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Abstract

This study investigated the relationship of brain white matter (WM) lesions affecting specific neural networks with decreased mobility in
ninety-nine healthy community-dwelling subjects >75 years old prospectively enrolled by age and mobility status. We assessed lesion burden
in the genu, body and splenium of corpus callosum; anterior, superior and posterior corona radiata; anterior and posterior limbs of internal
capsule; corticospinal tract; and superior longitudinal fasciculus. Burden in the splenium of corpus callosum (SCC) demonstrated the highest
correlation particularly with walking speed (r=0.4, p<107*), and in logistic regression it was the best regional predictor of low mobility
performance. We also found that independent of mobility, corona radiata has the largest lesion burden with anterior (ACR) and posterior (PCR)
aspects being the most frequently affected. The results suggest that compromised inter-hemispheric integration of visuospatial information
through the SCC plays an important role in mobility impairment in the elderly. The relatively high lesion susceptibility of ACR and PCR in

all subjects may obscure the importance of these lesions in mobility impairment.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Mobility impairment occurs in 14—50% of those between
65 and 85 years (Odenheimer et al., 1994) and has social
and economic consequences as it is a cause of falls and
dependence. While mobility impairment in the elderly is
multifactorial, brain WM damage has been identified as one
pathogenic mediator (Briley et al., 1997; Sachdev et al.,
2005; Starr et al., 2003). Prevalence of WM hyperintensi-
ties (WMH) in healthy elderly ranges between 27 (Breteler
et al., 1994) and 90% (de Leeuw et al., 2000) depending
on the defining criteria. In addition to mobility impairment,
WMH is also linked to cognitive decline (Charlton et al.,
2006; Garde et al., 2000; Mungas et al., 2002; Prins et al.,
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2005; van den Heuvel et al., 2006) and urinary dysfunction
(Sakakibara et al., 1999). Data suggests an ischemic origin
of the WMH (Pantoni and Garcia, 1997) with large studies,
e.g., Framingham study (DeCarli et al., 2005), Rotterdam
study (de Leeuw et al., 2001), Austrian Stroke prevention
study (Schmidt et al., 1999, 2005) supporting the link of
WMH to vascular disease (Ikram et al., 2006; Prins et al.,
2005). Risk factors associated with WMH include hyper-
tension (Dufouil et al., 2001) as well as metabolic factors,
e.g., diabetes, homocysteine, hyperlipidemia, and C-reactive
protein (Longstreth et al., 1996). Balance during standing
conditions and dynamic movement relies on timely process-
ing of vestibular, visual, and tactile-proprioceptive inputs
to produce a coordinated motor response that maintains or
restores body alignment with the base of support. Failure to
rapidly compensate destabilizing forces results in poor bal-
ance and falls. Although for the majority of cases there are
identifiable pathologies causing mobility impairment, e.g.,
CNS degenerative disease, arthritis, and deconditioning, for
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a significant fraction no link to a specific disease can be iden-
tified. Several cross-sectional studies on elderly subjects have
demonstrated a relationship between brain WMH and lower
extremity motor function (Masdeu et al., 1989; Baloh et al.,
1995; Briley et al., 1997; Longstreth et al., 1996; Camicioli et
al., 1999; Guttmann et al., 2000; Baezner et al., 2008). This
relationship has been observed also in longitudinal analy-
ses that showed worsening mobility to be associated with
increasing WMH (Whitman et al., 2001; Baloh et al., 2003;
Wolfson et al., 2005). However, the role/s and progression
of regional brain WMH in mobility decline in the elderly
population remain to be defined. We hypothesize that WM
damage compromises areas of the brain required for senso-
rimotor integration underlying motor control. Accordingly,
we will attempt to define the role of regional lesion bur-
den in mobility impairment, utilizing a prospective study
involving ninety-nine healthy old individuals stratified by
age and mobility. We report here the results of the cross-
sectional analysis on baseline mobility status with regional
distribution of WMH. We assessed WM damage in areas
containing motor control pathways (corticospinal tracts,
internal capsule), mediating inter- and intra-hemispheric
integration of visual and other sensory inputs (corpus
callosum, superior longitudinal fasciculus), and periven-
tricular regions containing afferent as well as efferent
corticospinal connections (corona radiata), and character-
ized the association of these regional burdens with mobility
performance.

2. Methods
2.1. Subjects

Ninety-nine community-dwelling subjects 75-90 years
old were recruited for a 4-year prospective study defin-
ing the relationship between mobility impairment, brain
changes, and cardiovascular risk factors. Subjects were
recruited through multiple methods. Newspaper articles in
the Hartford Courant and New Britain Herald generated the
largest response, and were supplemented by presentations at
senior centers, retirement communities, civic organizations
and health fairs. Advertisements were placed in community
newsletters, apartment buildings, and recruitment packets
were sent to all Hartford faith-based organizations. A research
volunteer database was utilized and geriatricians at the Uni-
versity of Connecticut Health Center were asked to refer
patients. Exclusion criteria included: systemic conditions
(e.g., severe arthritis) and neurologic disease (e.g., neuropa-
thy, Parkinson’s disease) compromising mobility, medication
impairing motor function, cognitive impairment (Mini-
Mental State Exam, MMSE <24), corrected distance vision
>20/70, unstable cardiovascular disease (e.g., myocardial
infarction within 6 months, unstable angina), pulmonary dis-
ease requiring oxygen, inability to walk 10 m independently
in <50 s, lower extremity amputation, weight >114 kg, claus-

trophobia, pacemaker or other metallic devices/implants,
excessive alcohol intake and expected lifespan <4 years.
Phone screening was completed on 312 people. All eli-
gible persons were invited to an orientation session and
were fully informed and provided consent before further
screening of medical history, MMSE and mobility. Of
the 164 still eligible, 117 returned for a physical exam
performed by the senior investigator (LW) who also admin-
istered the remaining exclusion criteria. Seventeen subjects
were excluded due to exam findings, arthritis and claus-
trophobia, and one due to a clinically silent cerebellar
meningioma found on MRI. To ensure study compliance
MRIs were reviewed by an on-site radiologist and by a
neuroradiologist (PGH) at the neuroimaging core. Study pop-
ulation images were carefully reviewed for co-morbidities
including cerebral infarction, and intracranial mass lesions.
Subjects were enrolled by age and mobility to fill a 3 x 3
stratification matrix (Table 1). The Institutional Review
Boards of participating institutions approved the proto-
col.

2.2. Mobility assessment

Mobility was measured by one of the authors (JAS), using
the short physical performance battery (SPPB) (Guralnik
et al., 1994), which rates performance by comparison to
a standardized sample with one point for each quartile
(best=4). SPPB is the summed performance on three com-
ponents: standing balance (SB) during tandem, semi-tandem
and side-by-side stance; five chair rises (CR); and time
to walk 2.5m (WS). We defined three categories of nor-
mal (SPPB=11-12), mildly impaired (SPPB=9-10) and
moderately impaired (SPPB <9) mobility, hereafter called
normal (SPPB: 11.3 & 0.4; median: 11), intermediate (SPPB:
9.7+0.4; median: 10), and impaired (SPPB: 6.6+ 1.5;
median: 6.5).

2.3. MR imaging

High-resolution MR images of the head were acquired
at the Institute of Living (Hartford, Connecticut) using
three MR sequences on a 3-Tesla Siemens Allegra scanner
(Erlangen, Germany): T1-weighted Magnetization Prepared
Rapid Gradient Echo (MPRAGE) (176 contiguous 1-mm
thick axial slices, TR/TE =2500/2.74 ms, TI =900 ms, matrix
size =256 x 208, in-plane pixel spacing=1mm X 1 mm);
3D-Fast Spin Echo (T2) (176 contiguous 1-mm thick sagittal
slices, TR/TE =2500/353 ms, matrix size =256 x 220, in-
plane pixel spacing=1mm x 1 mm), and Fluid Attenuated
Inversion Recovery (FLAIR) (128 contiguous 1.3-mm thick
sagittal slices, TR/TE =6000/353 ms, TI=2200 ms, matrix
size =256 x 208, in-plane pixel spacing=1mm x 1 mm).
Pre-processing included correction of magnetic field-related
signal inhomogeneities (Sled et al., 1998) and linear affine
registration of FLAIR and T2 series to the MPRAGE series
(Jenkinson and Smith, 2001).

(2009), doi:10.1016/j.neurobiolaging.2009.04.010

Please cite this article in press as: Moscufo, N., et al., Brain regional lesion burden and impaired mobility in the elderly. Neurobiol. Aging



dx.doi.org/10.1016/j.neurobiolaging.2009.04.010

NBA-7323; No.of Pages9

N. Moscufo et al. / Neurobiology of Aging xxx (2009) xxx—xxx 3

Table 1
Characteristics of study cohort.

All (n=99)

Mobility groups

Normal (n=33)

Intermediate (n=36) Impaired (n=30)

Subjects 75-79 years (F/M) 29 (16/13) 11 (6/5) 11 (6/5) 7 (4/3)
Subjects 80-84 years (F/M) 38 (24/14) 12 (8/4) 13 (8/5) 13 (8/5)
Subjects >85 years (F/M) 32 (17/15) 10 (5/5) 12 (6/6) 10 (6/4)

Age (years) 83+4 82.0+44 83.0+3.9 83.3+4.0
Sex (F/M) 57/42 19/14 20/16 18/12

MMSE 28.5+1.3 28.7+1.3 284+14 28.3+1.2
BMI 25.6+39 243 +2.8* 25.3+3.1 27.4+5.1
Subjects with hypertension 71 (71%) 22 (66%) 26 (72%) 23 (77%)
BPF 0.704 +0.034 0.714 +0.038" 0.706 £ 0.034 0.692 £ 0.030
WMF 0.260 £ 0.057 0.270 £ 0.053° 0.270 + 0.045¢ 0.235 £0.069
GMF 0.443 +0.051 0.442 £0.046 0.435 £0.047 0.455£0.061
WMHF 0.010+0.010 0.008 £ 0.008° 0.009 £ 0.006 0.013£0.012

Brain volumes are expressed as fraction of ICC (mean: 1395 & 138 mL, range: 1132—-1780 mL).

 Significant difference with impaired group (Mann—Whitney): p =0.008.
b Significant difference with impaired group (Mann—Whitney): p=0.017.
¢ Significant difference with impaired group (Mann—Whitney): p=0.034.
d Significant difference with impaired group (Mann—Whitney): p =0.049.
¢ Significant difference with impaired group (Mann—Whitney): p =0.040.

2.4. Intracranial cavity (ICC)

The ICC was obtained from the T2 series via semi-
automated skull stripping using custom-made software
implemented in Matlab (Mathworks Inc., Natick, Mas-
sachusetts). ICC included cortical cerebrospinal fluid and was
used to exclude non-brain voxels from the subsequent tissue
class segmentation.

2.5. Probabilistic brain atlas (ICBM)

During segmentation, ICBM brain atlas (International
Consortium on Brain Mapping, UCLA) was warped to each
subject’s brain through linear affine registration (Jenkinson
and Smith, 2001), followed by non-rigid registration as
implemented in 3D-Slicer to provide a probabilistic tem-
plate for gray matter (GM) and WM classification (Pohl et
al., 2004). The ICBM was also used for stereotaxic analy-
sis as standard space to which the brain of each subject was
normalized.

2.6. Brain segmentation

MPRAGE and FLAIR images were used for semi-
automated segmentation into WM, GM, WMH, and
cerebrospinal fluid. Brain parenchymal fraction (BPF), an
index of brain atrophy, was calculated as follows: sum of
WM, GM, and WMH volumes divided by the total ICC vol-
ume. Similarly, to account for head size variability, individual
tissue class volumes were also normalized and expressed as
fraction of ICC (GMF, WMF, WMHF). WMHs were defined
as WM areas that were hyper-intense in FLAIR images
(Fig. 1A). To obtain the optimal segmentation we combined
the outputs of three separate pipelines: single-channel and
double-channel using 3D-Slicer (Pohl et al., 2004) and the

segmentation module of FreeSurfer (Fischl et al., 2002). True
WMH had to be classified in at least two of the three segmen-
tation outputs (>10% spatial overlap). WMH three pixels or
less in size were excluded.

2.7. Regional WMH burden

We used the brain atlas ICBM DTI-81 (Mori et al., 2008)
(called hereafter white matter parcellation atlas, WMPA)
for automated WM parcellation and to subsequently mea-

Fig. 1. Example illustrating some of the white matter ROIs analyzed in the
study. Panel A shows a grayscale FLAIR image with the WMH outlined in
green. Panel B shows the ROIs mask corresponding to panel A that we used
for determining the regional WMH burden. In panel B the intracranial cavity
mask is outlined in white. Solid colors in panel B (top to bottom): orange
(anterior corona radiata, ACR), white (genu of the corpus callosum, GCC),
green-blue (anterior limb of the internal capsule, ALIC), dark blue (posterior
limb of the internal capsule, PLIC), purple (superior corona radiata, SCR),
yellow (posterior corona radiata, PCR), light blue (body of the corpus callo-
sum, BCC), pink (splenium of the corpus callosum, SCC), green (superior
longitudinal fasciculus, SLF). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)
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sure lesion volumes within supratentorial regions of interest
(ROIs). The WMPA was spatially normalized to each sub-
ject’s brain (example in Fig. 1) using the linear and non-linear
transforms from the ICBM registration (described above) pre-
ceded by a separate affine registration between the WMPA
and ICBM. Cerebellum and brainstem were excluded since
minimal or no WMH were detected by independent review of
the MR scans by aneuroradiologist (PGH). The ROIs selected
are genu, body and splenium of corpus callosum (GCC,
BCC, SCC); corona radiata—anterior, superior and posterior
portion (ACR, SCR, PCR); internal capsule—anterior and
posterior limbs (ALIC, PLIC); corticospinal tract (CST); and
superior longitudinal fasciculus (SLF). GCC contains com-
missural fibers connecting areas of frontal and pre-frontal
cortex. BCC contain commissural fibers connecting pre-
motor, motor and somatosensory areas. SCC is crossed by
fibers connecting parietal, temporal and occipital cortex sens-
ing body position, i.e., somatosensory and visual areas. CST
contains efferent fibers originating in the motor, pre-motor,
supplementary motor cortices and in parietal somatosensory
cortex. ALIC and PLIC contain projection fibers, e.g., frontal
corticothalamic (ALIC) and thalamo-cortical connections to
motor, somatosensory, and parietal cortex plus corticospinal
fibers (PLIC). ACR, SCR, and PCR contain the same projec-
tion fibers that form the internal capsule traveling to and from
the cerebral cortex. SLF contains long association fibers con-
necting the frontal and pre-frontal cortices to mostly visual
occipital cortex. Regional WMH burden is expressed as per-
cent of the ROI volume.

2.8. WMH anatomical distribution

Individual WMH segmentation maps were registered to
the ICBM brain as a common anatomical space to produce a
3D frequency distribution map where voxel value indicates
percent of subjects with WMH in that voxel.

2.9. Statistical analysis

We used the SPSS application (SPSS Inc., Chicago,
IL). Initially we assessed sample normality. We used
the Wilcoxon test for paired sample comparisons, Chi-
square test for group comparison of categorical variables,
Mann—Whitney U-test for inter-group comparisons, Pearson
and Spearman for parametric and nonparametric correlation
analysis. A two-tailed level of o <0.05 was the signifi-
cance threshold. In correlation tests that included 10 ROIs
family-wise Bonferroni criterion was used to correct for
multiple measurements and o <0.005 was the significance
threshold. For logistic regression we assigned values 1, 2,
and 3 to subjects in the normal, intermediate, and impaired
groups, respectively. First, we tested individual variables
in univariate logistic regression. Finally, significant vari-
ables were all entered in a multivariate forward stepwise
selection procedure to determine the best predictor/s of
mobility.

3. Results
3.1. Cohort characteristics

Table 1 shows the characteristics of the study cohort and
mobility groups. The preponderance of female subjects repre-
sents an effort to enroll a cohort reflective of the 60:40 gender
ratios in the population for this age group. Most subjects
(71%) were hypertensive but differences among mobility
groups were not significant (Pearson x> =0.782, p=0.676).
BPF was lower in intermediate and impaired groups com-
pared to normals, but the difference was significant only
between normal and impaired. Reduction of WMF is the driv-
ing factor for this difference. Average WMHEF increased in
the low mobility groups but the difference was significant
only between normal and impaired. Cohort mean WMHF
was 1% of ICC (median: 0.7%) with WMH burden equally
distributed in both hemispheres (Wilcoxon, p > 0.05). Total
WMH burden correlated with WS and SPPB (Table 2). Spear-
man correlation analysis showed an association of BPF with
CR score (r=0.228, p=0.02). Body mass index (BMI) was
associated with SB score (r=—0.225, p=0.025) and was
significantly higher in the impaired compared to normal.

3.2. BPF and age

BPF correlated with age (Spearman r=—0.39, p<10™%)
and decreased by 0.3% (C.I. 95%: 0.17-0.48) yearly, com-
parable to published values (Fox et al., 1999; Whitwell et al.,
2007). Linear regression indicates that age explains nearly
15% of BPF variance in our cohort (Pearson R% = 0.147). Age
correlated with WMHF (Spearman, r=0.247, p=0.014) but
not with WMF or GMF.

3.3. Regional WMH burden

To determine if specific regions were preferentially
affected by WMH burden in mobility-impaired elderly, we
selected ROIs known to contain neural pathways involved in
the processing of sensory information including visual and
body position (BCC, SCC, SLF), and in the subsequent motor
response (CST, PLIC) as well other ROIs. Table 2 shows the
association between WMH burden in these ROIs and mobility
scores. WMH burden in all ROIs shows significant associa-
tion with WS with the exception of SLF. Burden in SCC,
ALIC and PLIC associate with SPPB score. Burden in SCC
shows the highest correlation and is the only regional bur-
den associated with CR score, although WMH burden in the
ALIC shows borderline significance (Table 2).

Table 3 shows the mean volumes of the ROIs and their
percentage affected by WMH. Differences are significant for
WMH burdens in all ROIs except for SLF between impaired
and normal, with SCC showing the highest significance.
Lesion burden in SCC, ACR, SCR, ALIC and PLIC are also
significantly higher in the impaired compared to the interme-
diate group. Differences did not reach significance between
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Table 2
Spearman correlation of global and regional WMH with mobility performance scores.
WMH burden Total SPPB score WS score CR score SB score

rho (p) rho (p) rho (p) rho (p)
Total WMH —0.223(0.027) —0.288 (0.004) —0.191 (0.058) —0.082 (0.422)
GCC-WMH —0.266 (0.008) —0.299 (0.003) —0.259 (0.01) —0.076 (0.454)
BCC-WMH —0.212 (0.035) —0.316 (0.001) —0.209 (0.038) 0.005 (0.959)
SCC-WMH —0.391(6 x 1075) —0.426(1075) —0.345(4 x 107%) —0.160 (0.114)
ACR-WMH —0.247(0.014) —0.296 (0.003) —0.220 (0.029) —0.119 (0.241)
SCR-WMH —0.257 (0.010) —0.339(0.001) —0.246 (0.014) —0.075 (0.460)
PCR-WMH —0.216 (0.032) —0.279 (0.005) —0.203 (0.044) —0.016 (0.872)
ALIC-WMH —0.294 (0.003) —0.356 (0.0003) —0.265(0.008) —0.110 (0.280)
PLIC-WMH —0.283(0.004) —0.343(0.001) —0.247 (0.014) —0.093 (0.360)
CST-WMH —0.268 (0.007) —0.300 (0.003) —0.238 (0.018) —0.101 (0.320)
SLF-WMH —0.157 (0.120) —0.212 (0.035) —0.208 (0.039) 0.033 (0.749)

Significant rho values are in bold, set at o < 0.05 for total WMH and at o < 0.005 for the 10 ROIs (Bonferroni correction for multiple comparisons). Amount

of WMH in SCC showed strongest and most significant correlation, particularly with the walking speed (WS) score.

intermediate and normal groups likely due to a non-linear
relationship between increasing WMH burden and SPPB
change.

We used logistic regression to assess which variable/s
best predicted mobility performance. No variable was signif-
icant when we tested normal versus intermediate grouping
as outcome. Regional burden variables that were signifi-
cant predictors when tested individually were SCC-WMH
(x?=12.3, p=0.0004), ALIC-WMH (x*>=9.1, p=0.003),
PLIC-WMH (x*>=8.5, p=0.003), GCC-WMH (x*=8.4,
p=0.004), CST-WMH (x*>=7.7, p=0.005), BCC-WMH
(x*=7.0, p=0.008), SCR-WMH (x2=7.0, p=0.02), and
ACR-WMH (x2=5.4, p=0.02) in outcome A (normal
versus impaired); and SCC-WMH (X2 =8.7, p=0.003),
ALIC-WMH (x>=8.4, p=0.004), ACR-WMH (x*=8.0,
p=0.005), GCC-WMH (x> =6.7,p=0.010),and CST-WMH
(x*=6.2, p=0.013) in outcome B (intermediate versus
impaired). When these variables were all included in mul-
tivariate regression only SCC-WMH remained in the models
and explained 23 and 16% of the variance (Nagelkerke
Pseudo-R?) for outcomes A and B, respectively. Among
other variables tested hypertension, gender, and age were not
significant whereas significant predictors were BMI, BPF,

WMF, and WMHEF in outcome A, and WMF and WMHF
in outcome B. When included in multivariate regression
BMI (x2=6.1, p=0.013), SCC-WMH (x*>=5.1, p=0.024),
and BPF (x?=3.9, p=0.048) remained significant in the
model for outcome A and additively explained 39% of the
variance. For outcome B, SCC-WMH remained the only
predictor.

3.4. Corona radiata most affected by WMH

We used spatially normalized segmentation outputs to
produce a voxel-based WMH distribution map for each
mobility group (Fig. 2). Periventricular WM was most fre-
quently affected. The fraction of subjects with WM damage
in anatomically identical location/s reached the maximum
frequency values of 54, 63 and 67% in the normal, inter-
mediate, and impaired groups, respectively. In the impaired
group (Fig. 2C) WMHs occur in deep WM in 20-30% of the
subjects. The most relevant neural pathway in these areas,
the SLF, showed no significant difference in WMH burden
between mobility groups (Table 3). Overlaying WMPA on
the WMH frequency maps shows that in each group the ACR
and PCR are the areas where lesions occur with the highest

Table 3
Volumes and WMH burden of the ROIs.
ROI Volume (mL) Mobility groups

Normal (% WMH, n=33) Intermediate (% WMH, n=36) Impaired (% WMH, n=30)
GCC 942 + 1.82 3.66 £+ 2.92% 4.16 £ 2.61 7.07 £ 6.30
BCC 10.10 £ 2.17 244 + 229 2.78 + 3.08 5.00 &£ 5.18
SCC 10.98 £ 2.36 1.50 + 2.00 1.90 + 2.30° 4.20 £ 4.00
ACR 7.73 £ 3.70 10.50 £ 10.172 9.80 £+ 7.73* 18.07 £ 15.18
SCR 8.00 + 2.86 7.05 £ 7.40* 8.18 + 10.80* 14.72 £+ 14.98
PCR 495 + 1.57 14.20 + 15.90* 15.60 + 13.80 21.40 £ 17.90
ALIC 6.92 +2.25 221 £ 2.11°¢ 242 + 1.92° 4.98 £ 5.17
PLIC 8.19 £ 2.33 1.90 £+ 1.70* 2.50 + 4.30* 4.10 £+ 4.40
CST 550 £ 1.16 2.30 £ 2.20* 2.60 + 1.90 4.50 £ 3.90
SLF 6.13 +2.80 3.7 £ 6.80 4.10 + 6.50 8.80 £ 14.30

 Significant differences (Mann—Whitney) with the impaired group were observed at p <0.05.
b Significant differences (Mann-Whitney) with the impaired group were observed at p <0.001.
¢ Significant differences (Mann—Whitney) with the impaired group were observed at p<0.01.
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Fig. 2. Distribution and frequency of WMHs in the normal (A), intermediate (B), and impaired (C) mobility groups. WMH frequency maps are overlaid on
the corresponding anatomical slice of the ICBM atlas. WMH frequency is color-coded in percent (color bar). Panel D shows a 3D model reconstruction of the
most affected structure, the corona radiata (green), within the white matter (transparent gray), and with ventricles (blue) also shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

frequency. This is consistent with these regions also having
the largest WMH fraction (Table 3).

4. Discussion

There are multiple risk factors for impaired mobility
including age, hypertension, and WM lesions (Guttmann et
al., 2000; Benson et al., 2002). Our study assessed hyper-
tension as a risk factor but did not demonstrate that baseline
blood pressure was linked to either total or regional WMH
burden or mobility. This observation does not preclude hyper-
tension as a risk factor, but rather suggests that its relative
impact is reduced in our cohort of old subjects among
whom hypertension is common. Although the preponder-
ance of evidence suggests that hypertension is an important
underlying factor in producing WM damage, the etiology of
WDMHs remains unclear and may be linked to multiple causes
(Pantoni and Garcia, 1997). Abnormal permeability of the
blood brain barrier within small vessels, with movement of
proteinacious fluid into surrounding tissue, is one alternative
mechanism that can lead to WMHs (Wardlaw et al., 2003).

The finding that BMI is another significant predictor of
mobility is not surprising as excess weight is arecognized fac-
tor associated with compromised mobility function as a result
of biomechanical and deconditioning influences (LaCroix et
al., 1993).

Our analysis assessed the lesion burden in anatomical
areas containing motor control pathways as well as those
involved in integrating visual and proprioceptive informa-
tion. On average, WMH burden increased in all ROIs as
mobility performance decreased indicating greater regional
compromise of neural connectivity in the lower mobility
groups, especially the impaired, compared to normal. This
is consistent with an underlying patho-physiologic mecha-
nism resulting in increasing damage to periventricular and
deep WM with resultant functional impact.

Mobility impairment may occur in elderly individuals
without comorbid physical conditions. Although the asso-

ciation between total brain WMH burden and diminished
mobility is established, the role of the regional distribution
of WMH is poorly understood. Baseline data from this lon-
gitudinal study of WMH and mobility demonstrated that
lesion volume in the splenium of the corpus callosum has
the strongest correlation and best regional predictive value
for mobility, with higher specificity than other regional or
even the global burden. This is consistent with previous
observations (Benson et al., 2002). The SCC subserves inter-
hemispheric visual and somatosensory transfer from occipital
and posterior—inferior parietal cortices (Park et al., 2008) that
are required for the integration of visual and spatial inputs
to motor responses. Our results suggest that inefficient inte-
gration of inter-hemispheric visuospatial information due to
WM damage is an important component of reduced mobility,
particularly during walking.

Mobility requires integration of sensory inputs and motor
outputs by multilevel motor control structures. Supra-spinal
centers are important for initiation and adaptive control as
they process feedback inputs from the limbs and guide move-
ment in response to visual and vestibular inputs. In this study,
we have used a reliable battery to assess lower extremity
mobility functions relevant for daily living activities, i.e.,
walking, standing balance and chair rise, and found a signif-
icant correlation of WM lesion burden mainly with walking
speed. The lack of association with standing balance and
chair rise is consistent with the important role of the cerebel-
lum in balance and that of strength in chair rise. By contrast,
walking speed is reliant on complex multi-sensorial integra-
tion of the visual, vestibular, somatosensory systems through
the cortex, basal ganglia and cerebellum. Dependence on
multiple pathways might explain the association of reduced
gait speed with most regional WMHs, particularly within
the SCC.

The splenium of the corpus callosum may be specifi-
cally damaged in elderly and younger individuals (Conti
et al., 2007) in other conditions, including arteriosclerotic
encephalopathy (Uchino et al., 2006) and after radiation ther-
apy (Pekala et al., 2003). In this study, there is no evidence of
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preferential damage to the splenium since the WMHs here
are not isolated and are associated with WMH burden in
other regions. Furthermore, across mobility groups the SCC
is the callosal region least affected by WMH in compari-
son with GCC and BCC. Therefore, we believe that WM
lesions originate around the posterior horns of the ventricles
and subsequently progress into the splenium.

At present, we can only speculate on the mechanism
responsible for the observed association of lesion burden
in this region with mobility impairment. Visuospatial and
sensory integration through the splenium plays an important
role in lower limbs function thereby making this area sen-
sitive to lesions and to the associated reduced connectivity.
The abundance of crossing thin fibers (Aboitiz et al., 1992)
could increase this region’s susceptibility to ischemic dam-
age. Analyses that will include tractography on longitudinal
data will test this interpretation.

Distribution and frequency maps confirmed the predom-
inantly periventricular location of WMHs with the corona
radiata being the most vulnerable area. The corona radi-
ata is a fan-shaped fiber bundle containing connections of
the sensory-motor cortex. This distribution is comparable
to that observed in a previous study (Benson et al., 2002),
which concluded that the frontal and parietal periventicular
WDMHs were associated with mobility impairment. A similar
association in healthy elderly has been previously described
(Camicioli et al., 1999; Silbert et al., 2008). It has been pro-
posed that these periventricular areas are distal irrigation
fields fed by end arterioles (Pantoni and Garcia, 1997) mak-
ing them more susceptible to reduced cerebral perfusion and
ischemia (Holland et al., 2008). The high WMH volume in
the corona radiata in all groups of this study may obscure
its importance in mobility impairment particularly if rela-
tionship is non-linear with a threshold. In addition, other age
related non-motor dysfunctions that were not addressed in
this study, e.g., urinary incontinence, cognitive or sensorial
deficits, related to old age might result in progressive lesion
burden in these areas.

We recognize three limitations of this study. The first is
related to the possible sub-optimal alignment of WMPA to
the brain of individual subjects. The advanced age of our
cohort further complicated this problem due to age-related
atrophy and ventricular enlargement. However, by using a
two-step registration (linear followed by non-linear) we min-
imized the inevitable spatial mismatch. The second limitation
is that cross-sectional analysis cannot establish a causal or
temporal relationship due to lack of a direct link between
WMH and mobility impairment. Our results are descriptive
and represent an essential step for future longitudinal anal-
yses on this cohort. We are also keenly aware of limitations
in assessing mobility with SPPB, a widely used but rela-
tively rudimentary test using ordinal measures. In addition,
given the multifactorial nature of mobility impairment we
cannot exclude the contribution of musculoskeletal, frailty
and deconditioning factors. In our multivariate regression
models we used a categorical variable derived from the SPPB

composite score, and we did not assess the contributions of
individual sub-scores for balance, chair rise and gait speed.
Although this is one approach to describe the study sub-
ject and to investigate the relationship between mobility and
white matter lesion burden, other techniques could also have
been applied, including a structural equation model. Such a
model has the benefit of more fully exploring the relationships
between the factors since they are all modeled simultane-
ously. We are investigating such models as part of future
analyses.

We seek to develop MR-based diagnostic criteria for indi-
viduals at high risk of impaired mobility due to global or
regional burden of WMH. The methodological approach we
used in this study can also be a model for investigating other
functions that are compromised during aging, e.g., cognition
and incontinence.

In conclusion, our study identified the splenium of the cor-
pus callosum as a potential anatomical and functional link
between brain WM damage and impaired mobility observed
in otherwise healthy elderly individuals. We also demon-
strated a high prevalence of WMH lesion in the frontal and
parietal parts of the corona radiata of all subjects, which may
obscure the importance of these lesions in mobility impair-
ment.

Abbreviations and acronyms

ACR  anterior corona radiata

ALIC anterior limb of the internal capsule
BCC  body of the corpus callosum

BMI  body mass index

BPF brain parenchyma fraction

CR chair rise

CST  corticospinal tract

FLAIR fluid attenuated inversion recovery
GCC  genu of the corpus callosum

GM gray matter

GMF  gray matter fraction

ICC intracranial cavity

ICBM  international consortium on brain mapping, UCLA
MMSE mini-mental state exam

MPRAGE magnetization prepared rapid gradient echo
MR magnetic resonance

MRI  magnetic resonance imaging

PCR  posterior corona radiata

PLIC  posterior limb of the internal capsule
ROI region of interest

SB standing balance

SCC splenium of the corpus callosum
SCR  superior corona radiata

SLF superior longitudinal fasciculus
SPPB  short physical performance battery

TE echo time
TI inversion time
TR repetition time

WM white matter
WMF  white matter fraction
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WMH white matter hyperintensity

WMHF white matter hyperintensity fraction
WMPA white matter parcellation atlas

WS walking speed
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