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Abstract

Mounting evidence indicates that abnormal gait speed predicts the progression of neurodegenerative diseases, including Alzheimer’s disease. 
Understanding the relationship between white matter integrity, especially myelination, and motor function is crucial to the diagnosis and 
treatment of neurodegenerative diseases. We recruited 118 cognitively unimpaired adults across an extended age range of 22–94 years to examine 
associations between rapid or usual gait speeds and cerebral myelin content. Using our advanced multicomponent magnetic resonance relaxometry 
method, we measured myelin water fraction (MWF), a direct measure of myelin content, as well as longitudinal and transverse relaxation rates (R1 
and R2), sensitive but nonspecific magnetic resonance imaging measures of myelin content. After adjusting for covariates and excluding 22 data 
sets due to cognitive impairments or artifacts, our results indicate that participants with higher rapid gait speed exhibited higher MWF, R1, and 
R2 values, that is, higher myelin content. These associations were statistically significant within several white matter brain regions, particularly the 
frontal and parietal lobes, splenium, anterior corona radiata, and superior fronto-occipital and longitudinal fasciculus. In contrast, we did not find 
any significant associations between usual gait speed and MWF, R1, or R2, which suggests that rapid gait speed may be a more sensitive marker 
of demyelination than usual gait speed. These findings advance our understanding on the implication of myelination in gait impairment among 
cognitively unimpaired adults, providing further evidence of the interconnection between white matter integrity and motor function.
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Gait speed is a functional measure that reflects performance status of 
a wide range of physiologic systems and functions, integrating muscle 
strength, balance, proprioception, motivation, vision, weight, joint mo-
bility, as well as cardiovascular and pulmonary functions (1). Indeed, 
it has emerged as a single biomarker for health status (2), including 
survival itself (3). There is growing evidence suggesting that the de-
cline in gait speed with aging reflects progressive neurodegeneration 
(4,5). This interpretation is consistent with studies showing slowing 
of motor function, as reflected by impairment of gait, may precede 
the onset of overt cognitive decline and Alzheimer’s disease (AD) 
as well as other dementias (6,7). In particular, the relationship be-
tween neurodegeneration and abnormal gait speed is thought to re-

flect age-related changes in the micro- and macro-structures of both 
gray and white matters. Indeed, neuroimaging studies across a range 
of modalities and experimental designs have shown that the develop-
ment of abnormal gait speed, as well as other issues in locomotor and 
postural stability, is associated with greater gray matter atrophy (8), 
white matter hyperintensities (9), in addition to β-amyloid burden, a 
neuropathological hallmark of AD (10). These changes in gray and 
white matter tend to be localized in cortical tissue related to executive 
function and motor planning including the prefrontal cortex, supple-
mentary motor regions, and cerebellum, as well as in subcortical white 
tissue tracts that carry executive and sensorimotor information, such 
as proprioception and vision, to lower brain centers (11,12).
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White matter tissue integrity is commonly assessed by measuring 
white matter lesions with structural T2/fluid attenuated inversion re-
covery magnetic resonance imaging (MRI) or by measuring white 
matter microstructural alterations with diffusion tensor imaging 
(DTI). Several studies based on structural imaging and DTI have 
examined the effects of white matter microstructural differences on 
gait speed in healthy and pathological cognitive aging. For instance, 
Snir et al. studied white matter tract regions, including the corpus 
callosum, forceps major and minor, longitudinal fasciculus, fronto-
occipital fasciculus, and the corticospinal tract (11); they found 
that, among individuals with mild cognitive impairment (MCI), DTI 
parameters—namely, fractional anisotropy, mean diffusivity, axial 
diffusivity, and radial diffusivity, which probe water mobility and 
tissue integrity and architecture—were correlated with slower gaits. 
Other studies have reported similar correlations between structural 
MRI or DTI metrics and gait stability (12), frailty (13,14), lap time 
variability (15), and physical activity (16,17). While these studies 
offer compelling evidence that loss of white matter integrity is as-
sociated with impaired gait performance in adults, especially those 
with neurodegenerative diseases, they are fundamentally limited by 
the inability of conventional structural imaging or DTI techniques to 
specifically determine whether abnormalities in white matter micro-
structure reflect differences in axonal density or myelin content. 
Further, derived parameters can be affected by various physiological 
aspects including iron content, fiber fanning or crossing, microstruc-
tural complexity, or cell membrane permeability (18,19).

To overcome these limitations, advanced MRI methods have 
been developed based on multicomponent relaxometry that provide 
much greater sensitivity and specificity in noninvasive MRI myelin 
mapping (20,21). In multicomponent relaxometry, the magnetic res-
onance signal is separated into 2 pools of water, corresponding to 
the intra/extracellular water pool and the water trapped between 
the myelin sheaths calculated as the myelin water fraction (MWF), 
which has been shown to represent a direct measure of myelin con-
tent (20,21). This developing methodology allows for substantially 
more accurate investigation of the role of myelin degeneration in 
the pathogenesis of neurodegenerative diseases (20). Using MWF im-
aging, Boa Sorte Silva et al. found significant associations between 
lower MWF and higher gait variability in several cerebral structures 
including the cingulum, superior longitudinal fasciculus, posterior 
corona radiata, and the body of the corpus callosum among indi-
viduals with MCI and cerebral small vessel disease (22). However, 
to the best of our knowledge, no MRI studies have employed 
multicomponent relaxometry to explore the specific relationship 
between myelin content and gait speed in cognitively unimpaired 
individuals. Indeed, breakdown of myelin and oligodendrocytes, the 
specialized glial cells responsible for myelin synthesis in axons, has 
been shown to not only contribute to the development of numerous 
demyelinating diseases (23), but also to other neurodegenerative and 
psychiatric conditions, including MCI and dementias (24,25), with 
concomitant cognitive and motor deficits. Therefore, we hypothesize 
that lower MWF would be associated with lower gait speed.

Accordingly, we investigated the association between usual or 
rapid gait speed and regional myelin content in a large cohort of 
cognitively unimpaired adults (N  =  118), ranging in age from 22 
to 94 years. The inclusion of subjects that span a wide age range 
ensures the incorporation of a large range of myelin content and 
gait speeds, permitting a robust correlation analysis across adult-
hood. Myelin content was measured using the Bayesian Monte 
Carlo (BMC)–mcDESPOT-based MWF method (26), while gait 
speeds were measured using our established protocol (27). We also 

measured longitudinal and transverse relaxation rates (R1 and R2), 
which are sensitive measures to myelin content. Indeed, R1 and R2 
depend on water mobility as well as macromolecular tissue compos-
ition, especially lipids and iron, which form the main constituents of 
myelin (19). These metrics are derived, assuming a monocomponent 
system, from the same MRI data used in the BMC–mcDESPOT 
modeling without extra scan time. They are expected to exhibit great 
sensitivity to myelin content given the very short echo times used in 
the corresponding MRI sequences, which allows a great detection of 
the signal originating from the rapidly relaxing water pool, which 
corresponds to the myelin water pool. Thus, the primary objective of 
this study is to characterize the regional associations between cere-
bral myelination and gait speeds in cognitively unimpaired adults.

Materials and Methods

Study Cohort
Participants were drawn from 2 ongoing healthy aging cohorts at 
the National Institute on Aging (NIA), the Baltimore Longitudinal 
Study of Aging (BLSA) and the Genetic and Epigenetic Signatures 
of Translational Aging Laboratory Testing (GESTALT). The study 
populations, experimental design, and measurement protocols of the 
BLSA have been previously reported (28,29). The BLSA is a longi-
tudinal cohort study funded and conducted by the NIA Intramural 
Research Program (IRP). Established in 1958, the BLSA enrolls 
community-dwelling adults with no major chronic conditions or 
functional impairments (29). The GESTALT study is also a study 
of healthy volunteers, initiated in 2015, and funded and conducted 
by the NIA IRP. The goal of the BLSA and GESTALT studies is to 
evaluate multiple biomarkers related to aging. We note that the in-
clusion and exclusion criteria for these 2 studies are essentially iden-
tical. Participants underwent testing at the NIA’s clinical research 
unit and were excluded if they had metallic implants, neurologic or 
medical disorders. At the time of enrollment in our MRI protocol, 
participants were free of central nervous system disease (dementia, 
stroke, bipolar illness, epilepsy), severe cardiac disease, severe pul-
monary disease, and metastatic cancer. Participants underwent 
a Mini-Mental State Examination (MMSE). Clinical and neuro-
psychological data from participants were reviewed at a consensus 
conference if they screened positive on the Blessed Information–
Memory–Concentration (BIMC) score (score ≥4), if their Clinical 
Dementia Rating (CDR) score was ≥0.5 using subject or informant 
report, or if concerns were raised about their cognitive status. The 
CDR was administered to positron emission tomography (PET) 
neuroimaging study and autopsy study participants at each visit 
and to the remaining participants if they scored 4 or more BIMC 
errors. Diagnoses of dementia and AD were based on Diagnostic and 
Statistical Manual of Mental Disorders and the National Institute 
of Neurological and Communication Disorders and Stroke—
Alzheimer’s Disease and Related Disorders Association criteria, re-
spectively. MCI was based on the Petersen criteria and diagnosed 
when (1) cognitive impairment was evident for a single domain (typ-
ically memory) or (2) cognitive impairment in multiple domains oc-
curred without significant functional loss in activities of daily living. 
Cognitively normal status was based on either (i) a CDR of zero and/
or ≤3 errors on the BIMC Test, and therefore the participant did not 
meet the criteria for consensus conference; or (ii) the participant was 
determined to be cognitively normal based on a thorough review of 
clinical and neuropsychological data. Experimental procedures were 
performed in compliance with our local Institutional Review Board, 
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and participants provided written informed consent in accordance 
with the Declaration of Helsinki prior to investigation.

Data Acquisition
Each participant underwent our BMC–mcDESPOT protocol for 
MWF, R1, and R2 mapping (26). This imaging protocol consists of 3D 
spoiled gradient recalled echo (SPGR) images acquired with flip an-
gles (FAs) of [2 4 6 8 10 12 14 16 18 20]°, echo time (TE) of 1.37 ms, 
repetition time (TR) of 5 ms, and acquisition time of ~5 minutes, 
as well as 3D balanced steady-state free precession (bSSFP) images 
acquired with FAs of [2 4 7 11 16 24 32 40 50 60]°, TE of 2.8 ms, 
TR of 5.8 ms, and acquisition time of ~6 minutes. The bSSFP images 
were acquired with radiofrequency (RF) excitation pulse phase in-
crements of 0 or 180° to account for the off-resonance effects (30), 
with a total scan time of ~12 minutes. All SPGR and bSSFP images 
were acquired with an acquisition matrix of 150 × 130 × 94 and a 
voxel size of 1.6 mm × 1.6 mm × 1.6 mm. To correct for excitation 
RF inhomogeneity (31), we used the double-angle method (DAM), 
which consisted of acquiring 2 fast spin-echo images with FAs of 
45° and 90°, TE of 102 ms, TR of 3 000 ms, acquisition voxel size 
of 2.6 mm × 2.6 mm × 4 mm, and acquisition time of ~4 minutes. 
All images were acquired with field-of-view of 240 mm × 208 mm 
× 150 mm, SENSitivity Encoding factor of 2, and reconstructed to 
a voxel size of 1 mm × 1 mm × 1 mm. The total acquisition time 
was ~21 minutes. MRI scans were performed on a 3-T whole-body 
Philips MRI system (Achieva, Best, The Netherlands) using the in-
ternal quadrature body coil for transmission and an 8-channel 
phased-array head coil for reception. We emphasize that all MRI 
studies and ancillary measurements were performed with the same 
MRI system, with the same pulse sequences, and at the same facility 
for both BLSA and GESTALT participants.

Data Processing
For each participant, using the FMRIB’s Linear Image Registration 
Tool analysis as implemented in the FSL software (32), all SPGR, 
bSSFP, and DAM images were linearly registered to the SPGR image 
obtained at FA of 8° and the respective derived transformation 
matrices were then applied to the original SPGR, bSSFP, or DAM 
images. A whole-brain MWF map was then generated using BMC–
mcDESPOT from these co-registered SPGR, bSSFP, and DAM data 
sets (26,33). BMC–mcDESPOT assumes a 2-relaxation time compo-
nent system consisting of a short T2 component, attributed to myelin 
water, and a long T2 component, attributed to intra and extracellular 
waters. We used the signal model explicitly accounting for nonzero 
TE (34). This emerging method offers rapid and reliable whole-brain 
MWF maps (26,33–35). A whole-brain R1 map was generated from 
the co-registered SPGR and DAM data sets using DESPOT1 and 
assuming a single component longitudinal relaxation component, 
and a whole-brain R2 map was generated from the co-registered 
bSSFP and DAM data sets using DESPOT2, also assuming a single 
component (36). R1 and R2 values depend on both water mobility 
and macromolecular tissue composition, including local lipid and 
iron content, and thus are expected to be directly associated with a 
number of microstructural features of brain tissue, including myelin 
content.

Further, using FSL software (32), the averaged SPGR image over 
FAs underwent nonlinear registration to the Montreal Neurological 
Institute (MNI) standard space, and the computed transformation 
matrix was then applied to the corresponding MWF, R1, and R2 
maps. An example of the quality of the parameter maps’ registration 

is shown in Supplementary Figure 1A. Twenty-one white matter re-
gions of interest (ROIs) were defined from the MNI structural atlas 
(Supplementary Figure 1B). These encompassed the whole brain, the 
frontal, parietal, temporal, and occipital lobes, cerebellum, the body, 
genu, and splenium of the corpus callosum, internal capsule, cere-
bral peduncle, anterior and posterior corona radiata, anterior and 
posterior thalamic radiation, superior and inferior fronto-occipital 
fasciculus, superior and inferior longitudinal fasciculus, and forceps 
major and minor. ROIs were defined in the MNI space and have 
been eroded to reduce partial volume effects and imperfect image 
registration using a kernel box of 2 voxels × 2 voxels × 2 voxels with 
the FSL tool fslmaths. Within each ROI, the mean MWF, R1, and R2 
values were calculated.

Usual and Rapid Gait Speed Measurement
Usual gait speed (UGS; unit, m/s) was assessed by asking partici-
pants to walk at their “usual, comfortable pace” over a 6-m course 
in an uncarpeted corridor. Participants stood with their feet behind 
a taped starting line. After a command of “Go”, timing was initiated 
with the first foot-fall over the starting line and stopped after the 
first foot-fall over the finish line. Similarly, rapid gait speed (RGS; 
unit, m/s) was measured after instructing the participants to walk as 
quickly as possible, without running (27). Of note, gait speeds were 
measured after 2 trials, and the fastest value measure was used in the 
subsequent analyses. We note that all MRI and gait speed measure-
ments were performed at the same facility and within the same day.

Statistical Analysis
To investigate the effect of MWF, R1, or R2 on RGS or UGS, a mul-
tiple linear regression analysis was performed using the mean RGS 
or UGS value as the dependent variable, and age, sex, race, MMSE, 
body mass index (BMI), and MWF, R1, or R2 values within each ROI 
as independent variables. The continuous variables were Z-scored 
by subtracting the mean value calculated across participants from 
each measured value and dividing by the standard deviation value. 
The initial model incorporated an interaction term between age and 
MWF, R1, or R2 but was removed as it was found not to be sig-
nificant in any of the ROIs investigated. The resulting parsimonious 
model was then constructed without this interaction term. The final 
regression model is given by:

gait speed (m/s) ∼ βo + βage × age+ βsex
×sex+ βrace × race + βBMI × BMI
+βMMSE × MMSE+ βMRI ×MRI

where MRI corresponds to MWF, R1, or R2. The threshold for stat-
istical significance was taken as p < .05, while close-to-significance 
was taken as p < .1, after correction for multiple ROI comparisons 
using the false discovery rate (FDR) method (37,38). All analyses 
were run using MATLAB software (MathWorks, Natick, MA).

Results

Cohort’s Characteristics
Demographic characteristics of the participants are shown in Table 
1. The age and sex distribution of the participants are provided in 
Supplementary Figure 2. After removal of 22 participants’ data sets 
with either missing data, severe motion artifacts on the MR images 
assessed using visual inspection, or from participants with cognitive 
impairments, the final cohort consisted of 118 cognitively unimpaired 
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volunteers (mean ± standard deviation MMSE = 28.8 ± 1.4) ranging 
in age from 22 to 94  years (55.4  ±  20.4  years). Of this final co-
hort, 54 (45.8%) were women, while 82 (69.4%) were White and 24 
(20.3%) were Black. The mean ± standard deviation values of BMI 
were 25.8 ± 3.6. The mean ± standard deviation values of RGS and 
UGS were 1.85 ± 0.33 m/s and 1.24 ± 0.22 m/s, respectively.

Associations Between Gait Speeds and Cerebral 
Microstructure
Figure 1 shows MWF, R1, and R2 MR parameter maps of participants 
with either higher or lower RGS or UGS values within a limited age 
range between 52 and 70 years to mitigate the effect of age. Higher 
RGS or UGS correspond to values above the mean values calculated 
across this restricted age-range group, while lower RGS or UGS cor-
respond to values below or equal to the mean value. This limited age 
range minimizes the potential effect of age on derived MR parameter 
maps for this qualitative analysis; statistical quantification of the ef-
fect of age as a covariate will be presented below. Visual inspection 
indicates that, overall, participants with lower RGS or UGS values 
exhibit smaller regional MWF, R1, and R2 values, and, conversely, 
participants with higher regional RGS or UGS values exhibit the 
highest regional MWF, R1, and R2 values. In other words, higher 
myelin content is associated with higher gait speeds. These qualita-
tive results suggest a potential strong association between RGS or 
UGS and myelin content.

Figure 2 shows an example of plots of the associations between 
RGS or UGS, and MWF, R1, or R2, derived from the whole-brain 
white matter ROI, from the multiple regressions analysis, after 
adjusting for age, sex, race, MMSE, and BMI. In agreement with the 
visual inspection of Figure 1, there are positive correlations between 
all 3 MRI measures investigated and RGS or UGS, with lower MWF, 
R1, and R2 values corresponding to lower RGS and UGS values. We 
found that, except for the body and genu of the corpus callosum 
and cerebral peduncles for MWF and R2, the associations between 
RGS and MWF, R1, and R2 were statistically significant (p < .05) in 
most ROIs investigated after FDR correction (Table 2). We also note 
that, overall, the frontal and parietal lobes, the splenium and the 
main anterior or superior subcortical white matter tracts—namely, 
the superior fronto-occipital fasciculus, superior longitudinal fascic-
ulus, and anterior corona radiata—exhibited the steepest slopes be-
tween RGS and MWF, R1, and R2, indicating stronger correlations. 

Furthermore, as expected, the correlation between age and RGS was 
statistically significant and exhibited negative slopes across all ROIs 
investigated (Table 2), with lower values of RGS in the older parti-
cipants. We note that, for all ROIs, the effect of aging on RGS was 
stronger than the effect of MWF, R1, or R2 (Table 2). Additionally, we 
note that there were no significant associations between RGS and sex, 
race, MMSE, or BMI in any of the ROIs evaluated (Supplementary 
Tables 1–3).

Figure 1. MWF, R1, and R2 parameter maps averaged across participants 
drawn from a limited age range (52–70 years) with either higher or lower RGS 
or UGS values. R1 = longitudinal relaxation rate; R2 = transverse relaxation 
rate. MWF = myelin water fraction; RGS = rapid gait speed; UGS = usual gait 
speed. Results are shown for a representative imaging slice. Visual inspection 
indicates that, overall, participants with lower RGS or UGS values exhibit 
smaller regional MWF, R1, and R2 values, while participants with higher RGS 
or UGS values exhibit higher regional MWF, R1, and R2 values.

Figure 2. Regression plots of the standardized RGS (top) and UGS (bottom) 
values as a function of standardized MWF (left panel), R1 (middle panel), or 
R2 (right panel) values within the whole-brain white matter. R1 = longitudinal 
relaxation rate; R2 = transverse relaxation rate; MWF = myelin water fraction; 
RGS  =  rapid gait speed; UGS  =  usual gait speed. Values are adjusted for 
sex, race, MMSE, and body mass index. For each plot, the best-fit line (blue 
solid line) and confidence intervals (red dashed lines) are displayed. The 
adjusted response function describes the relationship between the indicated 
dependent variable and MWF, R1, or R2 with the other predictors averaged out 
by averaging the fitted values over the data used in the fit. There are positive 
correlations between all magnetic resonance parameters and RGS or UGS.

Table 1. Demographic Characteristics of Study Participants

Total sample N = 118 
Age (years), mean ± SD (min–max) 55.4 ± 20.4 (22–94)
Sex
 Male, N (%) 64 (54.2%)
 Female, N (%) 54 (45.8%)
Race
 White, N (%) 82 (69.4%)
 Black, N (%) 24 (20.3%)
 Other, N (%) 12 (10.2%)
MMSE, mean ± SD (min–max) 28.8 ± 1.4 (25–30)
BMI (kg/m2), mean ± SD (min–max) 25.8 ± 3.6 (18.3–35.8)
RGS (m/s), mean ± SD (min–max) 1.85 ± 0.33 (0.92–2.67)
UGS (m/s), mean ± SD (min–max) 1.24 ± 0.22 (0.68–1.81)

Notes: BMI  =  body mass index; max  =  maximum; min  =  mini-
mum; MMSE  =  Mini-Mental State Examination; RGS  =  rapid gait speed; 
UGS = usual gait speed; SD = standard deviation. Values are given as either the 
mean ± standard deviation (range), or the N (%).
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In contrast, the association between UGS and MWF was not 
significant in any of the ROIs investigated, after FDR correction 
(Table 3). However, several ROIs exhibited significance (p < .05) 
before FDR correction, including the cerebellum, splenium, anterior 
corona radiata, and superior fronto-occipital fasciculus. Similarly, 
the association between UGS and R1 was close-to-significant in all 
ROIs investigated, except the parietal lobes ROI after FDR cor-
rection. Here again, the steepest slopes were, overall, seen in the 
frontal lobes, superior fronto-occipital fasciculus, and anterior 
corona radiata fiber tracts. We note that the effect of MWF, R1, and 
R2 was, overall, much stronger on RGS than UGS (Tables 2 and 
3). Finally, as expected, the effect of age on UGS was significant in 
all ROIs investigated, with age exhibiting a much stronger effect 
on UGS as compared to MWF, R1, or R2 (Table 3). We also note 
that while the effects of sex, race, and MMSE were not significant, 
the effect of BMI on UGS was significant in all ROIs investigated 
(Supplementary Tables 4–6).

Discussion

In this cross-sectional study, using multicomponent MR relaxometry 
for both direct and indirect measurements of myelin content, we 
demonstrate that lower gait speeds were associated with lower 
myelin content, as measured by the MWF and relaxation rates. 
These regional associations were observed in a relatively large co-
hort of well-characterized, cognitively unimpaired, adults spanning 
a wide age range. These findings provide further evidence of the 
association between physical function, quantified with gait speeds, 
and neurodegeneration in white matter, measured using a more 
specific (MWF) and less specific (R1, R2) MRI measures of myelin 
content. Moreover, to our knowledge, this is the first investiga-
tion to indicate that RGS is a more robust indicator of demyelin-
ation as compared to UGS; this may serve as an early indicator of 
neurodegeneration and allow for early interventions for MCI and 
AD. While our results do not prove causality, they are consistent 
with the notion that lower myelin content may contribute to gait 
speed impairments in normative aging, thus linking white matter 
myelin integrity and motor function.

We found significant positive correlations in most critical white 
matter brain regions between RGS and MWF values, even after 
FDR correction and adjustment for age, sex, race, MMSE, and BMI 
(Figure 2; Table 2). These regional associations were also markedly 
significant for R1. Indeed, R1 depends on water mobility as well as 
macromolecular tissue composition, especially lipids, which form 
the main constituent of myelin. However, unlike MWF, the asso-
ciations between RGS and R1 were significant in all ROIs studied. 
There are several considerations that could explain these observa-
tions. First, R1 determination relies on a simple monocomponent 
signal model so that a precise and accurate determination is achieved 
in all cerebral structures, providing high sensitivity in capturing the 
association between myelin content and RGS. In contrast, MWF de-
termination relies on multicomponent analysis, which involves more 
complex signal modeling that inherently leads to lower accuracy and 
precision in derived values (39). Second, although R1 is very sen-
sitive to myelin content, it is also sensitive to other physiological 
parameters such as axonal or synaptic density. Therefore, the asso-
ciations between lower R1 and RGS may also reflect confounding 
effects. Indeed, our results support this notion by indicating that R2, 
an MR parameter that is very sensitive to axonal density (35), is also 
significantly associated with RGS in several ROIs. Further analyses, 
including multishell diffusion imaging for the direct measurement of 

neurite and axonal density, may provide additional insights into this 
specific relationship; this work is in progress.

Interestingly, while we found significant or close-to-significant as-
sociations between all MRI metrics and RGS across almost all ROIs, 
we found that, overall, the frontal and parietal lobes, the splenium 
of the corpus callosum, and the main anterior or superior subcortical 
white matter tracts—namely, the superior fronto-occipital fasciculus, 
superior longitudinal fasciculus, and the anterior corona radiata—
exhibited the steepest slopes between RGS and our relaxometry 
parameters (Table 2). These associations between RGS and MWF, 
R1, or R2 were weaker within the temporal and occipital lobes, the 
body and genu of the corpus callosum, and the main posterior and 
inferior subcortical white matter tracts.

Our finding of strong associations between RGS and our 
relaxometry parameters within the frontal and parietal lobes, sple-
nium, superior fronto-occipital fasciculus, superior longitudinal 
fasciculus, and the anterior corona radiata corroborate previous 
structural MRI and DTI studies (9,11–17). Indeed, cognitive and 
motor declines share common underlying pathophysiological path-
ways and neural substrates (4). Despite its apparent simplicity, 
proper gait requires a complex interplay between sensory integra-
tion, frontal executive function and motor planning, and attention 
and cognitive control. It is well-established, especially in functional 
MRI research, that the frontal and parietal cerebral structures 
closely interact forming a single neural network, the fronto-parietal 
control network, to facilitate executive processes and direct cogni-
tive control (40), while disruptions in fronto-parietal white matter 
pathways have previously been shown to be related to impaired 
motor and executive functions in individuals with MCI or AD (41). 
Additionally, several studies have shown that the anterior corona 
radiata and the superior fronto-occipital and longitudinal fasciculus 
may serve an important role in information processing, executive 
function, and motor control (9,15,42), which may explain their as-
sociation with RGS seen here. Finally, our finding of an association 
within the splenium is likely due to its involvement in the integration 
and interhemispheric transfer of visual and somatosensory inputs 
between the parietal and occipital cortices (15,43), which is neces-
sary for gait performance. Hence, our results suggest that demyelin-
ation in brain regions responsible for sensory integration, motor and 
executive processes, and cognitive control could play a more prom-
inent role in RGS disturbances as compared to other brain regions.

We did not find any significant associations between UGS and 
MWF, and only close-to-significant associations between UGS and 
R1 or R2 in a limited number of ROIs (Table 3). These findings sug-
gest that RGS may be a more sensitive marker of demyelination than 
UGS, in agreement with existing literature. For example, RGS (also 
referred to as fast gait speed) has been shown to be a more sensitive 
marker of neuromuscular function than UGS among older individ-
uals (44). Additionally, RGS has been shown to better reveal gait 
deficits in individuals with neurodegenerative diseases compared to 
UGS (45,46). Moreover, RGS has been shown to be more robust 
than UGS in differentiating levels of cognition in cognitively unim-
paired older adults (47), in identifying stages of cognitive decline 
(cognitively healthy, MCI, and dementia) (48), and in predicting 
accelerated cognitive decline over time (49). These findings may be 
due to the higher cognitive and physiological demands placed on 
the brain during strenuous physical activities in RGS performance 
compared to less challenging physical activities that require limited 
brain resources in UGS performance. It is possible that these higher 
demands placed on the brain during RGS performance necessitate 
greater cognitive control and neuronal activity, particularly in white 
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matter regions involved in frontal executive function and motor 
processes. Therefore, RGS performance may have clinical utility in 
detecting latent pathology, including myelin loss, that could facilitate 
diagnosis of neurodegenerative diseases.

Although our investigation examined a relatively large cohort 
and used advanced MRI methodology to probe myelin content, our 
work has certain limitations. We used cross-sectional data; longitu-
dinal studies will be needed to determine the causality of the RGS 
and myelin associations observed here. Further, while the BLSA and 
GESTALT participants included in this study were very healthy 
without history of chronic diseases or hip replacements, other 
covariates that are not accounted for here may affect determin-
ation of gait speeds or our results, including vision or self-efficacy. 
Moreover, contamination due to partial volume issues may have 
been introduced in the calculated relaxometry metric values. To miti-
gate the potential effects of partial volume contamination, all ROIs 
were eroded followed by careful visual inspection. Nevertheless, 
some partial volume effects could have persisted, especially in small 
structures. We also note that determination of MR parameters can 
be biased due to several experimental and physiological factors. 
These include, but are not limited to, the effects of magnetization 
transfer between macromolecules and free water protons, exchange 
between water pools, J-coupling, off-resonance, spin-locking effects, 
water diffusion within different compartments, and internal gradi-
ents. Further technical developments are thus needed to improve the 
accuracy of MRI studies of myelin content. Finally, a histological 
validation of the MWF measured using BMC–mcDESPOT has not 
previously been performed and is still needed to establish the extent 
of specificity of this metric to myelin content. This work is underway.

Conclusion

Our study provides new insights into the importance of myelin on 
physical functioning indicating that loss of cerebral myelination 
is associated with age-related gait impairments among cognitively 
healthy individuals. This work forms the basis for further investiga-
tions to elucidate the specific relationship between gait speeds and 
myelination in cognitive impairments, including in AD.
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