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Abstract

[tis well established that the posterior region of the corpus callosum, known as the
splenium, is relatively preserved during the course of normal ageing. However, the
effect of age on its distinct interhemispheric tract bundles that project to bilateral
occipital, parietal and temporal areas of the cortex, is largely unknown. In the present
study, diffusion tensor imaging was used to directly examine the integrity of these
distinct segregations and their diffusion metrics were compared between groups of
young adults (n = 20, mean age = 30.75) and older adults (n = 19, mean age = 80.21).
Results revealed that while occipital tracts were preserved in older adults, parietal and
temporal segments were particularly impaired. These findings are the first to indicate
the existence of selective alterations in the posterior region of the corpus callosum in

older age.



1. Introduction

[t is widely accepted that the human corpus callosum (CC) exhibits an anterior-
posterior gradient of degeneration with advancing age [1]. Specifically, normal ageing
seems to target the small-diameter commissural tracts of the anterior CC genu, that
project to bilateral areas of the frontal cortex [2, 3]. This is consistent with age-related
cognitive decline in frontally-localised functions such as task switching [4], declarative
memory [5] and problem solving [6]. In contrast, the CC splenium, which occupies the
posterior region of the CC, appears to be relatively preserved in older age [7, 8].

While the ‘splenium’ label is typically applied to the posterior quarter of the
midsagittal CC, the white matter fibres that pass through this region are diverse, such
that they project bilaterally to three distinct brain regions: the occipital, parietal and
temporal lobes [9-11]. Additionally, the distinct fibre bundles vary in diameter, from
thin late-myelinating parietal fibres to large-diameter tracts connecting primary and
extrastriate visual areas [11]. Inter-individual variability in the morphology of the CC
suggests that region of interest (ROI) measures of the total splenium area are likely to
be noisy, and as such the splenium should be functionally parcellated according to the
topography of the commissural fibres for the most accurate measurements [12]. The
choice of parcellation scheme directly determines which tracts contribute to the
splenium ROI (see [13] for a review of parcellation schemes). Currently, no given
parcellation scheme is able to account for inter-individual differences in the topography
of the CC tracts, which is particularly evident in the splenium [10]. We have therefore
developed a novel parcellation scheme in the current study, to address this issue in the
literature.

The aim of the present study, therefore, was to investigate the effect of age on the

distinct splenium tract bundles. DTI tractography [14] was used to reconstruct the white



matter pathways that traverse the splenium in the CC. Splenium tracts that connect
bilateral occipital, parietal and temporal areas were segregated using our parcellation
scheme. Their diffusion metrics were compared between groups of young and older
adults to determine whether specific tract bundles varied according to age. Various
parameters can be extracted from DTI that provide important insights in the present
context. Mean Diffusivity (MD) describes the average magnitude of diffusivity within a
voxel. Correlations between diffusion metrics and in vitro histological properties suggest
that high MD reflects atrophy of axons, dendrites and myelin density [15]. Radial
Diffusivity (RD) measures diffusion along the axis perpendicular to the direction of
general diffusivity. RD has been significantly correlated with myelination and fibre
density as measured by histological staining [16, 17]. Axial Diffusivity (AD) quantifies
diffusion along the axis parallel to the direction of general diffusivity. Disruption to AD
suggests atrophy of the axon (also known as Wallerian degeneration [16]). Finally,
Fractional Anisotropy (FA) is probably the most commonly employed DTI metric and
describes the general degree of anisotropy, or directionality dependence, within a voxel.
Higher values of FA and AD indicate greater white matter integrity, whereas MD and RD
are inverse measures, where higher values reflect lower integrity.

Previous research has suggested that age-related compensatory recruitment of
brain activity in a given region is associated with reduced white matter integrity in the
same region (the “less wiring more firing” hypothesis [18]). There is evidence of age-
related compensatory activity in bilateral parietal and temporal regions [19, 20], and
evidence of age-related cognitive decline in parietal and temporal functions, such as
visuospatial working memory [21], spatial learning [22] and dichotic listening [23]. We
therefore hypothesised that white matter integrity would be compromised in the

splenium projections to parietal and temporal regions in older adults. We also



hypothesised that occipital tracts would be spared in older age, consistent with preserved

interhemispheric processing of visual information in older adults [24].

2. Materials and methods

2.1.  Participants

The data were collected and provided with permission by the Cambridge Centre

for Ageing and Neuroscience (CamCAN) database [25, 26] (available at http://www.mrc-

cbu.cam.ac.uk/datasets/camcan/). CamCAN is funded by the UK Biotechnology and

Biological Sciences Research Council (grant number BB/H008217/1), with the support
of the UK Medical Research Council and University of Cambridge, UK. Twenty older adults
of more than 75 years old of age and 20 young adults of less than 40 years old of age were
identified. Edinburgh Handedness Inventory [27] scores were used to select only fully
right-handed participants for the present study (i.e., score of 100). One participant (male,
age 85) was omitted from the analysis as parietal tracts could not be detected. The final
groups consisted of 20 younger adults (mean age = 30.75,SD =4.7, range = 23-37, females
=10) and 19 older adults (mean age = 80.21, SD = 2.89, range = 76-86, females = 10). All
participants were classified as being cognitively healthy (MMSE > 24), monolingual
(English), and free from neurological disease and psychiatric conditions (see [25] for a
more detailed description of the exclusion criteria). A general vascular burden score,
which represents the number of cardiovascular risk factors present for each participant,
was calculated (see [28] for a similar approach). Five cardiovascular risk factors were
identified and included hypertension (systolic blood pressure 2140 mm Hg and/or
diastolic blood pressure 290 mm Hg), obesity (body mass index =30), high blood
cholesterol (self-report), diabetes (self-report of taking medication to treat diabetes), and

smoking status (ever vs never). Across all participants, vascular burden was minimal


http://www.mrc-cbu.cam.ac.uk/datasets/camcan/
http://www.mrc-cbu.cam.ac.uk/datasets/camcan/

(younger adults: mean score = 0.9 out of 5, SD = 0.72, range = 0-2; older adults: mean
score = 1.37 outof 5,SD =0.91, range = 0-3). The ID codes, age, gender, years of education,
cardiovascular risk factors, and vascular burden scores of the participants are shown in
Appendix A. Ethical approval was obtained from the Cambridgeshire Research Ethics

Committee and all participants gave their written informed consent before participation.

2.2. DTl acquisition and pre-processing

All participants were scanned for atleast ten minutes using a 3T Siemens TIM Trio
scanner. Diffusion weighted images were acquired using an echo-planar imaging
sequence (30 directions for b-values of 1000 and 2000 s/mm?, 3 scansatb =0, TR=9100
ms, TE = 104 ms, voxel size = 2 mm isotropic, FOV = 192 mm?, 66 axial slices, averages =
1) (see [25, 26] for detailed parameters). DTI data were pre-processed with tools from
the FMRIB Software Library (FSL; FMRIB Analysis Group, Oxford, UK). The DTI images
were skull-stripped using the Brain Extraction Tool (BET). Corrections for eddy-current-

induced distortions were made using the EDDY tool.

2.3.  DTI Tractography

Whole brain probabilistic constrained spherical deconvolution tractography [29]
was carried out using the ExploreDTI software. An angular threshold of 45° and FA
contrast threshold of 0.2 was applied to all reconstructed tracts. ROIs were drawn onto
the DTI scans of each participant to isolate the occipital, temporal and parietal tract
bundles that pass through the splenium. Firstly, the splenium was identified by drawing
a ROI on the middle slice of the sagittal plane around the posterior quarter of the entire
CC (Figure 1-A). The tracts passing through this section were drawn to visualise the

different bundles (Figure 1-B). For the occipital tracts, two ROIs were drawn on the



coronal plane to isolate the tracts projecting to the occipital lobe of each hemisphere,
omitting tracts that projected to parietal areas (Figure 1-C & 1-D). Parietal tracts were
selected by replacing the former ROIs surrounding the occipital tracts with new ROIs
(Figure 1-E). Two more ROIs were drawn on sagittal planes left and right of the midline,
to exclude tracts that projected to temporal areas (Figure 1-F). Parietal tracts are
illustrated in Figure 1-G. Tracts that passed through the initial splenium ROI and

projected forward to temporal areas were isolated with ROIs in the right and left

hemisphere on coronal plane (Figure 1-H & 1-I).




Figure 1: Sagittal view of ROI drawn around the splenium on the midsagittal scan (A).
Sagittal view of all tracts traversing the midsagittal ROI (B). Rear coronal view of ROIs
drawn around left and right occipital tract bundles (C). Axial view of interhemispheric
occipital tracts, which are coloured according to direction (red: left-right; blue: top-bottom;
green: front-back) (D). Rear coronal view of parietal ROIs (red) that exclude occipital ROIs
(green) (E). Sagittal parietal ROIs drawn either side of the midline to exclude temporal
tracts (F). The resulting interhemispheric parietal tracts (G). Sagittal ROIs drawn around
left and right temporal projections from the splenium (H). The isolated interhemispheric

temporal tracts (I).

Average FA, MD, RD, and AD metrics were extracted from these tracts of interest
and used as dependent variables in the analyses. We segmented each callosal bundle
+6mm (three 2mm slices) either side of the sagittal midline to analyse the midsagittal
segments of the CC, and to control for potential confounding effects of tract length or

density [30].

2.4.  Statistical analyses

We used a series of GLM Univariate ANCOVAs for each DTI measure (FA, MD, AD,
and RD), with age group (young, older) as the independent variable to test for age group
differences in the DTI parameters at each level of ROI. We included vascular burden,
gender and years of education as the covariates. For display purposes, MD, AD and RD
values were scaled by a factor of 103. In additon, we also ran linear regressions to test for
possible relationships between the DTI parameters and four different factors: gender as
an independentvariable, with age, vascular burden, and years of education as continuous

variables. The factor of age was considered as a continuous variable in the regression



analyses because of the relatively large age range in each group (i.e., 23-37 years for the

group of young adults, and 76-86 years for the group of older adults).

3. Results

The results of the ANCOVAs, shown in Table 1 and Figure 21, reveal that older
adults exhibited significantly greater MD, AD and RD in the parietal and temporal
segments, and lower temporal FA in comparison to young adults. The analysis of DTI
parameters for the occipital segments showed no significant differences between young

and older adults.

DTI Mean SD Mean SD
2
ROI Metric Young Young Older Older F df p My

Occipital FA 0.719 0.051 0.714 0.068 0.011 (1,34) 916 <0.000
MD 0.533 0.033 0.560 0.051 2.447 (1,34) .127 0.067

AD 1.086 0.073 1.126 0.071 4.035 (1,34) .053 0.106

RD 0.257 0.040 0.275 0.063 0.350 (1,34) .558 0.010

Parietal FA 0.619 0.051 0.602 0.074 0.078 (1,34) .782 0.002

MD 0.552 0.031 0.609 0.062 12.540 (1,34) .001 0.269

AD 1.011  0.059 1.089 0.087 15.329 (1,34) <.001 0.311

RD 0.322 0.038 0.370 0.070 4.792 (1,34) .036 0.124

Temporal FA 0.756 0.067 0.710 0.057 5.192 (1,34) .029 0.132
MD 0.507 0.037 0.565 0.042 23.502 (1,34) <001 0.409

AD 1.074 0.090 1.135 0.083 5513 (1,34) .025 0.140

RD 0.223 0.048 0.280 0.049 12.619 (1,34) .001 0.271

Table 1: Between-group analysis of segmented tract bundles

! The data has been reviewed and verified independently by reviewers
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Figure 2: Violin plots illustrating the distribution of FA, AD, MD and RD values across the
segmented splenium tracts in young and older adults. Each dot represents an individual

participant.

Multiple linear regressions were then carried out to test if age, gender, vascular
burden, and years of education were significant predictors of the DTI values (see
appendix B). It was found that age was the main significant predictor of a number of DTI
values: parietal MD (Beta =.535, p =.002), temporal MD (Beta =.645, p <.001), parietal
AD (Beta =.561, p =.001), temporal AD (Beta =.364, p =.027), parietal RD (Beta =.356,
p =.042), temporal RD (Beta =.548, p =.001), and temporal FA (Beta =-.376, p =.033).
Gender also appears to account for some of the variability of the MD and AD values in the
temporal tracts (Beta =.298,p =.024 and Beta =.364, p=.019, respectively), with females
having greater variability in those values. Vascular burden was a significant predictor of
the parietal AD values only (Beta = -.328, p = .041). Years of education was not a

significant factor on any of the DTI values. Therefore, from these analyses, it remains clear



that age is the main variable that could explain the small amount of the variance in the

DTI values in our participants.

4. Discussion

This cross-sectional study aimed to test whether distinct tract bundles of the CC
splenium differed according to age. The analyses of the diffusion parameters of the white
matter tract bundles that pass through the CC splenium showed that differential spatial
patterns of degeneration occur in older age. The main findings from these analyses
revealed that older adults had significantly increased MD and RD (thus, lower white
matter integrity) in parietal and temporal tracts compared to young adults, while
diffusivity of occipital segments was equivalent between the groups. Interestingly, older
adults were also found to have higher AD than young adults in parietal and temporal
tracts. As mentioned earlier, increased AD is consistent with greater diffusivity along the
axon. This increase in older adults may therefore reflect continued axonal maturation in
older age that coincides with reductions in MD and RD-based integrity, which has been
linked to myelination [17]. Similar patterns have been reported in the CC genu, fornix and
external capsule [6, 31, 32]. White matter structures that exhibit age-related increases in
RD and AD have also been found to be structures that show the largest between-group
differences in RD [31]. It has been suggested that areas that exhibit simultaneous RD/AD
increases may be areas that suffer from age-induced reductions of axonal packing density
(i.e., contain fibres of thin diameter), which could drive increases in AD [31]. In line with
this hypothesis, studies of fibre composition of the CC indicate that parietal and temporal
projections through the CC are thinner in diameter than occipital fibres [9, 33], which
may explain why, in the present study, AD was greater in older adults for parietal and

temporal tract segments, but not for occipital tract segments.



These novel findings support our hypothesis that older adults would experience
integrity reductions in splenium connections that project to the areas of cortex that tend
to be functionally disrupted during healthy ageing (i.e., the parietal and temporal areas).
Indeed, a number of studies have provided evidence of age-related cognitive decline in
parietal and temporal functions, such as visuospatial working memory [21], spatial
learning [22] and dichotic listening [23]. However, to our knowledge, no studies have
explicitly investigated the link between parietal and temporal tract bundles and cognitive
decline in older age, so the functional implications of decline in these tracts remains
unknown. Further investigations of possible functions attributed to these tracts are
necessary to understand how these changes in white matter integrity may be important
for cognitive decline. Our study also showed that the integrity of tracts projecting to the
occipital cortices was retained in older adults. Occipital tracts are thought to support the
transfer of visual information between the two cerebral hemispheres. This finding of
preserved integrity in splenium connections that project to the occipital cortices is
consistent with our previous demonstration of preserved interhemispheric processing of
visual information in older adults [24].

We have interpreted age differences in the microstructural properties of
reconstructed white matter tracts as a difference in the “integrity” of the targeted white
matter fibres. Given the context of the study and the assumption that white matter
microstructure doesindeed deteriorate with age [34], this interpretation is justified. This
finding has been demonstrated and discussed previously [30], and current thinking
suggests that changes in the microstructural tract properties estimated by DTI may
reflect phenomena other than integrity, such as tract density, axon diameter and the
presence of crossing tracts (where two or more tracts are imaged within the same voxel).

In the present study, we attempted to address this potential limitation by adjusting for



the approximate density of reconstructed tracts. Crossing tracts canlead to the distortion
of the tensor model in a given voxel, especially when the crossing tracts diverge in
orientation [35], rendering the interpretation of anisotropy and diffusion metrics
redundant. As demonstrated previously, the splenium predominantly consists of voxels
with a single (sagittal) fibre orientation, especially in midsagittal segments [35]. Our
analysis of the mid-sagittal portion of the posterior CC should therefore have reduced the

likelihood of estimating microstructural properties at the locations of crossing tracts.

5. Conclusions

To summarise, this study identified age-related modulations of the white matter
tracts that pass through the splenium of the CC. These modulations suggest a reduction
ofintegrity in the underlying white matter fibres in older age, likely due to demyelination
as proposed by prior histological investigations of ageing [34]. To our knowledge, this is
the first study to reveal that older adults experience poorer integrity in midsagittal
parietal and temporal commissural segments of the splenium, while the midsagittal
occipital segments are preserved. There is a need for longitudinal research to confirm
these findings. Furthermore, very little research has considered these tracts in isolation,
and their functional significance is relatively unknown. Further research is required to
identify cognitive tasks that are facilitated by interhemispheric parietal and temporal

tracts, and to what degree these tasks are affected by healthy normal ageing.
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Appendix A - participant codes and characteristics from CamCAN dataset (for replication)

ID GROUP | AGE | GENDER YEARS of BMI SYSTOLIC DIASTOLIC HIGH BLOOD | DIABETES | SMOKING | VASCULAR
EDUCATION BLOOD BLOOD CHOLESTEROL STATUS BURDEN
PRESSURE PRESSURE SCORE
(mmHg) (mmHg)
CC110098 Younger 23 Male 17 NK NK NK No No Ever 1
CC110319 | Younger | 28 Female 20 24.23 104 50.5 No No Never 0
CC120264 | Younger 28 Male 16 20.93 108.5 74.5 No No Ever 1
CC120727 | Younger 23 Female 21 23.58 125.5 87 No No Never 0
CC121194 | Younger 24 Female 18 25.20 111.5 77 No No Ever 1
CC121317 | Younger 25 Female 21 31.64 113.5 715 No No Ever 2
CC121397 | Younger 27 Male 22 25.79 121.5 82.5 No No Ever 1
CC210422 Younger 34 Male 22 21.38 122.5 79 No No Ever 1
CC210526 | Younger 37 Male 25 23.37 113 84.5 No No Ever 1
CC220132 Younger 31 Male 18 21.45 139 93 No No Ever 2
CC220223 | Younger 33 Male 24 25.13 117 74 No No Ever 1
CC220635 | Younger 36 Female 26 33.22 106 81 No No Ever 2
CC220806 | Younger 35 Female 22 17.66 103 62.5 No No Never 0
CC220828 | Younger 33 Female 22 21.27 111 66.5 No No Never 0
CC221033 | Younger 28 Female 21 23.37 95 58 No No Never 0
CC221040 | Younger 36 Male 18 24.32 115.5 74.5 No No Ever 1
CC221580 | Younger 31 Female 18 35.65 111 73 No No Ever 2
CC221977 | Younger 37 Male 25 23.71 113 78 No No Ever 1
CC222125 Younger 34 Male 24 21.27 103 67 No No Never 0
CC222956 | Younger 32 Female 16 25.18 108 71 No No Ever 1
CC610146 Older 76 Female 27 NK NK NK No No Ever 1
CC610212 Older 77 Female 17 30.64 122 79 No No Ever 2
CC610658 Older 78 Male 23 33.28 136 81.5 No No Never 1
CC620572 Older 78 Female 23 30.16 132.5 86.5 No No Ever 2
CC620610 Older 76 Male 26 26.81 166.5 79 No No Never 1
CC710099 Older 85 Female 24 NK NK NK No No Ever 1
CC710350 Older 81 Male 21 29.23 109.5 59 No No Ever 1
CC710548 Older 83 Male 15 NK NK NK No No Ever 1
CC711128 Older 80 Male 14 30.16 123 55.5 Yes No Ever 3
CC720188 Older 78 Male 25 29.87 174 815 Yes No Ever 3
CC720290 Older 84 Male 21 19.87 115 62.5 No No Ever 1
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CC720400 Older 86 Female 15 21.55 136 73 Yes No Ever 2
CC720511 Older 79 Male 24 31 137.5 85.5 No No Ever 2
CC720622 Older 81 Female 22 25.68 142 61.5 No No Ever 2
CC721107 Older 79 Female 21 24.36 128 67.5 No No Ever 1
CC721504 Older 82 Male 26 26.32 122.5 56 No No Never 0
CC721648 Older 80 Female 25 26.25 136 72 No No Never 0
CC721704 Older 82 Female 22 22.80 148 77.5 No No Never 1
CC722421 Older 79 Female 20 25.50 162.5 88.5 No No Never 1
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Appendix B - Results of the linear regression analyses

Gender Age Vascular Burden Years of Education

R(rillegér]i)gl B 95% CI Beta p B 95% CI Beta p B 95% CI Beta p B 95% CI Beta p
Occipital

FA .-.004  [-.043,.034] -.037 .818 | <.001 [-.001,.001] .031 .860 -.021 [-.047,.006] -283 .118 | .003 [-.003,.009] 167 330

MD .015 [-.014,.044] .168  .310 | <.001 [<.001,.001] 234 .186 .007 [-.013,.027] 122 497 .001 [-.005,.004] -.042 .808

AD .033 [-.014,.079] 225  .162 | .001  [<.001,.002]  .300 .082 -.021 [-.053,.012] -223 .203 | .001 [-.006,.008] .052  .754

RD .007 [-.027,.041] .067 .681 | <001 [-.001,.001] .083 .634 .018 [-.005,.042] 277 126 | -.002 [-.007,.003] -116  .498
Parietal

FA .015 [-.027,.056] 117 483 | <001 [-.001,.001] -.041 .816 -.021 [-.049,.008] -262 153 | -.001 [-.008,.005] -078 .655

MD .003 [-.031,.036] .023 .875 | .001  [<.001,.002] .535 .002 -.007 [-.030,.016] -096 .555 | <.001  [-.005,.005] -007 .965

AD .024 [-.023,.071] 146  .310 | .002 [-.001,.003] .561 .001 -034 [-.067,.-001] -328 .041 | -.002 [-.009,.006] -.067 .654

RD -.008 [-.047,.030] -.068 .671 | .001 [<-010,.002] .356 .042 .007 [-.020,.033] .092  .599 | .001 [-.005,.006] .037  .827
Temporal

FA .008 [-.034,.050] .064 .689 | -.001 [-002,.<001] -376 .033 .002 [-.027,.031] .025 .888 | .004 [-.003,.010] 190 .262

MD .029 [.004,.053] 298  .024 | .001 [.001,.002] .645 .<.001 | -.008 [-.025,.009] -127 361 | -.002 [-.005,.002] -113  .398

AD .065 [.011,.119] 364  .019 | .001 [<.001,.002] 364 .027 -.017 [-.054,.021] -146 372 .001 [-.007,.009] .032  .839

RD .010 [-.022,.043] .093 .526 | .001 [.001,.002] .548 .001 -.003 [-.026,.019] -048 .764 | -.003 [-.008,.002] -174 .260
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