excluded based on contraindications for MRI. The study pro-
tocol was approved by the Human Research Ethics Board at the University of Victoria and all
participants provided their written informed consent.

Study design

The currently presented data were collected as part of a larger multi-modal study with addi-
tional non-overlapping findings presented in [10, 11].

DTTI acquisition

Data were collected at West Coast Medical Imaging (Victoria, BC) on a 3T GE Signa Pioneer
MRI scanner. The images were acquired with a SE-EPI sequence, axially, with the following
parameters: TR = 8000 ms, TE = 101 ms, flip angle = 90°, 52 slices (no gap), voxel size = 1.4 x
1.4 x 2.0 mm. There were 48 images acquired for each scan: 45 diffusion-weighted images

PLOS ONE | https://doi.org/10.1371/journal.pone.0305818  June 24, 2024 2/9


https://doi.org/10.1371/journal.pone.0305818

PLOS ONE

White matter in younger and older adults

(b = 1000 s/mm?) and 3 non-diffusion-weighted images (b =0 s/mm? b0). Each acquisition
took approximately 6 minutes.

Neuropsychological assessment

Memory was measured with the California Verbal Learning Test 2" Edition (CVLT-II) and
executive function with the Trail Making Test (TMT- A and TMT -B). CVLT-II is a word-list
learning task with a delayed condition to test recall. TMT-A and TMT-B are visual attention
and task-switching tests used to evaluate visuo-motor processing speed and alternating atten-
tion. Z-scores were computed for each measure to correct for age, sex, and level of education.

DTI analyses

Analyses were performed using Functional MRI of the Brain Software Library (FSL) version
5.0.10 [12, 13]. Diffusion weighted images were aligned to the initial b0 image using the eddy
correction tool to correct for head motion and distortions. Brain tissue was then differentiated
from the skull using the brain extraction tool, with results visually inspected for accuracy. The
DTIFit tool was used to create fractional anisotropy (FA) and mean diffusivity (MD) images
for the tract-based spatial statistics (TBSS) pipeline (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
TBSS). TBSS steps included: erosion of the images to remove outliers from DT fitting, nonlin-
ear registration to standard space (FMRIB_FA_58) and derivation of a mean FA skeleton with
a threshold of 0.2. Voxel-wise statistics were performed on the skeleton using randomise to
compare differences between groups, for both FA and MD. This tool computed an indepen-
dent sample t-test, using 5000 permutations and correction for multiple comparisons with
threshold free cluster enhancement. with threshold-free cluster enhancement. Sex and years of
education were included as regressors of no interest, to remove confounding effects from the
images as per [14]. Each group was then examined separately within the TBSS pipeline using
randomise to evaluate the correlation between domains of cognition (memory and executive
function) and white matter microstructure (FA and MD). Age, sex, and years of education
were included as regressors of no interest. All analyses were corrected for multiple compari-
sons (p < 0.05, corrected). Regions of significance were identified using the Johns Hopkins
University ICBM DTI-81 white matter atlas.

Results
Participants

Participants included 34 healthy adults, including 17 younger and 17 older adults. Demo-
graphic characteristics are presented in Table 1.

Microstructural white matter differences between healthy older and
younger adults

Comparison of FA and MD values between groups revealed significantly lower FA and higher
MD in OA compared to YA in regions including within the left cerebral peduncle, posterior
limb of the internal capsule, right anterior limb of the internal capsule, bilateral posterior tha-
lamic radiations, superior longitudinal fasciculi, anterior corona radiata, cingulum, superior
coronal radiata, posterior corona radiata, external capsule, optic radiations, stria terminalis,
retrolenticular parts of the internal capsule, crura of the fornix, sagittal strata, inferior fronto-
occipital fasciculi, inferior longitudinal fasciculi, as well as the body of the fornix and the sple-
nium, genu, and body of the corpus callosum (Fig 1). There were no regions where YA had
decreased white matter microstructure compared to OA.

PLOS ONE | https://doi.org/10.1371/journal.pone.0305818  June 24, 2024 3/9


https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
https://doi.org/10.1371/journal.pone.0305818

PLOS ONE

White matter in younger and older adults

Table 1. Participant demographic characteristics and cognitive performance.

Age (years)

Age Range
Education (years)
Education Range
Number of Males
Number of Females
TMT B (Z score)

CVLT-II
Long Delay
Free Recall (Z score)

https://doi.org/10.1371/journal.pone.0305818.t001

Younger Older p-value
Adults Adults

28.1+2.8 70.9 + 5.4 p=0.0099 x 107**
25-35 (10) 65-82 (17) -
17.7 £3.2 17.2£3.0 p=0.6177
12-23 (11) 9-23 (14) -

8 -

9 -
0.1034 1.312 p =0.0046
+1.1439 +1.1703
-0.0588 0.4117 p=0.1930
+1.1843 +0.8521

Relationship between microstructural white matter and cognitive
performance

Performance on TMT-B and CVLT-II Long Delay Free Recall are presented for each group in
Table 1. Analyses investigating the relationship between DTI metrics and memory perfor-
mance did not detect significant relationships in healthy OA or YA. With regards to executive
function, a significant negative correlation was observed with MD in the OA group in the right
superior and anterior corona radiata and the body of the corpus callosum (Fig 2). To examine
if these findings could relate to processing speed, a post-hoc examination of TMT-A scores
and MD was performed in the OA group; there were no significant findings. No significant
correlations were found between executive functioning and FA in either the OA group or the
YA group.

Discussion

The current study aimed to examine differences in white matter microstructure between YA
and OA, and relationships between white matter microstructure and cognitive performance
on measures of memory and executive function in YA and OA.

The first hypothesis was that OA would show decreased FA and increased MD in wide-
spread regions, including the temporal and frontal lobes, compared to YA. As expected, analy-
ses revealed that OA had significantly lower FA and higher MD than YA in widespread
regions. These results are consistent with Ziegler et al., [2], who found decreased FA in older
compared to younger participants in diffuse regions using a whole brain approach. These find-
ings are also in line with those of Boekel and Hsieh [3], who found a negative correlation
between age and FA across diffuse regions within middle to older aged adults. These cross-sec-
tional studies are also in line with findings from longitudinal studies that have demonstrated
decreases in white matter integrity over time in healthy aging adults. For example, Moscufo
etal [15] examined older adults at baseline and four years follow up and found decreased
white matter integrity over time. Interestingly, Ouyang et al. [16] took a similar approach, but
compared middle aged adults (36-64 years) to younger adults (20-35 years) and found wide-
spread differences reflective of reduced white matter microstructure (e.g. decreased FA) in the
middle-aged group. It is possible that the observed between group differences in the current
study could have been detected prior to age 65 years, although further research is needed that
incorporates a lifespan approach including young, middle and older adult groups.
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Fig 1. From left to right: sagittal, coronal and axial slices of the standard FMRIB_FA_58 brain displaying results of TBSS analyses overlaid on the white matter
skeleton (green) showing regions that A) have significantly lower FA (red) and B) higher MD (blue) in older adults compared to younger adults (p<0.05,
corrected for multiple comparisons, sex, and years of education). MNI coordinates: 0, -18, 18.

https://doi.org/10.1371/journal.pone.0305818.9001

The second hypothesis was that measures of memory and executive function would corre-
late with DTI metrics in both groups, but to a greater extent in OA. Although executive func-
tion refers to a broad array of cognitive abilities, the current study used a measure of
alternating attention, TMT-B, as a proxy. The findings revealed that poorer performance on
the TMT-B task was associated with increased MD in the OA group, specifically in the right
superior and anterior corona radiata as well as the body of the corpus callosum, suggestive of
reduced white matter integrity. To investigate whether the findings are explained by the simple
visual-motor processing speed component of the task, the relationship between MD and
TMT-A scores were also examined for the OA group, with no significant findings. Therefore,
it is presumed that the alternating attention component unique to the TMT-B led to the signif-
icant finding for the white matter microstructure. Previous literature has established an impor-
tant role for the frontal lobe in executive function (e.g. [17-20]). The right lateralization of the
findings may be due to the visuospatial component of the TMT tasks, for which the right
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Fig 2. From left to right: sagittal, coronal, and axial slices of the standard FMRIB_FA_58 brain displaying results of TBSS analyses showing regions (circled in
yellow) that with a statistically significant negative correlation between MD and executive function (blue) overlaid on the white matter skeleton (green) in older
adults (MNI coordinates: 19, 15,32; right superior corona radiata; 18, 19, 27; right anterior corona radiata; 15, 16, 27; body of the corpus callosum) (p < 0.05,
corrected for multiple comparisons as well as age, sex, and years of education).

https://doi.org/10.1371/journal.pone.0305818.9002

hemisphere is typically more dominant [21]. Although the significant region identified in the
current study was small, it is possible that other types of executive function tasks may correlate
with other frontal lobe regions. For example, Charlton et al. [22] examined middle and older
adults (mean age 69 years) using several working memory tasks, including digit span and letter
number sequencing, and found a significant relationship with white matter microstructure in
the inferior frontal lobe and left frontal lobe near the corpus callosum, as well as the posterior
cingulum and aspects of the temporal lobe. Kantarci et al. [23] also studied older adults
(median age 79 years) using the TMT-B in combination with digit span as a proxy of executive
function and found relationships with white matter microstructure in the cingulum and infe-
rior longitudinal fasciculus. Macpherson et al. [24] were specifically interested in the relation-
ship between TMT-B performance and brain structure in OA (mean age 76 years). Their
findings demonstrated a positive relationship between TMT-B completion time and FA in the
uncinate fasciculus and a negative relationship with MD in the anterior thalamic radiation,
although these relationships did not remain when complex processing speed (e.g. symbol digit
modalities test performance) was included in their model. It is possible that different combina-
tions of measures, and varied age groups have led to disparate findings across studies.

Although a similar finding was expected, albeit to a lesser extent for young adults, there was
no significant relationship between executive function performance and DTI metrics. It is pos-
sible that floor and ceiling effects of MD and FA, respectively, may have dampened any poten-
tial relationships between DTI metrics and cognitive performance in the YA group.

As an index of memory, the long-delay free recall condition of the CVLT-II was used.
There was no significant relationship between memory and DTI metrics in either YA or OA.
Several studies have examined relationships between measures of memory and white matter
microstructure with significant findings, although these have largely focused on individuals
with neurological conditions (e.g. [25]) and some have taken a more sensitive region of interest
approach (e.g. [26]). Interestingly, Kantarci et al. [23] also examined verbal and visual memory
function using a combination of the Wechsler Memory Scale -Revised Logical Memory and
Visual Reproduction and the Rey Auditory Verbal Learning Test and found significant
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relationships with white matter microstructure (FA) in the inferior longitudinal fasciculus and
anterior and posterior cingulum. Further studies using comprehensive neuropsychological
assessment measures across the lifespan will be important to establish the relationship, if any,
between brain structure and memory function across ages.

Limitations

Although the current study examined both brain structure and cognitive performance in two
age groups, there are several limitations to this work that can be addressed in future research.
First, the current study used a cross-sectional approach and offers a comparative analysis
between different groups of people rather than a longitudinal aging study, which limits the
applicability of these results to the actual aging process. Future approaches will use one group
of participants and compare their DTI metrics over time.

There are also limitations related to the data acquisition and analyses. Specifically, even
though DTI metrics such as FA and MD are commonly used to examine white matter micro-
structure, the complexity of white matter (e.g., level of myelination, potential crossing or kiss-
ing fibers) can lead to limitations in interpretation [27, 28]. Furthermore, the TBSS analysis
approach is limited by the accuracy of each step and may be prone to errors based on aspects
such as the quality of image registration needed for creation of a mean FA skeleton [29]. The
current study carefully screened each step in the processing pipeline to ensure accuracy.

The current study focused on the most commonly examined DTI metrics of FA and MD
because these are most comparable with existing literature. It is possible that metrics such as
radial diffusivity (RD) and axial diffusivity (AD) could provide additional information related
to myelination and axonal degeneration, respectively, in future studies. For example, Bennett
etal, [30], examined FA, RD, and AD and found that age related decreases in FA were associ-
ated with several patterns of increases and decreases in AD and RD that were thought to reflect
different changes in white matter (e.g. in myelination or axonal loss) related to aging.

Relatedly, the current study was specifically interested in how DTI metrics differed as a
function of age. As a result, age related variables, such as white matter hyperintensities
(WMH), were not included as regressors of no interest. Rather, it is expected that the DTI met-
rics would broadly reflect white matter alterations related to age. Notably, some other studies
have combined younger and older adult groups and specifically examined the effects of WMH
and have found relationships with cognitive performance (e.g. [31]). Future studies should fur-
ther consider the effects of WMH.

Additionally, the participant groups were pooled from a sample with high education, which
may indicate some protective effects on white matter integrity. Sampling from a more diverse
population, in terms of education and socioeconomic status will lead to the results being more
generalizable to the public at large.

Conclusions

The current study focused on white matter microstructure and examined the relationships
between structural integrity and performance on traditional neuropsychological assessment
measures. The findings revealed widespread reduced white matter integrity in OA compared
to YA. There were significant correlations between performance on TMT-B and a metric of
white matter integrity. Future research should expand the current findings with larger sample
sizes and more comprehensive assessment approaches. Understanding the structural brain
changes expected in healthy aging, and their relationship with widely used standardized cogni-
tive measures, will help neuropsychologists better identify and differentiate normal cognitive
aging from age-related pathology.
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