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Abstract 35 

The objective of this study was to investigate whether the estimated myelin content of white 36 

matter tracts is predictive of cognitive processing speed and whether such associations are 37 

modulated by age. Associations between estimated myelin content and processing speed was 38 

assessed in 570 community-living individuals (277 middle-age, 293 older-age). Myelin 39 

content was estimated using the mean T1w/T2w magnetic resonance ratio, in six white matter 40 

tracts (anterior corona radiata, superior corona radiata, pontine crossing tract, anterior limb of 41 

the internal capsule, genu of the corpus callosum, and splenium of the corpus callosum). 42 

Processing speed was estimated by extracting a principal component from 5 separate tests of 43 

processing speed. It was found that estimated myelin content of the bilateral anterior limb of 44 

the internal capsule and left splenium of the corpus callosum were significant predictors of 45 

processing speed, even after controlling for socio-demographic, health and genetic variables 46 

and correcting for multiple comparisons.  One SD higher in the estimated myelin content of 47 

the anterior limb of the internal capsule was associated with 2.53% faster processing speed 48 

and within the left splenium of the corpus callosum with 2.20% faster processing speed. In 49 

addition, significant differences in estimated myelin content between middle-age and older 50 

participants were found in all six white matter tracts. The present results indicate that myelin 51 

content, estimated in vivo using a neuroimaging approach in healthy older adults, is 52 

sufficiently precise to predict variability in processing speed in behavioural measures. 53 

 54 

Key words: myelin, processing speed, white matter, ageing, T1w/T2w  55 
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Highlights 60 

- Associations between myelin content and processing speed examined in 570 adults 61 

- Higher myelin content of white matter tracts predicted faster processing speed 62 

- This finding persisted even after controlling for health and genetic variables 63 

- Older adults have significantly lower myelin content within WM tracts 64 

 65 
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1. Introduction  88 

The highly-myelinated nature of the human brain and the vulnerability of myelin to 89 

degeneration, may contribute to our species’ susceptibility to age-related neurocognitive 90 

disorders. The cognitive domain most associated with myelin is processing speed (PS)(Lu et 91 

al., 2011; Lu et al., 2013) – a sensitive indicator of overall cognitive decline (Finkel et al., 92 

2007; Cherbuin et al., 2010). It has been demonstrated that PS is the basic cognitive 93 

mechanism that mediates age-related decline in memory (Bunce and Macready, 2005; Lee et 94 

al., 2012). PS can be conceptualised as the rate at which cognitive operations are executed, 95 

such as planning and initiation of intended motion and is often tested in conjunction with 96 

psychomotor speed, which accounts for the speed of the motion itself (Cepeda et al., 2013). 97 

Recent longitudinal studies have demonstrated an inverse U-shaped lifespan trajectory of 98 

myelin content with a peak at around 30–40 years (Bartzokis et al., 2012). A similar 99 

trajectory has been observed in cognitive PS scores across the lifespan (Cerella and Hale, 100 

1994; Bartzokis et al., 2010). Further, a decline in PS is the primary cognitive deficit 101 

underlying the rapid cognitive decline seen in demyelinating diseases such multiple sclerosis 102 

(Demaree et al., 1999). In addition, myelin loss and PS decline have also been shown to share 103 

multiple risk-factors including APO*E4 genotype (Bartzokis et al., 2007), and lifestyle 104 

factors (Anstey et al., 2009; Ramagopalan et al., 2010).  105 

A few studies have made important contributions in this area by using indirect 106 

measures such as transverse relaxation rate or diffusion measures such as fractional 107 

anisotropy. Such studies on healthy older populations have found that the integrity of white 108 

matter regions, especially in frontal areas, are correlated with PS, and that these regions show 109 

modest mediation effects on age-related PS decline (Lu et al., 2011; Salami et al., 2012; Lu et 110 

al., 2013). These studies have used a maximum of two PS tests and as such are potentially 111 

confounded by unwanted variance relating to other cognitive domains (Salthouse et al., 112 
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1996). Other research using more robust measures of processing speed have shown more 113 

global effects by demonstrating that general factor of white matter fractional anisotropy is 114 

able to predict PS in healthy older adults (Penke et al., 2010; Kerchner et al., 2012). 115 

However, the measures of white matter integrity used by these studies are unspecific as they 116 

index the movement of water molecules which are affected, apart from myelin, by neuronal 117 

and glial density and size (Winston, 2012), as well as pathological states such as amyloid beta 118 

deposition (Racine et al., 2014).  119 

In addition, few such studies have accounted for hemispheric asymmetries in myelin 120 

content of white matter tracts in healthy adults (Toga and Thompson, 2003; Takao et al., 121 

2011). These asymmetries have been shown to be associated with specialisations in language, 122 

memory and motor functions, and as such may indeed be implicated in PS (de Schotten et al., 123 

2011; Ocklenburg et al., 2016). For instance, the corpus callosum is the primary tract that 124 

facilitates information transfer between hemispheres and asymmetrical myelin content may 125 

differentially disrupt speed of communication between and within networks.  In particular, 126 

tracts within the left hemisphere have been repeatedly shown to be more susceptible to age- 127 

and pathology- related neurodegeneration (Thompson et al., 2007; Minkova et al., 2017). 128 

Accounting for such asymmetries in myelin content will assist in clarifying how tracts within 129 

each hemisphere differentially contribute to age-related changed in PS.  130 

Few studies have directly examined the relationship between myelin content and PS 131 

in non-clinical populations, and we are not aware of any study using a measure specifically 132 

developed for this purpose. This is likely due to the difficulty in measuring myelin levels in 133 

vivo. Histological myelin measurement is the gold standard, but it can only be performed 134 

post-mortem and is therefore not suitable to investigate this question in humans.  135 
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Recently, a new measure, the ratio between an individual’s structural T1-weighted 136 

(T1-w) and T2-weighted (T2-w) image (T1w/T2w), has been proposed as a practical and 137 

sensitive measure for in vivo myelin content estimation (Glasser and Van Essen, 2011; 138 

Ganzetti et al., 2014). Multiple studies have demonstrated that T1w/T2w cortical intensity 139 

maps parallel myeloarchitectural maps based on histological samples (Glasser and Van 140 

Essen, 2011; Ganzetti et al., 2014; Glasser et al., 2014; Ganzetti et al., 2015; Nieuwenhuys 141 

and Broere, 2017). Recently, an immunocytochemistry study of post-mortem brains showed 142 

that T1w/T2w values correlate with myelin levels (Nakamura et al., 2017). The T1w/T2w 143 

ratio has also been used to estimate in vivo myelin degeneration in patients with 144 

schizophrenia (Ganzetti et al., 2015; Iwatani et al., 2015), multiple sclerosis (Beer et al., 145 

2016), and bipolar disorder (Ishida et al., 2017). Further, the method has been used to 146 

demonstrate that higher estimated myelin within the cerebral cortex is associated with 147 

reduced intra-subject variability on speeded tasks (Grydeland et al., 2013). 148 

Although we are not aware of any research investigating the association between sub-149 

cortical myelin content (MYE) as estimated by T1w/T2w, and cognitive performance, we 150 

predicted based on the available literature that lower MYE within white matter tracts would 151 

be associated with lower PS in cognitively healthy individuals. Moreover, since age-related 152 

decrease in brain myelin has been clearly demonstrated (Bartzokis, 2004), we predicted that 153 

older individuals would present with lower MYE levels than younger individuals and that this 154 

difference would be associated with a slower PS. Thus, the aim of this study was to 155 

investigate whether MYE of major white matter tracts was predictive of PS in a large sample 156 

of cognitively healthy middle-age and older adults.  157 

2. Materials and Method 158 

2.1 Participants 159 
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Participants were selected from the MRI sub-study within the PATH Through Life 160 

Project (PATH) which has been described in detail elsewhere (Anstey et al., 2012). Briefly, 161 

PATH is an ongoing population-based longitudinal study that aims to track the course of 162 

cognitive ability, mental health disorders, substance use and dementia across the lifespan. 163 

Participants are randomly selected from the electoral roll of the Australian Capital Territory 164 

and surrounding regions. Data collection started in 1999 and participants are reassessed every 165 

four years. 166 

The PATH study consists of three cohorts: 20–24 years (young adult), 40–44 years 167 

(middle-age), and 60–64 (older-age) years at baseline. The focus of this study is on the 168 

middle-age (MA) and older-age (OA) cohorts at the third assessment, due to the availability 169 

of higher quality T1-w and T2-w MRI scans for both the MA and OA participants at this 170 

time-point. Of the 2530 MA and 2550 OA participants recruited into the study, 304 MA and 171 

303 OA participants had complete imaging data at the third assessment. However, an inhouse 172 

quality control script and visual inspection revealed an additional 14 scans were excluded due 173 

to poor quality. From this sample, a further 23 participants were excluded due to: epilepsy 174 

(n=2), having a history of stroke (n=14), Parkinson’s disease (n=3), dementia (n=2) and 175 

cognitive impairment (n=2) as defined by a Mini-Mental Status Exam score of less than 25. 176 

The final sample available for analysis included 570 participants (277 MA and 293 OA). The 177 

selected sample did not differ significantly from the overall MA and OA PATH cohort on sex 178 

and education; however, it was significantly younger (t = 1.967, p = .049). 179 

 180 

2.2 Socio-demographic, health and genetic measures 181 

Years of education, alcohol consumption, smoking, physical activity were assessed using 182 

self-report. Alcohol consumption was assessed as the number of standard alcoholic drinks 183 
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consumed per week (Alcohol Use Disorders Identification Test; Babor et al., 2001). Physical 184 

activity was assessed as the number of hours per week of mild, moderate and vigorous 185 

exercise. To provide an intensity-sensitive continuous score of physical exercise, the three 186 

levels of activity were combined using a weighted procedure such that hours of mild physical 187 

activity were multiplied by 1, hours of moderate physical activity by 2 and hours of vigorous 188 

physical activity by 3 (Lamont et al., 2014). Depressive symptomology was assessed using 189 

the Goldberg Depression Score (Goldberg et al., 1988). Seated systolic and diastolic blood 190 

pressures (BP) were averaged over two measurements after a 5-minute rest and participants 191 

were classified as hypertensive if they were on medical therapy for hypertension or if they 192 

had an average systolic BP ≥140mm Hg or diastolic BP ≥90mm Hg. Genomic DNA was 193 

extracted using cheek swabs and was used to identify the presence of APO*E4 genotype 194 

(Christensen et al., 2008). 195 

2.3 Measures of cognitive PS 196 

PS was assessed using five different tasks. The Symbol Digit Modalities Test (SDMT; 197 

Strauss et al., 2006), was scored as the number of correct matches identified according to the 198 

stimulus symbol digit code, within a 90-s period. Simple (SRT) and choice reaction time 199 

(CRT) were assessed by giving participants a small box to hold with both hands, with left and 200 

right buttons at the top to be depressed by the index fingers. The front of the box had three 201 

lights: a red stimulus light under each of the left and right buttons, and a green get-ready light 202 

in the middle. For SRT task, participants placed their right hand, on the right button and were 203 

asked to press it as quick as possible when they saw the red stimulus light up. For the CRT 204 

task, participants were asked to place their right finger on the right button and their left finger 205 

on the left button and to press the corresponding button when the left or right red light lit up. 206 

There were 4 blocks of 20 trials measuring SRT, followed by two blocks of 20 trials 207 

measuring CRT. The mean reaction time was the average across all trials. Trail Making Task 208 
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Part A (TMT-A; Reitan, 1958) was scored as the amount of time taken to complete the task 209 

and the Purdue Pegboard task using both hands (PP; Tiffin and Asher, 1948) was scored as 210 

the number of pairs of pins placed into the pegboard device within 30-s. 211 

 212 

2.4 MRI data acquisition  213 

 All participants were imaged in a 1.5-Tesla Siemens Avanto scanner (Siemens 214 

Medical Solutions, Erlangen, Germany). It has been shown that after calibration procedures 215 

are implemented (described in the following section), the T1w/T2w values obtained from 1.5-216 

Tesla scans are similar to those obtained at 3-Tesla (Ganzetti et al., 2014). T1-w images were 217 

acquired in sagittal orientation with (repetition time/echo time/flip angle/slice thickness = 218 

1160ms/4.17ms/15°/1 mm) matrix size 256 × 256 and voxel size of 1 × 1 mm. T2-w images 219 

were acquired in coronal orientation with (repetition time/echo time/flip angle/slice thickness 220 

= 9680ms/115ms/150°/4 mm) matrix size 256 × 256 and voxel size 0.898 × 0.898 mm. 221 

2.5 MRI data analysis 222 

T1-w and T2-w image were pre-processed and combined, following the method and 223 

workflow outlined in Ganzetti et al. (2014, 2015). This process included bias correction and 224 

intensity calibration on both the T1-w and T2-w image before they were combined. This 225 

entire process was undertaken using Freesurfer, FSL and the MINC imaging 226 

toolbox(http://www.bic.mni.mcgill.ca/ServicesSoftware).  227 

First the T1-w images were transformed using the MNI152 atlas into Talairach space. A 228 

rigid-body transform was then used to match the T2-w image to the already transformed T1-229 

w image. To address intensity bias due to distortions in the B1 field between T1-w and T2-w 230 

images, each image was first individually bias-corrected using the mri_nu_correct.mni tool 231 

from the MINC imaging toolbox (http://www.bic.mni.mcgill.ca/ServicesSoftware) with the 232 
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default setting. As the T1w/T2w technique is a qualitative technique, it is susceptible to 233 

intensity scaling discrepancies across both individuals and scanners. As such, a calibration 234 

procedure recommended by Ganzetti et al. (2014) which corrects for these discrepancies was 235 

implemented. The procedure involves a linear transformation of the bias-corrected images. 236 

Specifically, two non-brain areas of homogenous intensity were selected: one area that 237 

contains relatively high values in the T1-w scan and relatively low values in the T2-w scan, 238 

and another area with the reverse characteristics.  Consistent with Ganzetti et al. (2014), the 239 

temporal muscle and the eyeball humour were selected.  To calculate the scaling factors, the 240 

mode value in each of the selected areas was extracted and compared with corresponding 241 

values from the high-resolution International Consortium for Brain Mapping (ICBM) 242 

reference image. The T1-w and T2-w images were then separately multiplied by the resulting 243 

scaling factor to create the calibrated images. After calibration, the T1-w image was divided 244 

by the T2-w image to create the final T1w/T2w ratio image.  245 

2.6 Regions of interest  246 

Consistent with previous research on myelin content (Whittall et al., 1997; Leppert et al., 247 

2009; Welker and Patton, 2012; Ganzetti et al., 2014) and involvement in cognition (Madden 248 

et al., 2004; Turken et al., 2008; Davis et al., 2009; Salami et al., 2012), a total of 6 white 249 

matter tracts with putatively high myelin content were selected: anterior corona radiata 250 

(ACR), superior corona radiata (SCR), pontine crossing tract (PCT), anterior limb of the 251 

internal capsule (ALIC), genu of the corpus callosum (GCC), splenium of the corpus 252 

callosum (SCC).  All ROIs were defined using the stereotaxic single-subject manually 253 

parcellated (Type I; threshold of fractional anisotropy > 0.25) John Hopkins University 254 

white-matter tractography atlas (JHU-DTI-SS; Oishi et al., 2009),which is a part of the FSL 255 

atlas tools (see Figure 1 for visual representation of ROIs). In order to precisely align with the 256 

T1w/T2w images, the atlas was affine-aligned into MNI152 space. The image containing 257 
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labels for individual tracts was accordingly transformed to subject space. The mean MYE 258 

(per tract) was computed as the mean intensity of all voxels with the tract.  259 

 260 

 261 

 262 

Figure 1 – Visual representation of ROIs (left hemisphere).  263 

Light blue = anterior corona radiata, dark blue = superior corona radiata, red = anterior limb 264 

of the internal capsule, magenta = genu of the corpus callosum, green = splenium of the 265 

corpus callosum, yellow = pontine crossing tract. ROIs were defined using the manually 266 

parcellated (Type I) John Hopkins University white-matter tractography atlas (JHU-DTI-SS; 267 

Oishi et al., 2009). 268 

 269 

2.7 Statistical analysis and experimental design 270 
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Statistical analyses were computed using IBM SPSS Statistics 24. Age was split into two 271 

variables to separately assess the within and between cohort variability in age: age group 272 

(AgeG) and age centred (AgeC). AgeG indicated whether the participant belonged to the MA 273 

or OA group. AgeC was calculated by subtracting the rounded age of the youngest participant 274 

from the exact age of participants in each group. After being converted to z-scores, the five 275 

different tests of PS were subject to a principal component analysis (PCA) in order to extract 276 

a single common factor of PS. Principal components with an eigenvalue greater than 1 were 277 

retained for further consideration. The selected principal component of PS was confirmed by 278 

the high and consistent loadings of individual measures of PS contributing to it. For ease of 279 

interpretation, the scores were inverted (multiplied by -1), so that higher scores on the factor 280 

correspond to faster PS.  281 

Independent sample t-tests and chi-squared tests were used to assess AgeG differences 282 

between the MA and OA groups on socio-demographic, health, genetic variables. Multiple 283 

paired sample t-tests were used to assess inter-subject differences within mean T1w/T2w 284 

values for the selected ROIs. Multiple ANCOVAs were used to identify AgeG and Sex 285 

differences and interactions in MYE, controlling for AgeC, within the six white matter tracts. 286 

The same approach was used to identify AgeG and Sex differences in the principal 287 

component of PS.  288 

To assess whether MYE could predict PS, hierarchical linear regression analyses were 289 

performed to examine the association between MYE and PS. The preliminary model included 290 

AgeG, AgeC, Sex and Education as independent variables and PS as the dependent variable 291 

(block 1). MYE of the ROI and a lateralization index [calculated with the formula [(L-292 

R)/(L+R)*100] were entered as an independent variable (block 2). To determine whether 293 

mean ROI intensity could account for any additional variance in PS over health and genetic 294 

variables (alcohol consumption, smoking, physical activity, hypertension, presence of 295 
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APO*E4 genotype and depressive symptomology), block 3 included all variables examined. 296 

The lateralization index was only retained in the models if it was a significant predictor. All 297 

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

examined (block 4). Significance was set at p < 0.05 and correction for multiple comparisons 299 

was applied using the sequential Holm-Bonferroni method (Holm, 1979). Analyses using 300 

individual tests of PS were corrected for 5 comparison and the main regression analyses using 301 

individual tracts were corrected for 6 comparisons. Unadjusted p-values are reported for all 302 

analyses.    303 

 304 

3. Results 305 

3.1 Sample characteristics  306 

Group comparison between the OA and MA groups revealed that the OA group had fewer 307 

females, was significantly less educated, had a higher physical activity score, higher rates of 308 

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

3.2 Comparison of mean T1w/T2w values within ROIs 310 

Significant differences in the mean T1w/T2w values were found between all tracts (t = 4.967 311 

to 45.308, p < .001), apart from between the ALIC and GCC (t = 1.330, p = .184). Sample 312 

means and SDs are listen in Table 1, and effect sizes ranged from Cohens d = 0.086 (ACR 313 

and PCT) to Cohens d = 0.313 (SCC and PCT). 314 

3.3 Age group and sex differences in MYE 315 

The Tract by AgeG by Sex ANCOVA revealed the following effects. A main effect for AgeG 316 

was detected, indicating that the OA group had significantly lower MYE in all six of the 317 

white matter tracts examined (Table 1), with large effect sizes: ACR (F = 1130.177, p < .001, 318 
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η�
�  = .671), SCR (F = 1644.536, p < .001, η�

�  = .746), PCT (F = 991.323, p < .001, η�
�  = 319 

.639), ALIC (F = 1026.559, p < .001, η�
�  = .647), GCC (F = 1041.574, p < .001, η�

�  = .651) 320 

and SCC (F = 1052.399, p < .001, η�
�  = .655). On average, the white matter tracts of the OA 321 

group had 21.95% less MYE when compared to the MA group, with the biggest difference 322 

seen in the SCR (24.08%) and the ALIC (24.06%), followed by ACR (22.11%), GCC 323 

(22.04%) SCC (20.23%) and PCT (19.17%).  324 

A significant main effect of sex was found within the SCC (F = 5.822, p = .016,	η�
�  = .010), 325 

with females having 1.60% less MYE than males. An AgeG by Sex interaction was detected 326 

in the ALIC (F = 6.305, p = .012, η�
�  = .011), SCR (F = 4.447, p = .035, η�

�  = .008), ACR (F 327 

= 4.000, p = .046, η�
�  = .007) and the PCT (F = 4.849, p = .028, η�

�   = .009). In all cases, 328 

females had higher levels of MYE in the MA group, but lower in the OA group. Figure 2 329 

shows age and sex differences in MYE. 330 

 331 

 332 
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Figure 1 - Age group (AgeG) and sex differences in estimated tract myelin content. This 333 

Tukey boxplot (showing median values, upper and lower quartiles and 1.5 interquartile 334 

ranges) demonstrates that on average middle-ages participants (MA) had higher estimated 335 

myelin levels (MYE) than older-aged participants (OA) and that while females had higher 336 

MYE in MA within ALIC, SCR and ACR, they presented with lower levels in OA within 337 

these three tracts. Additionally, the finding that the GCC has higher MYE than the SCC is 338 

consistent with previous histological findings (Aboitiz et al., 1992). ACR = anterior corona 339 

radiata; SCR = superior corona radiata; PCT = pontine crossing tract; ALIC = anterior limb 340 

of the internal capsule; GCC = genu of the corpus callosum; SCC = splenium of the corpus 341 

callosum. 342 

 343 

3.5 Principal component of PS  344 

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

single component of PS. The PCA revealed one factor that had an eigenvalue greater than one 346 

(λ = 2.86) and which explained 57.50 % of the total variance. Loadings for each test were as 347 

follows (with communalities in parentheses): CRT = .842 (70.9%), SDMT = -.803 (64.4%), 348 

SRT = .761 (57.9%), TMT-A= .721 (52.0%) and PP = -.650 (42.3%). Consequently, as 349 

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

of interpretation was inverted, with higher scores representing faster speeds. 351 

 352 

Table 1 – Sample characteristics and age-group differences.  353 

   Age group comparison 

Variable Overall 
sample  

 Middle-Age   Older-age  
 

 T or χ2  p 

Age, years (SD) 61.47 (9.92)  51.21(1.36)  70.89(1.39)  -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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Abbreviations: PS = processing speed; LPS = latent factor of processing speed; SDMT = Symbol 354 

Digits Modalities Test; SRT = simple reaction time; CRT = choice reaction time; TMT-A = Trial 355 

Making Task A, PP = Purdue Pegboard; ACR = anterior corona radiata; SCR = superior corona 356 

radiata; PCT = pontine crossing tract; ALIC = anterior limb of the internal capsule; GCC = 357 

genu of the corpus callosum; SCC = splenium of the corpus callosum  358 
* Significant at p <.05 359 
*** Significant at p < .001 360 

 361 

3.5 Age group and sex differences in PS 362 

The AgeG by Sex ANCOVAs testing performance on LPS revealed a significant main effect 363 

of AgeG, with the OA group performing slower on average, with a large effect size (F = 364 

355.262, p < .001, η�
�  = .394). No significant main effect for Sex or interaction effects were 365 

detected.  366 

To determine whether individual measures contributed differently to these effects, follow-up 367 

analyses revealed a significant main effect of AgeG on all individual tests of PS: SDMT (F = 368 

262.738, p < .001, η�
�  = .323), Trails A (F = 204.662, p < .001, η�

�  = .268), SRT (F = 84.670, 369 

Education, years (SD) 14.43(2.53)  14.91(2.22)  14.02(2.70)  4.54  <.001** 
Physical activity score 
(SD) 

47.44 (42.72)  39.71(34.69)  53.05(46.72)  -4.07  <.001** 

Smoking History or 
Current, N (%) 

290(43.9)  146 (46.2)  114 (41.9)  1.26  .262 

Alcohol Consumption 
(SD)  

6.34(7.75)  6.21(7.82)  6.64(7.84)  -0.69  .491 

Hypertension, N (%) 385 (58.30)  114 (36.1)  271 (78.8)  123.57  <.001** 
ApoE ε4, N (%) 175 (26.5)  88 (27.8)   87 (25.3)  .533  .457 

Depression score (SD) 1.87(2.13)  2.19(2.32)  1.57(1.90)  3.69  <.001** 
Tests of PS          
   SDMT, mean (SD) 54.13(10.75)  60.55(8.26)  48.39(9.21)  17.52  <.001** 
   SRT, mean (SD) 261.48(67.61)  236.21(49.98)  283.90(73.34)  -9.52  <.001** 
   CRT, mean (SD) 319.89 (60.55)  292.73(47.99)  343.59(59.97)  -11.77  <.001** 
   TMT-A, mean (SD) 31.39(10.90)  25.63(7.02)  36.65(10.96)  -14.98  <.001** 
   PP, mean (SD) 10.62(2.21)  11.80(1.84)  9.48(1.91)  15.65  <.001** 
LPS 0.00(1)  0.66(0.67)  -0.59(0.87)  19.93  <.001** 
T1w/T2w mean 
intensity  

         

   ACR, mean (SD) 1.76(0.27)  1.99(0.11)  1.55(0.19)  33.67  <.001** 
   SCR, mean (SD) 1.68(0.27)  1.91(0.10)  1.45(0.16)  40.50  <.001** 
   PCT, mean (SD) 1.74(0.23)  1.93(0.09)  1.56(0.17)  31.65  <.001** 
   ALIC, mean (SD) 1.64(0.28)  1.87(0.12)  1.42(0.20)  32.00  <.001** 
   GCC, mean (SD) 1.65(0.25)  1.86(0.11)  1.45(0.18)  32.30  <.001** 
   SCC, mean (SD) 1.55(0.21)  1.73(0.10)  1.38(0.14)  32.43  <.001** 
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p < .001, η�
�  = .134), CRT (F = 131.251, p < .001, η�

�  = .189), PP (F = 207.150, p < .001, η�
�  370 

= .269). Significant main effect of Sex revealed that females performed faster for SDMT (F = 371 

4.849, p = .043, η�
�  = .007) and PP (F = 33.525, p < .001, η�

�  = .053), and slower for CRT (F 372 

= 6.733, p = .004, η�
�  = .015) and SRT (F = 8.500, p = .002, η�

�  = .017). The differences in 373 

Pegboard, CRT and SRT survived Holm-Bonferroni correction for multiple comparisons. No 374 

significant interaction effects were detected.  375 

3.6 MYE as a predictor of PS  376 

Hierarchical regression modelling revealed that higher MYE significantly predicted faster PS 377 

but only in the ALIC (Table 2). One SD higher in the MYE of the ALIC was associated with 378 

2.53% higher PS. This was a robust finding as the association remained significant after 379 

controlling for all covariates and after Holm-Bonferroni correction for multiple comparisons. 380 

Associations in all other white matter tracts followed a similar trend but did not reach 381 

significance. No significant interactions were detected. Scatterplots of PS as a function of 382 

MYE for each tract are presented in Figure 3. 383 

 384 
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 385 

Figure 2 - Scatterplots of processing speed component as a function of estimated myelin 386 

content within each of the six selected tracts. ACR = anterior corona radiata; SCR = superior 387 

corona radiata; PCT = pontine crossing tract; ALIC = anterior limb of the internal capsule; 388 

GCC = genu of the corpus callosum; SCC = splenium of the corpus callosum. 389 

 390 

Table 2 – Hierarchical linear regression testing associations between myelin content and PS.  391 

 Model 1a  Model 2a, b  Model 3a, b, c 
ROI R2  ∆R2 β p  ∆R2 β p 

ACR .421  .002 .340 .158  .014 .362 .132 
SCR .410  .002 .353 .148  .014 .363 .137 
PCT .411  .004 .394 .063  .014 .405 .052 
ALIC .410  .007 .519 .009**  .014 .526 .008** 
GCC .410  .003 .387 .081  .014 .433 .050 
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SCC .418  .011 .275 .319  .015 .304 .270 
a Model includes AgeG, AgeC, Sex and Education 392 
b Model includes MYE (mean T1w/T2w) of ROI and the laterality index. As the laterality index was 393 

dropped from the model unless it was a significant predictor, it was removed from all models except 394 

for SCC models 395 
c Model includes alcohol consumption, smoking, physical activity, hypertension, presence of APO*E4 396 

genotype, depressive symptomology 397 
** Significant at p < .01 398 

 399 

3.7 Age as a predictor of PS 400 

AgeG remained a significant predictor of PS in all six of the final models, with membership 401 

of the OA group resulting in a 16.56% to 19.42% slower PS depending on which tract was 402 

entered. The effect of AgeG survived Holm-Bonferroni correction for multiple comparison in 403 

all models. AgeC also remained a significant predictor in all final models, indicating that one-404 

year higher in age within age groups was associated with a 0.95% to 1.03% slower PS, 405 

depending on which tract was entered into the models. However, this effect did not survive 406 

Holm-Bonferroni correction for multiple comparisons. No significant interactions between 407 

AgeG, AgeC were detected.  408 

3.8 Sex as a predictor of PS  409 

Sex was not a significant predictor in any of the six models. However, a trend suggested 410 

females performed 1.23% to 1.59% faster than males, depending on which tract was entered 411 

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

 413 

3.9 Post-hoc analyses  414 

3.9.1 Hemispheric differences in MYE 415 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Myelin Content and Processing Speed  20 

 

In order to better understand the role of myelin content in PS, we conducted further analyses 416 

to investigate whether there were hemispheric differences in MYE and whether hemispheric 417 

asymmetries contribute to the effects detected above. 418 

Analyses revealed a significant main effect for hemisphere within all tracts, with the left 419 

hemisphere having lower MYE than the right within the ALIC (F = 44.438, p < .001, η�
�  = 420 

.074), GCC (F = 24.931, p < .001, η�
�  = .043) and SCC (p < .001, η�

�  = .130), whereas the 421 

reverse was found within the ACR (F = 31.525, p < .001, η�
�  = .053), SCR (F = 28.425, p < 422 

.001, η�
�  = .048) and PCT (p < .001, η�

�  = .317). A significant hemisphere by AgeG 423 

interaction effect found within the GCC (F = 58.146, p < .001, η�
�  = .094) revealed that while 424 

the right hemisphere had less MYE within the MA group, the left hemisphere had less MYE 425 

within the OA group. A significant hemisphere by sex interaction was also found within the 426 

GCC (F = 10.626, p = .001, η�
�  = .019), with the left hemisphere having higher MYE within 427 

females, whereas no significant difference was found within males. All significant main 428 

effects and interactions for hemisphere survived Holm-Bonferroni correction for multiple 429 

comparisons.  430 

3.9.2 Hemispheric asymmetries in MYE as a predictor of PS 431 

The laterality index of the SCC (β = .018, p = .002) was a significant predictor of PS. As 432 

such, left and right SCC were examined in separate regression models (Table 3). Analyses 433 

revealed that the left SCC was a significant predictor of PS. One SD higher in the MYE of 434 

the left SCC was associated with 2.20% higher PS scores. This was a robust finding as the 435 

association remained significant after controlling for all covariates and survived Holm-436 

Bonferroni correction for multiple comparisons. The right SCC was not a significant 437 

predictor in either models, and no significant interaction effects were detected.  438 

 439 
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Table 3 – Hierarchical linear regression using MYE of the left and right SCC to predict PS  440 

 Model 1a  Model 2a, b  Model 3a, b, c 
ROI R2  ∆R2 β p  ∆R2 β p 

Left SCC  .416  .010 .473 .003**  .014 .504 .002** 
Right SCC .416  .001 .124 .464  .013 .130 .442 

a Model includes AgeG, AgeC, Sex and Education 441 
b Model includes MYE (mean T1w/T2w) of ROI 442 
c Model includes alcohol consumption, smoking, physical activity, hypertension, presence of APO*E4 443 

genotype, depressive symptomology 444 
** Significant at p < .01 445 

 446 

3.9.3 Total brain white matter MYE as a predictor of PS 447 

As all examined tracts showed a trend towards higher MYE predicting faster PS, MYE of 448 

total brain white matter was examined as a predictor of PS. After controlling for AgeG, 449 

AgeC, Sex and Education, total brain white matter MYE was not a significant predictor of PS 450 

(∆R2 <.001, β = .149, p = .603). 451 

3.9.4 White matter hyperintensities as a confounding factor 452 

To ensure that white matter hyperintensities were not a confounding factor in our analyses, 453 

we computed the partial correlation between total white matter hypo-intensity volume 454 

(calculated using automated Freesurfer segmentation on T1-w images; Fischl et al., 2002) and 455 

total brain white matter MYE. After controlling for AgeG, there was no significant 456 

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

= -.048, p = .270). 458 

3.9.5 Partial correlations between estimated myelin content and individual tests of PS  459 

To determine which individual tests of PS were best predicted by the MYE of the ALIC and 460 

left SCC, post-hoc partial correlations between the two tracts and the five different tests of PS 461 

were computed, controlling for AgeG, AgeC, Sex and Education. To meet assumptions of 462 

normality and assess relative contributions, the z-scores for each test were used. Partial 463 
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correlations revealed that, SDMT was the test most strongly correlated with the MYE of the 464 

ALIC (r = .093, p = .037), followed by CRT (r = -.073, p = .103), SRT (r = -.050, p = .264), 465 

TMT-A (r = -.054, p = .231) and PP (r = -.008, p = .852). Whereas for the left SCC, TMT-A 466 

was most strongly correlated (r = -.121, p = .007), followed by CRT (r = -.108, p =.016), SRT 467 

(r = -.089, p = .047), PP (r = .057, p = .203) and SDMT (r = .049, p = .273). 468 

 469 

4. Discussion  470 

The present study investigated whether myelin content estimated in vivo (MYE) within major 471 

white matter tracts is predictive of PS in a sample of healthy community-dwelling adults and 472 

whether lower MYE could be detected in older compared to younger individuals. This 473 

study’s main findings were that higher MYE in the ALIC and the left SCC significantly 474 

predicted faster PS scores and that MYE was lower in older than younger individuals.   475 

4.1 Between-tract differences in mean T1w/T2w  476 

 Our findings within the corpus callosum showing that the genu has higher myelin content 477 

than the splenium are consistent with previous research and histology studies (Aboitiz et al., 478 

1992; Lee et al., 2014). However, while past studies have found the ALIC to have the highest 479 

myelin content within white matter areas (Whittall et al., 1997; Ganzetti et al., 2014), we 480 

found the ACR to have the highest MYE. As the sample used in the current study spans a 481 

substantially narrower and older age range than that of previous studies, it is possible this 482 

discrepancy represents aging-related myelin loss. Supporting this hypothesis, we found that 483 

the ALIC showed one of the largest estimated difference in MYE (24.06%) between the OA 484 

and MA group. In addition, the MA group had significantly higher T1w/T2w values in all six 485 

tracts, which is consistent with the previously reported trajectory of brain myelin content 486 
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which begins to decline soon after mid-life (age 35-40; Bartzokis et al., 2003; Bartzokis et al., 487 

2010).  488 

4.2 MYE predicts PS   489 

While lower MYE is has been demonstrated in clinical groups, and higher MYE within the 490 

cortex is correlated with performance stability on speeded tasks (Grydeland et al., 2013), to 491 

our knowledge this is the first study to utilise the T1-w/T2-w ratio and demonstrated an 492 

association between higher sub-cortical MYE and faster PS in generally healthy community-493 

living individuals. These results support the claim that the higher speed of signal transmission 494 

provided by myelin can predict better outcomes within the cognitive domain of PS, even in 495 

healthy adults who are not likely to have marked myelin degradation similar to those found in 496 

clinical samples. Further, the results found were robust as they remained significant even 497 

after controlling for socio-demographic, health, genetic covariates and multiple comparisons.  498 

The association between higher MYE and faster PS was found to be significant in the ALIC 499 

and left SCC and consistent trends were found in all tracts investigated. As opposed to 500 

previous research that used less specific measures of white mater integrity to show a global 501 

effect on processing speed (Penke et al., 2010; Kerchner et al., 2012), we found that total 502 

brain white matter MYE did not predict PS. Accordingly, these effects are likely to be 503 

specific and localised.  504 

The ALIC is known for high myelin content, connecting the prefrontal cortex to thalamic 505 

nuclei, and the motor cortex to the anterior horn of the spinal cord (Mai et al., 2015). While 506 

the cognitive tests used within the current study primarily measure PS, they do not assess this 507 

property in relation to a single function and may reflect axonal conduction contributing to a 508 

variety of motor, perceptual and cognitive processes. As such, loss of myelin within the 509 

ALIC may result in the disruption of cognitive processes reliant on different circuits. Thus, 510 
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since the cortico-thalamic circuit contributes to a range of cognitive processes that include 511 

learning and memory, inhibitory control, decision-making, and the control of visual orienting 512 

responses (Haber and Calzavara, 2009), differences in myelin content of its fibres may 513 

modulate performance of these processes. Alternatively, since the cortico-spinal circuit forms 514 

the major motor control pathway, the slowing of signals travelling through this circuit could 515 

result in the slowing of PS and psychomotor response seen in the current study. In support of 516 

this, myelin degradation and axonal damage within the ALIC has been linked with motor 517 

impairment in multiple sclerosis patients (Lee et al., 2000) and PS deficits in non-demented 518 

older adults (O'brien et al., 2002). Our finding within the ALIC is in agreement with previous 519 

research that has used diffusion measures to show that the integrity of the ALIC is a  520 

significant predictors of PS (Salami et al., 2012).   521 

Importantly, the speed at which an electrical signal travels along an axon is directly related to 522 

the degree and quality of myelin (Seidl, 2014). Temporal efficacy is essential within neural 523 

circuits to ensure computations are completed on time and synchronously. Evidence suggests 524 

that myelin from later-differentiating oligodendrocytes, such as that found in the ALIC, is 525 

less effective and more vulnerable to the age-related effects of inflammation and oxidative 526 

stress (Brickman et al., 2012; Kohama et al., 2012). If neural efficacy is compromised due to 527 

degradation of myelin sheath in vulnerable areas, like the ALIC, it may result in cognitive 528 

and behavioural slowing, such as that seen in the current study.  529 

In addition to the ALIC, the MYE of the left SCC significantly predicted PS, while that of the 530 

GCC did not. This finding is not in agreement with previous research which has used less 531 

specific diffusion and transverse relaxometry methods to show that frontal regions such as the 532 

GCC are more strongly associated with PS than posterior regions such as the SCC (Lu et al., 533 

2011; Salami et al., 2012; Lu et al., 2013). The SCC is a major commissural tract, 534 

accommodating interhemispheric connections between visual, parietal and posterior cingulate 535 
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areas (Knyazeva, 2013), and has previously been associated with PS, in that age-related 536 

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

been found to  be associated with slower speed of processing (Park et al., 2014). These age-538 

related findings may be due to increased interhemispheric synchronisation facilitated by the 539 

heavily myelinated fibres of the SCC (Hinkley et al., 2012). As such, the current study 540 

suggests that age-related PS disruptions associated with the SCC may be due to myelin 541 

degradation within this structure. However, only the MYE of the left SCC was a significant 542 

predictor of PS. While it is possible that this lateralised finding is due to noise or 543 

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

found to be more prone to neurodegeneration (Yoon et al., 2011). Additionally, in 545 

Alzheimer’s disease, cortical atrophy begins earlier and progresses faster within the left 546 

hemisphere (Thompson et al., 2007; Minkova et al., 2017). Consequently, the laterality effect 547 

observed in the present study may reflect a greater vulnerability of the left SCC to the adverse 548 

effects of ageing.  549 

It is of clinical utility to determine which of the five individual tests of PS would be best 550 

predicted by MYE deficits in the ALIC and left SCC. Post-hoc analysis showed that the 551 

SDMT and TMT-A were most strongly correlated with the MYE of the ALIC and left SCC 552 

respectively. One of the major aspects that differentiates these two tests from the others is 553 

increased cognitive complexity – as opposed to SRT, CRT, and PP which are primarily 554 

reliant on precise motor skills and visual feedback. This is consistent with the fact that the 555 

ALIC contributes to the fronto-thalamic circuitry which is involved in complex cognition 556 

such as executive functions.  557 

4.3 Strengths and limitations 558 

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

latent measure of PS from five different individual tests, unwanted variance relating to other 560 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Myelin Content and Processing Speed  26 

 

properties was minimised by analysing common aspects of tasks that vary in methodology 561 

but load heavily on PS (Cepeda et al., 2013). In addition, the large sample size and carefully 562 

selected covariates were also substantial strengths.  563 

Despite this, the narrow age-range of the two groups and the relative good health of our 564 

sample may have restricted variance in myelin content that might be otherwise expected in a 565 

population with a greater age range or in a clinical sample. Additionally, due to the cross-566 

sectional design used, causal inferences on the association between T1w/T2w signal and PS 567 

cannot be drawn. Future studies should therefore apply this technique to longitudinal datasets 568 

to determine both lifelong myelin content trajectories and test their associations across a 569 

greater range of cognitive domains such as memory and attention which may also be 570 

materially affected by progressive age-related myelin loss. 571 

It should be noted, that due to the complexity of neural circuits, lower myelin content in 572 

specific white matter tracts may not necessarily be associated with slower PS. However, the 573 

white matter tracts used within the current study were selected as they facilitate information 574 

transfer between brain regions known to be implicated in functions sensitive to PS. 575 

Therefore, it would be expected that variability in myelin content in these regions would 576 

impact processing speed. 577 

In addition, while the measure of myelin content used in this study has shown correlation to 578 

myelin levels of post-mortem brains using immunocytochemistry study (Nakamura et al., 579 

2017), our understanding of it will benefit from further validation against histological 580 

measures which allow us to understand the relative contribution of other factors such as iron 581 

levels and inflammation. However, a recent study demonstrated that within a small sample, 582 

the measure had high test-retest reliability (Arshad et al., 2017). Future studies should 583 
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continue to aim to directly validate the origin of the T1w/T2w signal by using histology 584 

techniques in post-mortem animal and human models.  585 

4.4 Conclusion 586 

Estimating brain myelin content using the T1w/T2w technique is relatively easy to implement 587 

and does not require lengthy acquisition times or a complex processing pipeline; therefore, it 588 

is a practical method to identify age-related brain changes and should be further investigated 589 

in future research as a biomarker for neurocognitive diseases. Using this technique, the 590 

current study is the first to demonstrate in vivo that higher MYE of white matter tracts 591 

assessed with a specific and sensitive measure is associated with faster PS in healthy adults, 592 

even after controlling for socio-demographic, health and genetic variables.  593 

 594 
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