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Abstract

An increased volume of white matter hyperintensities (WMH) on MRI has been associated with
mobility impairments in older adults. The objective of this preliminary study was to investigate the
relationship between the volume of WMH and delays in auditory-cued step initiation. Eight subjects
aged 75-83 y participated. The WMH volume in the corticospinal tracts and anterior thalamic
radiations were summed. Subjects performed an auditory-cued stepping task that included two simple
reaction time (SRT) trials and three choice reaction time (CRT) trials. SRT trials required subjects
to step as quickly as possible with the right foot from a symmetric standing position to a single target
position in response to an auditory stimulus. For the CRT trials, subjects stepped as quickly as
possible to one of two possible locations, depending on the auditory stimulus. The time from the
stimulus onset to the reaction time of the anticipatory postural adjustment (APARrT) and liftoff
(LO) of the right foot was computed for each stimulus. The mean APArT and LO were greater for
the CRT steps compared with the SRT steps to the same location. Increases in WMH were
significantly associated with larger APARrT and LO during both SRT and CRT for both target
locations. These data suggest that increased volume of WMH is associated with greater central
processing time during voluntary step initiation, and highlight a possible mechanism that can help
to explain how damage to white matter tracts affects mobility in older adults.
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Introduction

In the past 20 years, there have been numerous reports relating the presence and severity of
white matter hyperintensities (WMH) with balance dysfunction in both healthy and balance-
impaired older adults. Early descriptive studies reported gait difficulties, including wide base
of support, short step length, increased step variability and turning “en bloc”, in subjects with
subcortical white matter lesions.(Thompson and Marsden 1987; Hennerici et al. 1994; Baloh
et al. 1995; Briley et al. 1997; Camicioli et al. 1999; Ebersbach et al. 1999). In addition, case-
control studies demonstrated that the severity of white matter damage was associated with
greater falls risk.(Masdeu et al. 1989; Baloh et al. 1995; Kerber et al. 1998). More recent reports
have detailed the relationship between severity of white matter lesions and reductions in gait
speed (Tell et al. 1998; Camicioli et al. 1999; Guo et al. 2000; Longstreth et al. 2005; Rosano
etal. 2005a; Rosano et al. 2005b), and reduced performance on the Short Physical Performance
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Battery (Guttmann et al. 2000; Benson et al. 2002; Wolfson et al. 2005) Furthermore, in
longitudinal studies, the decline in gait speed and mobility function as people aged was
explained partially by increases in WMH severity.(Whitman et al. 1999; Whitman et al.
2001; Baloh et al. 2003; Longstreth et al. 2005; Rosano et al. 2005a).

The white matter pathways are an integral component of frontal-subcortical (F-SC) circuits
that modulate motor output for postural tasks (Alexander et al. 1986; Middleton and Strick
2001; Tekin and Cummings 2002). One of these circuits associated with motor control is the
skeletomotor circuit, which originates in the supplementary motor area, premotor cortex, motor
cortex, and somatosensory cortical areas. It is associated with various functions including:
selection and initiation of movement, and encoding of direction, velocity and duration of
movement.(Cheruel et al. 1994; Contreras-Vidal 1999; Desmurget et al. 2003; Turner et al.
2003; Ueda and Kimura 2003; Arkadir et al. 2004) Obstacle avoidance, fall recovery, and
adapting to novel postural tasks all require well-functioning components of this system. There
is considerable evidence that damage to white matter tracts between the motor areas in the
cortex, basal ganglia, thalamus and cerebellum interfere with the motor output to the lower
extremities during balance tasks.(Hennerici et al. 1994; Tell et al. 1998; Guttmann et al.
2000; Wolfson 2001; Onen et al. 2004)

The current preliminary study seeks to augment the information gained from previous work
by explicitly testing the hypothesis that the degeneration of frontal-subcortical white matter
pathways that are involved in motor function are related to deficits in postural performance
that are served by these pathways. Consequently, in this study we used a sensory-cued choice
reaction time (CRT) step task as a model for examining whether lesions in the white matter
are associated with specific balance impairments (e.g. step initiation). The CRT step task
requires subjects to step to different target locations based on the type of auditory stimulus that
they receive. Having to choose between different step locations requires use of distributed areas
of the brain that would require utlization of the white matter pathways. We hypothesize that a
significant amount of the variation in the delayed step times as people age can be explained by
the amount of damage that has accumulated in these frontal-subcortical white matter pathways.

Eight subjects (4 female, age 75-83 y) participated after signing informed consent. Subjects
had brain MRI for the quantification of volume of WMH. Images were acquired on a 1.5 Tesla
Signa Scanner (GE Medical Systems, Milwaukee, WI). The following axial series oriented
parallel to the plane connecting the anterior and posterior commissures were obtained: T1-
weighted (TR/TE =500/11 ms, Nex = 1); fast fluid-attenuated inversion recovery (fast FLAIR)
(TR/TE 9002/56 ms Ef; Tl = 2200 ms, NEX = 1). Section thickness was 5 mm with a 1-mm
inter-section gap. All axial sequences were obtained with a 24 cm field of view and a 192 x
256 pixel matrix. Additionally, 3D structural MR images were acquired at sagittal orientation
using 3D Spoiled Grass (SPGR, TR/TE = 5/25 ms; flip angle = 40°; FOV = 24x18cm, slice
thickness = 1.5mm, matrix = 256x192 matrix). WMHs were segmented on the FLAIR images
and localized by registration to the T1-weighted images using an automated method for WMH
quantification and localization, which uses a fuzzy connected algorithm to segment the WMHSs
and the Automated Labeling Pathway (ALP) to localize the WMHs into the anatomical space.
(Wu et al. 2006) The volume of WMH was computed for the whole brain and for 10 of the
specific white matter tracts specified in the Johns Hopkins University (JHU) White Matter
Atlas.(Wakana et al. 2004) The primary independent variable was the sum of the volume of
WMH in the left and right corticospinal tracts and anterior thalamic radiations, normalized by
the total brain volume.
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Subjects performed a voluntary step task that included simple reaction time (SRT) and choice
reaction time (CRT) blocks. Subjects donned a harness attached to an overhead carriage in
order to prevent falls from occurring. They stood with their right foot on a single forceplate.
Targets were placed on the floor that represented the starting position (SP) and desired step
locations. Forward step locations were placed directly in front of the subjects’ feet, and lateral
step locations directly to the side of the feet. Subjects wore comfortable shoes (i.e. without
raised heels).

Three SRT blocks were performed. In response to an auditory stimulus, subjects were
instructed to step as quickly as possible with their right foot from the starting position (SP) to
asingle target position for each test. Three trial blocks of 3 min duration were performed, with
the target positions located approximately a) 10 inches to the right (R1), b) 18 inches to the
right (R2), and c¢) 10 inches forward (RF1). Immediately after taking the step, subjects returned
to the starting position and waited for the next stimulus. The inter-stimulus interval was 8 + 1
s. A different auditory stimulus was presented for each SRT location: low frequency for
location R1 (560 Hz), medium for R2 (980 Hz) and high for RF1 (1715 Hz).

Subjects also performed 2 CRT blocks that required subjects to step to targets that differed in
amplitude (CRT A) and direction of movement (CRT B). During CRT A, subjects stepped as
quickly as possible to location R1 when they heard a 560 Hz tone and stepped to location R2
when they heard a 980 Hz tone. The addition of uncertainty in the step amplitude increases the
amount of motor planning required after the cue because although the muscles needed for
movement will be known a priori, their force output will not. During CRT B, subjects stepped
to location R1 when they heard a 560 Hz tone, and stepped to location RF1 when they heard
a 1715 Hz tone. CRT B requires greater cortical processing than CRT A because subjects need
to select which muscle groups to activate to make either a forward or lateral step. Furthermore,
because of the different muscle groups that are used for forward and lateral steps, the signal
for the proper force output must be encoded as well. The length of the CRT blocks was 4 min,
and the inter-stimulus interval was 8 + 1 s. The order of presentation of the tones was
randomized. A 3 min seated rest break was provided after each SRT and CRT step block.

For each step, the subjects were instructed to: a) bear weight equally on both feet, b) step as
quickly as possible to the target footfall location after hearing the auditory stimulus and c)
follow with the trailing leg until they come to a stop in the upright standing position. Subjects
were instructed to move with both legs so that they generated motor responses that would be
similar to those seen during gait initiation, rather than just moving one leg to a new location.
Although we did not measure the accuracy of step placement, subjects were given verbal
feedback and encouraged to accurately step to the location.

The forward and lateral step responses induced stereotypical vertical ground reaction force
(VGREF) curves (Figure 1). During the forward step, the step leg first exerts a force to propel
the body toward the stance leg, before unloading the stepping leg and taking the step. The first
deflection of the VGRF is the reaction time of the anticipatory postural adjustment (APART).
The liftoff (LO) time occurs when all weight has been shifted to the stance leg and the vertical
ground reaction force goes to 0. The duration of the APA (APAyyr) is equal to the difference
between the LO and the APART. This pattern of propelling the body toward the stance leg is
seen in only 1/3 of the lateral steps. In the other 2/3 of the lateral steps, the VGRF curve does
not display a peak in the APA. For the CRT blocks, data were processed from correct step
responses only, which occurred for 88% of the cues.

Although the LO time includes peripheral muscle activation times, which may be influenced
by decreased motor nerve conduction velocity, the duration of this process should be consistent
across the SRT and CRT blocks. For each block, APART, APAqur, and LO times for every
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stimulus were visually inspected and outliers (values greater or less than 2 S.D. from the mean)
were removed. The mean time of APAgrT, APAqur, and LO for each step location during each
block was then computed. For the lateral steps, we considered only those trials that did not
have a peak in the APA, similar to the response shown in Figure 1.

Having to choose between targets of different amplitude and different directions not only
requires different motor planning but also different APAs. Thus part of the delays observed in
this experiment could be a result of the modification of the APAs required to reach different
targets. Consequently, we performed a statistical analysis on each step target separately,
Therefore, we focused solely on differences arising between the simple and choice reaction
time conditions. Any delays observed in the choice reaction time steps relative to the simple
reaction time steps should be primarily determined by delays that occur in the central processing
because the conduction times in the peripheral sensory and motor systems should be consistent
across tasks. Differences in the mean time between the SRT and CRT blocks were tested using
paired t-tests. Subsequently, linear regression was used to quantify the strength of the
correlation between the WMH volume and the dependent variables, as well as the magnitude
of the slope between the dependent variables and WMH volume. Due to the skewed distribution
of the WMH volume scores, the WMH volume was transformed using the logarithmic function.

Table 1 shows that in most cases, there are significant increases in APARrT for each CRT
compared with the SRT at the same step location. Although the APAy,r was larger for each
CRT compared with the associated SRT, this reached statistical significance only for the choice
of step direction CRT for the small lateral and small forward step locations. Finally, the LO
was significantly greater for both CRTs involving the small lateral step locations and the CRT
for the small forward step location. To summarize, we believe that the increase in APART,
APAgyr, and LO time is primarily due to central conduction delays.

The WMH volume in the projection tracts ranged from 0.1 to 3.1% of the total brain volume.
The relationship between the WMH volume and mean LO times during the SRT and CRT
blocks is displayed for the small and large lateral steps in Table 2 and Figure 2. As seen in
Table 2, the LO demonstrated the most consistent strong relationships with the log(WMH
volume) (correlations range from 0.64 to 0.96). The correlations between log (WMH volume)
and APART (range 0.38 to 0.96) and APAy, (range 0.27 to 0.90) were weaker, but the
preliminary evidence is consistent with the model that disruption in the frontal-subcortical
circuits is partly responsible for the delays in step initiation. In addition, in most cases, the
slope obtained from linear regression of APART, APAg,rand LO vs. log (WMH volume) was
greater for the CRT blocks compared with the SRT blocks, although the difference between
the slopes did not reach statistical significance due to the small sample size.

Discussion

We used a step initiation task to explore if the volume of white matter hyperintensities in motor-
related white matter tracts was related to a specific balance impairment. The motivations for
using this task were several. For one, impaired postural adjustments during step initiation have
been described in people with diffuse white matter lesions.(Elble et al. 1996) Furthermore,
older adults with balance impairments have greater step initiation times compared with older
adults without balance impairments.(Medell and Alexander 2000; Lord and Fitzpatrick 2001)
The time to make a step increases further when there is uncertainty about the direction of the
step,(Patla et al. 1993; Lord and Fitzpatrick 2001; Luchies et al. 2002; Rogers et al. 2003)
suggesting that central nervous system (i.e. skeletomator circuit) resources are required to
select an appropriate motor response.
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The findings can be explained by current models of how age-related damage to the white matter
subserving frontal-subcortical circuits result in posture and gait dysfunction (Pugh and Lipsitz
2002, Kuo and Lipsitz, 2004). A history of chronic hypertension in older adults induces changes
in cerebral blood flow that result in hypoperfusion.(Pantoni and Garcia 1997; Roman et al.
2002) Ultimately, periods of chronic hypoperfusion result in ischemia and degeneration of the
oligodendrocytes and demyelination.(Pantoni et al. 1996; Tomimoto et al. 2003) In humans,
the estimated white matter volume loss is approximately 24% — 28% from the age of 20 to 80
y.(Pakkenberg and Gundersen 1997; Marner et al. 2003) On the contrary, the most recent
studies have estimated only 10% loss of neurons over the human lifespan.(Pakkenberg and
Gundersen 1997) The most significant consequence of the white matter damage is a disruption
of timing in neuronal circuits due to reductions in nerve conduction velocity and inconsistent
conduction times within a group of axons that have a similar target.(Peters 2002; Peters and
Sethares 2003) In the current experiment, reduced nerve conduction velocity would be
manifested as a delay in step initiation. The finding that APAgrT and LO times from both the
SRT and CRT blocks are related, in part, to the volume of WMH in frontal-subcortical tracts
supports this model.

In addition, a central concept to the study design is that having to choose between different
step locations requires use of distributed areas of the brain that would require extensive use of
the white matter pathways. The step initiation times for type of step task will differ depending
on the amount of motor planning that is required after the cue is presented. In this experiment,
we have attempted to progressively increase the amount of planning needed from the SRT to
the CRT:A to CRT:B. Using the model of white matter pathology, we would predict that tasks
that require greater levels of central processing would result in a disparate increase in step
initiation times for people with greater amount of white matter disruption. The trend of a greater
slope between the APART and LO and the WMH volume for the CRT tasks supports this
prediction.

One of the primary risk factors for the development of white matter hyperintensities is age.
(Awad et al. 1986; Manolio et al. 1994) Although we have attempted to lessen the influence
of age by testing subjects within a relatively limited age range, it is possible that the current
findings can be explained by age-related mechanisms that we did not account for. Future studies
should consider including a more extensive array of covariates in the model.

In the current study, the sum of the WMH in the specified motor tracts was highly correlated
with the total volume of WMH as well as volume of WMH in several of the other tracts. Testing
a larger group of subjects will allow us to examine the relationship between the step initiation
times and spatial distribution of white matter hyperintensities in more detail.

Conclusions

These data suggest that increased volume of white matter hyperintensities in relevant white
matter tracts is associated with greater central processing time during voluntary step initiation.
This study highlights a possible mechanism that can help to explain how damage to white
matter tracts reduces mobility in older adults.
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Figure 1.

Vertical ground reaction forces (normalized by body weight) for step leg during forward (a)
and lateral (b) steps. Events include the stimulus onset, anticipatory postural adjustment
reaction time (APAgT), and liftoff (LO) times.
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(b)

Liftoff times plotted as a function of the log(WMH volume) for the simple reaction time (SRT)
and choice reaction time (CRT) step tasks. (a) Small lateral step location. (b) Large lateral step
location. CRT A: choice between small and large amplitude step. CRT B: choice between small

lateral and small forward step.
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Table 1
Mean (s.d.) anticipatory postural adjustment reaction time (APART), APA

duration (APAq,r) and liftoff (LO) times for the SRT and CRT blocks, and results
from the paired t-tests comparing the CRTs with the SRTs for each step location.

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Step location APART (ms) APA,, (ms) LO (ms)
Small Lateral

R1: SRT ) 278 (83), 254 (31) 532(97),
R1:CRT A (arnpll?ude) 406 (107)* 292 (69)* 699 (170)*
R1: CRT B (direction) 490 (187) 316 (88) 806 (195)
Large Lateral

R2: SRT 253 (79) 271 (31) 524 (81)
R2: CRT A (amplitude) 367 (129) 348 (129) 714 (227)
Small Forward

RF1: SRT o 151 (21), 537 (115), 688 (121),
RF1: CRT B (direction) 218 (80) 637 (140) 828 (148)

*
indicates paired t-test is significant at p < 0.05
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