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Myelin Content and Processing Speed 2

Abstract
The objective of this study was to investigate wkethe estimated myelin content of white
matter tracts is predictive of cognitive processpged and whether such associations are
modulated by age. Associations between estimatedimgontent and processing speed was
assessed in 570 community-living individuals (27iddte-age, 293 older-age). Myelin
content was estimated using the mean T1w/T2w magrestonance ratio, in six white matter
tracts (anterior corona radiata, superior corodéta, pontine crossing tract, anterior limb of
the internal capsule, genu of the corpus callosamd,splenium of the corpus callosum).
Processing speed was estimated by extracting eipaircomponent from 5 separate tests of
processing speed. It was found that estimated mgeltent of the bilateral anterior limb of
the internal capsule and left splenium of the cerpaillosum were significant predictors of
processing speed, even after controlling for so@orographic, health and genetic variables
and correcting for multiple comparisons. One S@hbr in the estimated myelin content of
the anterior limb of the internal capsule was asdged with 2.53% faster processing speed
and within the left splenium of the corpus calloswith 2.20% faster processing speed. In
addition, significant differences in estimated niyelontent between middle-age and older
participants were found in all six white matterctsa The present results indicate that myelin
content, estimateih vivo using a neuroimaging approach in healthy oldettadis

sufficiently precise to predict variability in pregsing speed in behavioural measures.

Key words: myelin, processing speed, white magtgeing, T1w/T2w
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Highlights

- Associations between myelin content and procgsspeed examined in 570 adults

- Higher myelin content of white matter tracts pogedd faster processing speed

- This finding persisted even after controlling fealth and genetic variables

- Older adults have significantly lower myelin cent within WM tracts
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1. Introduction

The highly-myelinated nature of the human brain grgdvulnerability of myelin to
degeneration, may contribute to our species’ susunhkfy to age-related neurocognitive
disorders. The cognitive domain most associateld migelin is processing speed (PS)(Lu et
al., 2011; Lu et al., 2013) — a sensitive indicatboverall cognitive decline (Finkel et al.,
2007; Cherbuin et al., 2010). It has been demaestrhat PS is the basic cognitive
mechanism that mediates age-related decline in me(Bance and Macready, 2005; Lee et
al., 2012). PS can be conceptualised as the rathiah cognitive operations are executed,
such as planning and initiation of intended moaod is often tested in conjunction with
psychomotor speed, which accounts for the speé#tkahotion itself (Cepeda et al., 2013).
Recent longitudinal studies have demonstratedarse U-shaped lifespan trajectory of
myelin content with a peak at around 30-40 yeasst@®kis et al., 2012). A similar
trajectory has been observed in cognitive PS samesss the lifespan (Cerella and Hale,
1994; Bartzokis et al., 2010). Further, a declm®$% is the primary cognitive deficit
underlying the rapid cognitive decline seen in delimating diseases such multiple sclerosis
(Demaree et al., 1999). In addition, myelin losd B$ decline have also been shown to share
multiple risk-factors includind\PO* E4 genotype (Bartzokis et al., 2007), and lifestyle

factors (Anstey et al., 2009; Ramagopalan et AlL02.

A few studies have made important contributionthia area by using indirect
measures such as transverse relaxation rate asidiff measures such as fractional
anisotropy. Such studies on healthy older populatitave found that the integrity of white
matter regions, especially in frontal areas, areetated with PS, and that these regions show
modest mediation effects on age-related PS defilmet al., 2011; Salami et al., 2012; Lu et
al., 2013). These studies have used a maximumaPt8/tests and as such are potentially

confounded by unwanted variance relating to otbgnitive domains (Salthouse et al.,
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Myelin Content and Processing Speed 5

1996). Other research using more robust measum@®oéssing speed have shown more
global effects by demonstrating that general factawhite matter fractional anisotropy is

able to predict PS in healthy older adults (Penksd.£2010; Kerchner et al., 2012).

However, the measures of white matter integritydusgethese studies are unspecific as they
index the movement of water molecules which arecfd, apart from myelin, by neuronal
and glial density and size (Winston, 2012), as aglpathological states such as amyloid beta

deposition (Racine et al., 2014).

In addition, few such studies have accounted famiggheric asymmetries in myelin
content of white matter tracts in healthy adultsg@ and Thompson, 2003; Takao et al.,
2011). These asymmetries have been shown to beiassbwith specialisations in language,
memory and motor functions, and as such may indeathplicated in PS (de Schotten et al.,
2011; Ocklenburg et al., 2016). For instance, trpus callosum is the primary tract that
facilitates information transfer between hemispbened asymmetrical myelin content may
differentially disrupt speed of communication betwend within networks. In particular,
tracts within the left hemisphere have been repdashown to be more susceptible to age-
and pathology- related neurodegeneration (Thompsah, 2007; Minkova et al., 2017).
Accounting for such asymmetries in myelin conteitt assist in clarifying how tracts within

each hemisphere differentially contribute to adatesl changed in PS.

Few studies have directly examined the relationbkigveen myelin content and PS
in non-clinical populations, and we are not awdrarny study using a measure specifically
developed for this purpose. This is likely duelte difficulty in measuring myelin leveia
vivo. Histological myelin measurement is the gold séaddbut it can only be performed

post-mortem and is therefore not suitable to ingat this question in humans.
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Recently, a new measure, the ratio between anithdilis structural T1-weighted
(T1-w) and T2-weighted (T2-w) image (T1w/T2w), HBesen proposed as a practical and
sensitive measure fon vivo myelin content estimation (Glasser and Van Es2eh];
Ganzetti et al., 2014). Multiple studies have desti@ted that T1w/T2w cortical intensity
maps parallel myeloarchitectural maps based oolbgital samples (Glasser and Van
Essen, 2011; Ganzetti et al., 2014; Glasser e2@l4; Ganzetti et al., 2015; Nieuwenhuys
and Broere, 2017). Recently, an immunocytochemgtrgly of post-mortem brains showed
that T1w/T2w values correlate with myelin levelsa@dmura et al., 2017). The T1w/T2w
ratio has also been used to estimat@vo myelin degeneration in patients with
schizophrenia (Ganzetti et al., 2015; Iwatani gtZ815), multiple sclerosis (Beer et al.,
2016), and bipolar disorder (Ishida et al., 20FZiyther, the method has been used to
demonstrate that higher estimated myelin withinaebral cortex is associated with

reduced intra-subject variability on speeded t¢&kgdeland et al., 2013).

Although we are not aware of any research invetstigahe association between sub-
cortical myelin content (MYE) as estimated by T1@&M and cognitive performance, we
predicted based on the available literature thaetdMYE within white matter tracts would
be associated with lower PS in cognitively healtidividuals. Moreover, since age-related
decrease in brain myelin has been clearly demdasdt(8artzokis, 2004), we predicted that
older individuals would present with lower MYE lés¢han younger individuals and that this
difference would be associated with a slower P$isTthe aim of this study was to
investigate whether MYE of major white matter teastas predictive of PS in a large sample

of cognitively healthy middle-age and older adults.

2. Materialsand Method

2.1 Participants
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Participants were selected from the MRI sub-studigizvthe PATH Through Life
Project (PATH) which has been described in detadwhere (Anstey et al., 2012). Briefly,
PATH is an ongoing population-based longitudinabgtthat aims to track the course of
cognitive ability, mental health disorders, substanse and dementia across the lifespan.
Participants are randomly selected from the elattoll of the Australian Capital Territory
and surrounding regions. Data collection startet9i®9 and participants are reassessed every

four years.

The PATH study consists of three cohorts: 20-24s/6§mung adult), 40—-44 years
(middle-age), and 60-64 (older-age) years at beselihe focus of this study is on the
middle-age (MA) and older-age (OA) cohorts at thedtassessment, due to the availability
of higher quality T1-w and T2-w MRI scans for botie MA and OA participants at this
time-point. Of the 2530 MA and 2550 OA patrticipargsruited into the study, 304 MA and
303 OA patrticipants had complete imaging dataathird assessment. However, an inhouse
guality control script and visual inspection reashhn additional 14 scans were excluded due
to poor quality. From this sample, a further 23ipgrants were excluded due to: epilepsy
(n=2), having a history of stroke (n=14), Parkinsatisease (n=3), dementia (n=2) and
cognitive impairment (n=2) as defined by a Mini-MarStatus Exam score of less than 25.
The final sample available for analysis include@ Harticipants (277 MA and 293 OA). The
selected sample did not differ significantly fronetoverall MA and OA PATH cohort on sex

and education; however, it was significantly younge 1.967, p = .049).

2.2 Socio-demographic, health and genetic measures

Years of education, alcohol consumption, smokifyspcal activity were assessed using

self-report. Alcohol consumption was assessedasumber of standard alcoholic drinks
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consumed per week (Alcohol Use Disorders ldentificaTest; Babor et al., 2001). Physical
activity was assessed as the number of hours pelt @famild, moderate and vigorous
exercise. To provide an intensity-sensitive cordimiscore of physical exercise, the three
levels of activity were combined using a weightedcgdure such that hours of mild physical
activity were multiplied by 1, hours of moderateypical activity by 2 and hours of vigorous
physical activity by 3 (Lamont et al., 2014). Deggiwe symptomology was assessed using
the Goldberg Depression Score (Goldberg et al.8l3eated systolic and diastolic blood
pressures (BP) were averaged over two measurem@idat® 5-minute rest and participants
were classified as hypertensive if they were onicaédherapy for hypertension or if they
had an average systolic BR40mm Hg or diastolic BR90mm Hg. Genomic DNA was
extracted using cheek swabs and was used to igéméiforesence &PO* E4 genotype

(Christensen et al., 2008).

2.3 Measures of cognitive PS

PS was assessed using five different tasks. Thé&lyDigit Modalities Test (SDMT;

Strauss et al., 2006), was scored as the numlmar@ct matches identified according to the
stimulus symbol digit code, within a 90-s perio@nfle (SRT) and choice reaction time
(CRT) were assessed by giving participants a sinallto hold with both hands, with left and
right buttons at the top to be depressed by thexificigers. The front of the box had three
lights: a red stimulus light under each of the &ftl right buttons, and a green get-ready light
in the middle. For SRT task, participants placesirtight hand, on the right button and were
asked to press it as quick as possible when theytsared stimulus light up. For the CRT
task, participants were asked to place their fiigiger on the right button and their left finger
on the left button and to press the correspondiritpb when the left or right red light lit up.
There were 4 blocks of 20 trials measuring SRToveéd by two blocks of 20 trials

measuring CRT. The mean reaction time was the geeaaeross all trials. Trail Making Task
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Part A (TMT-A; Reitan, 1958) was scored as the amofitime taken to complete the task
and the Purdue Pegboard task using both handd {#R;and Asher, 1948) was scored as

the number of pairs of pins placed into the pegthol@vice within 30-s.

2.4 MRI data acquisition

All participants were imaged in a 1.5-Tesla SiemmAmanto scanner (Siemens
Medical Solutions, Erlangen, Germany). It has b&®wn that after calibration procedures
are implemented (described in the following seqgtitime T1w/T2w values obtained from 1.5-
Tesla scans are similar to those obtained at 3aT&Anzetti et al., 2014). T1-w images were
acquired in sagittal orientation with (repetitiomé&/echo time/flip angle/slice thickness =
1160ms/4.17ms/15°/1 mm) matrix size 256 x 256 anaebsize of 1 x 1 mm. T2-w images
were acquired in coronal orientation with (repetittime/echo time/flip angle/slice thickness

= 9680ms/115ms/150°/4 mm) matrix size 256 x 256\vam@| size 0.898 x 0.898 mm.

2.5 MRI data analysis

T1-w and T2-w image were pre-processed and compfobowing the method and
workflow outlined in Ganzetti et al. (2014, 201%his process included bias correction and
intensity calibration on both the T1-w and T2-w geaefore they were combined. This
entire process was undertaken using FreesurferafR8lthe MINC imaging

toolbox(http://www.bic.mni.mcqill.ca/ServicesSoftred

First the T1-w images were transformed using thel MR atlas into Talairach space. A
rigid-body transform was then used to match thenTiBrage to the already transformed T1-
w image. To address intensity bias due to distostio the B1 field between T1-w and T2-w
images, each image was first individually bias-eoted using the mri_nu_correct.mni tool

from the MINC imaging toolbox_(http://www.bic.mniggill.ca/ServicesSoftware) with the
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default setting. As the T1w/T2w technique is a gatave technique, it is susceptible to
intensity scaling discrepancies across both indiaisl and scanners. As such, a calibration
procedure recommended by Ganzetti et al. (2014gwtorrects for these discrepancies was
implemented. The procedure involves a linear ti@mnsétion of the bias-corrected images.
Specifically, two non-brain areas of homogenouerisity were selected: one area that
contains relatively high values in the T1-w scad ealatively low values in the T2-w scan,
and another area with the reverse characterisGomsistent with Ganzetti et al. (2014), the
temporal muscle and the eyeball humour were selecle calculate the scaling factors, the
mode value in each of the selected areas was tedrand compared with corresponding
values from the high-resolution International Catisen for Brain Mapping (ICBM)
reference image. The T1-w and T2-w images were seearately multiplied by the resulting
scaling factor to create the calibrated imageserAdtlibration, the T1-w image was divided

by the T2-w image to create the final T1w/T2w rattage.

2.6 Regions of interest

Consistent with previous research on myelin conféftittall et al., 1997; Leppert et al.,
2009; Welker and Patton, 2012; Ganzetti et al.42@hd involvement in cognition (Madden
et al., 2004; Turken et al., 2008; Davis et alQ205alami et al., 2012), a total of 6 white
matter tracts with putatively high myelin conterdre selected: anterior corona radiata
(ACR), superior corona radiata (SCR), pontine dragract (PCT), anterior limb of the
internal capsule (ALIC), genu of the corpus callnsiGCC), splenium of the corpus
callosum (SCC). All ROIs were defined using theresbtaxic single-subject manually
parcellated (Type threshold of fractional anisotropy > 0.25) John Kap University
white-matter tractography atlas (JHU-DTI-SS; Omshal., 2009),which is a part of the FSL
atlas tools (see Figure 1 for visual representadfdROIs). In order to precisely align with the

T1w/T2w images, the atlas was affine-aligned intdIlb2 space. The image containing
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labels for individual tracts was accordingly trarsfied to subject space. The mean MYE

(per tract) was computed as the mean intensityl ¥baels with the tract.

Figure 1 — Visual representation of ROls (left hgohiere).

Light blue = anterior corona radiata, dark blueupesior corona radiata, red = anterior limb
of the internal capsule, magenta = genu of theugallosum, green = splenium of the
corpus callosum, yellow = pontine crossing traé@dIfRkwere defined using the manually
parcellated (Type I) John Hopkins University whibetter tractography atlas (JHU-DTI-SS;

Oishi et al., 2009).

2.7 Statistical analysis and experimental design
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Statistical analyses were computed using IBM SP@&#sscs 24. Age was split into two
variables to separately assess the within and leetwehort variability in age: age group
(AgeG) and age centred (AgeC). AgeG indicated wdretie participant belonged to the MA
or OA group. AgeC was calculated by subtractingrthended age of the youngest participant
from the exact age of participants in each grouperAeing converted to z-scores, the five
different tests of PS were subject to a principahponent analysis (PCA) in order to extract
a single common factor of PS. Principal componwiitis an eigenvalue greater than 1 were
retained for further consideration. The selectedggral component of PS was confirmed by
the high and consistent loadings of individual nuees of PS contributing to it. For ease of
interpretation, the scores were inverted (multgble -1), so that higher scores on the factor

correspond to faster PS.

Independent sample t-tests and chi-squared tesésused to assess AgeG differences
between the MA and OA groups on socio-demograpi@alth, genetic variables. Multiple
paired sample t-tests were used to assess intgresualifferences within mean T1w/T2w
values for the selected ROIs. Multiple ANCOVAs wased to identify AgeG and Sex
differences and interactions in MYE, controlling fageC, within the six white matter tracts.
The same approach was used to identify AgeG andiiffexences in the principal

component of PS.

To assess whether MYE could predict PS, hierarthiezar regression analyses were
performed to examine the association between MYERS. The preliminary model included
AgeG, AgeC, Sex and Education as independent Vasi@nd PS as the dependent variable
(block 1). MYE of the ROI and a lateralization ixdealculated with the formula [(L-
R)/(L+R)*100] were entered as an independent véiéidock 2). To determine whether
mean ROI intensity could account for any additioraiance in PS over health and genetic

variables (alcohol consumption, smoking, physicéiviy, hypertension, presence of
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296 APO*E4 genotype and depressive symptomology), bBueicluded all variables examined.
297 The lateralization index was only retained in thadels if it was a significant predictor. All

298 two-way and three-way interactions terms involvikgeG, AgeC, Sex and MYE were

299 examined (block 4). Significance was set at p $@8d correction for multiple comparisons
300 was applied using the sequential Holm-Bonferronihmé (Holm, 1979). Analyses using

301 individual tests of PS were corrected for 5 congmariand the main regression analyses using
302 individual tracts were corrected for 6 comparisdhisadjusted p-values are reported for all

303 analyses.

304

305 3. Reaults

306 3.1 Sample characteristics

307 Group comparison between the OA and MA groups tedghat the OA group had fewer
308 females, was significantly less educated, had ladnighysical activity score, higher rates of

309 hypertension and scored higher on depressive syngbbgy (Table 1).

310 3.2 Comparison of mean T1w/T2w values within ROIs

311  Significant differences in the mean T1w/T2w valuese found between all tracts{4.967
312 t0 45.308p < .001), apart from between the ALIC and GGE {.330,p =.184). Sample
313 means and SDs are listen in Table 1, and effees semged from Cohens= 0.086 (ACR

314 and PCT) to Coher= 0.313 (SCC and PCT).

315 3.3 Age group and sex differences in MYE

316 The Tract by AgeG by Sex ANCOVA revealed the foliogveffects. A main effect for AgeG
317 was detected, indicating that the OA group hadisagmtly lower MYE in all six of the

318  white matter tracts examined (Table 1), with lagffect sizes: ACRK =1130.177, p < .001,
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12 = .671), SCRK = 1644.536, p < .00h2 = .746), PCTK = 991.323, p < .0012 =
.639), ALIC F = 1026.559, p < .00%2 = .647), GCCK = 1041.574, p < .00h2 = .651)
and SCCK = 1052.399, p < .00%; = .655). On average, the white matter tracts efQ
group had 21.95% less MYE when compared to the kb, with the biggest difference

seen in the SCR (24.08%) and the ALIC (24.06%)o%edd by ACR (22.11%), GCC

(22.04%) SCC (20.23%) and PCT (19.17%).

A significant main effect of sex was found withiretSCC E = 5.822, p = .016;; = .010),
with females having 1.60% less MYE than males. Aye@ by Sex interaction was detected
in the ALIC (F = 6.305, p = .01232 = .011), SCRK = 4.447, p = .035)% = .008), ACR E
=4.000, p = .04695 = .007) and the PCF(= 4.849, p = .028&5 =.009). In all cases,
females had higher levels of MYE in the MA groupt lbwer in the OA group. Figure 2

shows age and sex differences in MYE.

4 AgeG and sex

£3 MA Male
E3 MA Female
B3 OA Male
B OA Female

201

Mean T1w/T2w

SCC ALIC GCC SCR PCT ACR
TRACT
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333  Figure 1 - Age group (AgeG) and sex differencesstimated tract myelin content. This
334  Tukey boxplot (showing median values, upper anceloguartiles and 1.5 interquartile

335 ranges) demonstrates that on average middle-agespgents (MA) had higher estimated
336 myelin levels (MYE) than older-aged participantAj@nd that while females had higher
337  MYE in MA within ALIC, SCR and ACR, they presentadth lower levels in OA within
338 these three tracts. Additionally, the finding ttte¢ GCC has higher MYE than the SCC is
339  consistent with previous histological findings (Admet al., 1992). ACR = anterior corona
340 radiata; SCR = superior corona radiata; PCT = pertrossing tract; ALIC = anterior limb
341  of the internal capsule; GCC = genu of the corllesum; SCC = splenium of the corpus
342  callosum.

343

344 3.5 Principal component of PS

345 A principal component analysis (PCA) was run onfihe PS tasks in order to extract a

346 single component of PS. The PCA revealed one féloedrhad an eigenvalue greater than one
347 (4 =2.86) and which explained 57.50 % of the totalasacke. Loadings for each test were as
348 follows (with communalities in parentheses): CRB42 (70.9%), SDMT = -.803 (64.4%),

349 SRT =.761 (57.9%), TMT-A=.721 (52.0%) and PP656. (42.3%). Consequently, as

350 expected this component was interpreted as railgetilatent factor of PS (LPS) and for ease

351  of interpretation was inverted, with higher scamsresenting faster speeds.

352

353 Table 1 — Sample characteristics and age-grouerdiites.

Age group comparison

Variable Overall Middle-Age Older-age T orxz p
sample
Age, years (SD) 61.47 (9.92) 51.21(1.36) 70.8HL. -120.43  <.001”
Range 48.63-73.78 48.63-53.86 68.55-73.78

Females, N (%) 327 (49.55) 170(53.8) 157 (45.6)  4.39 036"
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Education, years (SD) 14.43(2.53)

Physical activity score 47.44 (42.72)
(SD)

Smoking History or 290(43.9)
Current, N (%)

Alcohol Consumption 6.34(7.75)
(SD)

Hypertension, N (%) 385 (58.30)
ApoE €4, N (%) 175 (26.5)

Depression score (SD)
Tests of PS
SDMT, mean (SD)
SRT, mean (SD)
CRT, mean (SD)
TMT-A, mean (SD)

1.87(2.13)

54.13(10.75)

261.48(67.61)

319.89 (60.55)
31.39(10.90)

PP, mean (SD) 10.62(2.21)
LPS 0.00(1)
Tiw/T2w mean
intensity

ACR, mean (SD) 1.76(0.27)

SCR, mean (SD) 1.68(0.27)

PCT, mean (SD) 1.74(0.23)

ALIC, mean (SD) 1.64(0.28)

GCC, mean (SD) 1.65(0.25)

SCC, mean (SD) 1.55(0.21)

14.91(2.22)
39.71(34.69)

146 (46.2)
6.21(7.82)

114 (36.1)
88 (27.8)
2.19(2.32)

60.55(8.26)
236.21(49.98)
292.73(47.99)
25.63(7.02)
11.80(1.84)
0.66(0.67)

1.99(0.11)
1.91(0.10)
1.93(0.09)
1.87(0.12)

1.86(0.11)
1.73(0.10)

02(2.70)
53.05(46.72)

114 (41.9)
6.64(7.84)

278.8y
87 (25.3)

1.50)

48.39(9.21)
283.90(73.34)
343.59(59.97)
I%16.96)
9.48[1.9
-0.59(0.87)

1.55(p.19
1.45(0.16
1.56(0.17
1.42().2
1.45(0.18
1.38(0.14

454
-4.07

1.26

-0.69

123.57
.533
3.69

17.52
-9.52
-11.77
-14.98
15.65
19.93

33.67
40.50
31.65
32.00
32.30
32.43

16

<.001”
<.001”

.262
491

<.001”
457,
<.001”

<.001”
<.001”
<.001”
<.001”
<.001”
<.001”

<.001”
<.001”
<.001”
<.001”
<.001”
<.001”

Abbreviations: PS = processing speed; LPS = |dtaor of processing speed; SDMT = Symbol
Digits Modalities Test; SRT = simple reaction tin@RT = choice reaction time; TMT-A = Trial
Making Task A, PP = Purdue Pegboard; ACRnterior corona radigt&CR =superior corona
radiata PCT =pontine crossing tracALIC = anterior limb of the internal capsul@CC =

genu of the corpus callosy®CC =splenium of the corpus callosum

" Significant at p <.05
™ Significant at p < .001

3.5 Age group and sex differences in PS

The AgeG by Sex ANCOVAs testing performance on k&&®aled a significant main effect

of AgeG, with the OA group performing slower on ege, with a large effect sizE €

355.262, p < .OO]nf, =.394). No significant main effect for Sex orardction effects were

detected.

To determine whether individual measures contridbdliéferently to these effects, follow-up

analyses revealed a significant main effect of Agell individual tests of PS: SDMTF €&

262.738, p < .0012 = .323), Trails AF = 204.662, p < .00:)2 = .268), SRTK = 84.670,
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p <.001n?2 = .134), CRTF = 131.251, p < .00%?2 = .189), PPK = 207.150, p < .00
=.269). Significant main effect of Sex revealedttfemales performed faster for SDMH £
4.849, p =.043y2 = .007) and PPH= 33.525, p <.00I37 = .053), and slower for CRTF(
= 6.733,p = .004 3 = .015) and SRTH = 8.500, p = .002y2 = .017). The differences in
Pegboard, CRT and SRT survived Holm-Bonferroniexrion for multiple comparisons. No

significant interaction effects were detected.
3.6 MYE as a predictor of PS

Hierarchical regression modelling revealed thahbrgMYE significantly predicted faster PS
but only in the ALIC (Table 2). One SD higher iretMYE of the ALIC was associated with
2.53% higher PS. This was a robust finding as fse@ation remained significant after
controlling for all covariates and after Holm-Bonf®ni correction for multiple comparisons.
Associations in all other white matter tracts foléxl a similar trend but did not reach
significance. No significant interactions were a#te. Scatterplots of PS as a function of

MYE for each tract are presented in Figure 3.
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Processing Speed

1 Age group
= Middle age
Older age

18

20 25

2.0

25

20 25
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20 25

2.0
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2

5

Figure 2 - Scatterplots of processing speed comypasea function of estimated myelin

content within each of the six selected tracts. AC&hterior corona radiata; SCR = superior

corona radiata; PCT = pontine crossing tract; AEl@nterior limb of the internal capsule;

GCC = genu of the corpus callosum; SCC = splenititheocorpus callosum.

Table 2 — Hierarchical linear regression testirgpamtions between myelin content and PS.

ROI

Model P

Model 2'°

Model 3-P°¢

R

AR?

B

AR?

B

p

ACR
SCR
PCT
ALIC
GCC

421
410
411

410
410

.002
.002
.004

.007
.003

.340
.353
.394
519
.387

.158
.148
.063

009"
.081

.014
.014
.014
.014
.014

.362
.363
405
.526
433

132

137

.052

.008

.050




Myelin Content and Processing Speed 19

SCC 418 011 275 319 .015 .304 270
392 #Model includes AgeG, AgeC, Sex and Education
393  "Model includes MYE (mean T1w/T2w) of ROI and theefality index. As the laterality index was
394  dropped from the model unless it was a signifigaatictor, it was removed from all models except
395 for SCC models
396  “Model includes alcohol consumption, smoking, phaisactivity, hypertension, presence of APO*E4
397  genotype, depressive symptomology
398 7 Significant at p < .01
399

400 3.7 Age as a predictor of PS

401 AgeG remained a significant predictor of PS insatlof the final models, with membership
402  of the OA group resulting in a 16.56% to 19.42%w&pPS depending on which tract was
403 entered. The effect of AgeG survived Holm-Bonfermmrrection for multiple comparison in
404  all models. AgeC also remained a significant predim all final models, indicating that one-
405 year higher in age within age groups was associaida 0.95% to 1.03% slower PS,

406  depending on which tract was entered into the nsoddwever, this effect did not survive
407  Holm-Bonferroni correction for multiple comparisoMo significant interactions between

408 AgeG, AgeC were detected.

409 3.8 Sex as a predictor of PS

410 Sex was not a significant predictor in any of thkensodels. However, a trend suggested
411  females performed 1.23% to 1.59% faster than meegsending on which tract was entered

412  into the models. No significant interactions invaly sex were detected.

413

414 3.9 Post-hoc analyses

415  3.9.1 Hemispheric differences in MYE
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In order to better understand the role of myelinteat in PS, we conducted further analyses
to investigate whether there were hemispheric hiffees in MYE and whether hemispheric

asymmetries contribute to the effects detected @bov

Analyses revealed a significant main effect for tsginere within all tracts, with the left
hemisphere having lower MYE than the right withie ALIC (F = 44.438, p <.00Iy; =
.074), GCCFE = 24.931, p <.00I3; =.043) and SCC (p <.004; = .130), whereas the
reverse was found within the ACR € 31.525, p <.00Iy; = .053), SCRK = 28.425, p <
.001,n§ =.048) and PCT (p < .00 = .317). A significant hemisphere by AgeG
interaction effect found within the GCE € 58.146, p < .00I; = .094) revealed that while
the right hemisphere had less MYE within the MAwgpthe left hemisphere had less MYE
within the OA group. A significant hemisphere by seteraction was also found within the
GCC = 10.626, p = .001y; = .019), with the left hemisphere having higher EWithin
females, whereas no significant difference was dowithin males. All significant main
effects and interactions for hemisphere survivethHBonferroni correction for multiple

comparisons.
3.9.2 Hemispheric asymmetries in MYE as a predicfd?S

The laterality index of the SC@ € .018, p = .002) was a significant predictor &f Rs
such, left and right SCC were examined in sepaegfeession models (Table 3). Analyses
revealed that the left SCC was a significant ptediof PS. One SD higher in the MYE of
the left SCC was associated with 2.20% higher B&scThis was a robust finding as the
association remained significant after controlffogall covariates and survived Holm-
Bonferroni correction for multiple comparisons. Tight SCC was not a significant

predictor in either models, and no significant iatgion effects were detected.
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440 Table 3 — Hierarchical linear regression using Mdfihe left and right SCC to predict PS

Model T Model 2° Model 3-°°¢
ROI R AR? B P AR? B p
Left SCC  .416 .010 473 .003** 014 504 .002**
Right SCC .416 .001 124 464 013 130 442

441 #Model includes AgeG, AgeC, Sex and Education

442  "Model includes MYE (mean T1w/T2w) of ROI

443  “Model includes alcohol consumption, smoking, phaisactivity, hypertension, presence of APO*E4
444  genotype, depressive symptomology

445 7 Significant at p < .01

446

447  3.9.3 Total brain white matter MYE as a predictbP&

448  As all examined tracts showed a trend towards hmiyéE predicting faster PS, MYE of
449  total brain white matter was examined as a predaft®S. After controlling for AgeG,
450 AgeC, Sex and Education, total brain white mattétBvivas not a significant predictor of PS

451 (AR?<.001,p = .149,p = .603).
452  3.9.4 White matter hyperintensities as a confoumdctor

453  To ensure that white matter hyperintensities wetearconfounding factor in our analyses,
454  we computed the partial correlation between totatevmatter hypo-intensity volume

455  (calculated using automated Freesurfer segmentatioril-w images; Fischl et al., 2002) and
456  total brain white matter MYE. After controlling féxgeG, there was no significant

457  relationship between white matter hypo-intensitiuage and total brain white matter MYE (r

458 =-.048, p =.270).
459  3.9.5 Partial correlations between estimated myadimtent and individual tests of PS

460  To determine which individual tests of PS were Ipesticted by the MYE of the ALIC and
461 left SCC, post-hoc partial correlations betweentéhe tracts and the five different tests of PS
462  were computed, controlling for AgeG, AgeC, Sex &ddication. To meet assumptions of

463  normality and assess relative contributions, tiseaes for each test were used. Partial
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correlations revealed that, SDMT was the test rawehgly correlated with the MYE of the
ALIC (r =.093, p =.037), followed by CRT (r = 78, p =.103), SRT (r = -.050, p = .264),
TMT-A (r =-.054, p =.231) and PP (r =-.008, p852). Whereas for the left SCC, TMT-A
was most strongly correlated (r = -.121, p = .0@3l)pwed by CRT (r = -.108, p =.016), SRT

(r=-.089, p =.047), PP (r =.057, p =.203) &MT (r =.049, p =.273).

4. Discussion

The present study investigated whether myelin cdrgstimatedn vivo (MYE) within major
white matter tracts is predictive of PS in a sangbleealthy community-dwelling adults and
whether lower MYE could be detected in older coragan younger individuals. This
study’s main findings were that higher MYE in thel& and the left SCC significantly

predicted faster PS scores and that MYE was lowelder than younger individuals.

4.1 Between-tract differences in mean T1w/T2w

Our findings within the corpus callosum showingttthe genu has higher myelin content
than the splenium are consistent with previousareseand histology studies (Aboitiz et al.,
1992; Lee et al., 2014). However, while past steitli@ve found the ALIC to have the highest
myelin content within white matter areas (Whitetllal., 1997; Ganzetti et al., 2014), we
found the ACR to have the highest MYE. As the samysled in the current study spans a
substantially narrower and older age range thanotfharevious studies, it is possible this
discrepancy represents aging-related myelin laggp&ting this hypothesis, we found that
the ALIC showed one of the largest estimated diffiee in MYE (24.06%) between the OA
and MA group. In addition, the MA group had sigogntly higher T1w/T2w values in all six

tracts, which is consistent with the previouslyased trajectory of brain myelin content
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which begins to decline soon after mid-life (age4®5 Bartzokis et al., 2003; Bartzokis et al.,

2010).

4.2 MYE predicts PS

While lower MYE is has been demonstrated in clihgraups, and higher MYE within the
cortex is correlated with performance stabilitysmeeded tasks (Grydeland et al., 2013), to
our knowledge this is the first study to utilise th1-w/T2-w ratio and demonstrated an
association between higher sub-cortical MYE antefaBS in generally healthy community-
living individuals. These results support the cldirat the higher speed of signal transmission
provided by myelin can predict better outcomes Withe cognitive domain of PS, even in
healthy adults who are not likely to have markecklmydegradation similar to those found in
clinical samples. Further, the results found welmust as they remained significant even

after controlling for socio-demographic, healthneic covariates and multiple comparisons.

The association between higher MYE and faster PSfawnd to be significant in the ALIC
and left SCC and consistent trends were found! imeatts investigated. As opposed to
previous research that used less specific meastivesite mater integrity to show a global
effect on processing speed (Penke et al., 201&GHKer et al., 2012), we found that total
brain white matter MYE did not predict PS. Accomglin these effects are likely to be

specific and localised.

The ALIC is known for high myelin content, connecfithe prefrontal cortex to thalamic
nuclei, and the motor cortex to the anterior hdrthe spinal cord (Mai et al., 2015). While
the cognitive tests used within the current studmyarily measure PS, they do not assess this
property in relation to a single function and maffact axonal conduction contributing to a
variety of motor, perceptual and cognitive processe such, loss of myelin within the

ALIC may result in the disruption of cognitive pesses reliant on different circuits. Thus,
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since the cortico-thalamic circuit contributes ttaage of cognitive processes that include
learning and memory, inhibitory control, decisiomking, and the control of visual orienting
responses (Haber and Calzavara, 2009), differanaegelin content of its fibres may
modulate performance of these processes. Alteelgtisince the cortico-spinal circuit forms
the major motor control pathway, the slowing ofnsilg travelling through this circuit could
result in the slowing of PS and psychomotor resp@en in the current study. In support of
this, myelin degradation and axonal damage withénALIC has been linked with motor
impairment in multiple sclerosis patients (Leelet2000) and PS deficits in non-demented
older adults (O'brien et al., 2002). Our findingim the ALIC is in agreement with previous
research that has used diffusion measures to dreivihte integrity of the ALIC is a

significant predictors of PS (Salami et al., 2012).

Importantly, the speed at which an electrical sigrevels along an axon is directly related to
the degree and quality of myelin (Seidl, 2014). penal efficacy is essential within neural
circuits to ensure computations are completedrae and synchronously. Evidence suggests
that myelin from later-differentiating oligodendsaes, such as that found in the ALIC, is
less effective and more vulnerable to the ageedlatfects of inflammation and oxidative
stress (Brickman et al., 2012; Kohama et al., 20i 2eural efficacy is compromised due to
degradation of myelin sheath in vulnerable areks,the ALIC, it may result in cognitive

and behavioural slowing, such as that seen indheat study.

In addition to the ALIC, the MYE of the left SCQsificantly predicted PS, while that of the
GCC did not. This finding is not in agreement watlevious research which has used less
specific diffusion and transverse relaxometry mdghim show that frontal regions such as the
GCC are more strongly associated with PS than postegions such as the SCC (Lu et al.,
2011; Salami et al., 2012; Lu et al., 2013). Th&€3€a major commissural tract,

accommodating interhemispheric connections betweral, parietal and posterior cingulate
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536 areas (Knyazeva, 2013), and has previously be@atiassd with PS, in that age-related

537 volume loss (Anstey et al., 2007) and white-mdttgrer-intensities within the SCC have

538 been found to be associated with slower speedogkpsing (Park et al., 2014). These age-
539 related findings may be due to increased interhgheisc synchronisation facilitated by the
540 heavily myelinated fibres of the SCC (Hinkley et 2012). As such, the current study

541  suggests that age-related PS disruptions assoeidtethe SCC may be due to myelin

542  degradation within this structure. However, onlg MYE of the left SCC was a significant
543  predictor of PS. While it is possible that thielatised finding is due to noise or

544  measurement error, the left hemisphere, and incpéat the left SCC has typically been

545 found to be more prone to neurodegeneration (Yoah,e2011). Additionally, in

546  Alzheimer’'s disease, cortical atrophy begins eadr& progresses faster within the left

547  hemisphere (Thompson et al., 2007; Minkova e®8l1,7). Consequently, the laterality effect
548 observed in the present study may reflect a greateerability of the left SCC to the adverse

549  effects of ageing.

550 Itis of clinical utility to determine which of thieve individual tests of PS would be best
551  predicted by MYE deficits in the ALIC and left SCRost-hoc analysis showed that the
552 SDMT and TMT-A were most strongly correlated witte MYE of the ALIC and left SCC
553  respectively. One of the major aspects that diffeages these two tests from the others is
554 increased cognitive complexity — as opposed to SERT, and PP which are primarily

555  reliant on precise motor skills and visual feedbdtks is consistent with the fact that the
556  ALIC contributes to the fronto-thalamic circuitryhweh is involved in complex cognition
557  such as executive functions.

558 4.3 Strengths and limitations

559  One of the primary strengths of this study wasrtiieist measurement of PS. By extracting a

560 latent measure of PS from five different individtedts, unwanted variance relating to other
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properties was minimised by analysing common asp#diasks that vary in methodology
but load heavily on PS (Cepeda et al., 2013). thtexh, the large sample size and carefully

selected covariates were also substantial strengths

Despite this, the narrow age-range of the two gsam the relative good health of our
sample may have restricted variance in myelin adrtteat might be otherwise expected in a
population with a greater age range or in a clirseanple. Additionally, due to the cross-
sectional design used, causal inferences on tloeiaten between T1w/T2w signal and PS
cannot be drawn. Future studies should therefgoéy dbpis technique to longitudinal datasets
to determine both lifelong myelin content traje@erand test their associations across a
greater range of cognitive domains such as memuhagention which may also be

materially affected by progressive age-related myeks.

It should be noted, that due to the complexityeainal circuits, lower myelin content in
specific white matter tracts may not necessarilpdmociated with slower PS. However, the
white matter tracts used within the current stugyerselected as they facilitate information
transfer between brain regions known to be impdidan functions sensitive to PS.
Therefore, it would be expected that variabilitymyelin content in these regions would

impact processing speed.

In addition, while the measure of myelin contergdis this study has shown correlation to
myelin levels of post-mortem brains using immunocyemistry study (Nakamura et al.,
2017), our understanding of it will benefit fronrtioer validation against histological
measures which allow us to understand the relatwéribution of other factors such as iron
levels and inflammation. However, a recent studyaestrated that within a small sample,

the measure had high test-retest reliability (Adséial., 2017). Future studies should
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continue to aim to directly validate the origintbé T1w/T2w signal by using histology

techniques in post-mortem animal and human models.

4.4 Conclusion

Estimating brain myelin content using the T1w/T2&ehnique is relatively easy to implement
and does not require lengthy acquisition times aoraplex processing pipeline; therefore, it
is a practical method to identify age-related bianges and should be further investigated
in future research as a biomarker for neurocogatiiseases. Using this technique, the
current study is the first to demonstrateivo that higher MYE of white matter tracts
assessed with a specific and sensitive measussasiated with faster PS in healthy adults,

even after controlling for socio-demographic, healbd genetic variables.
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