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ABSTRACT 

OBJECTIVES: To investigate longitudinal associations between changes in brain structure 

and gait decline. 

DESIGN: Longitudinal. 

SETTING: Population-based Tasmanian Study of Cognition and Gait. 

PARTICIPANTS: Two hundred twenty-five individuals aged 60 to 86 (mean age 71.4 ± 

6.8) randomly selected from the electoral roll with baseline and follow-up data. 

MEASUREMENTS: Volumes of gray matter, white matter, hippocampi, and white matter 

lesions (WML) were estimated using automated segmentation from magnetic resonance 

imaging (MRI). Gait variables were measured using a computerized walkway. Linear 

regression was used to estimate the association between change in brain MRI measures and 
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change in gait. Time between measurements, age, sex, BMI, education level, total intracranial 

volume, baseline infarcts, and medical history were used as baseline covariates. 

RESULTS: Mean follow-up was 30.6 months.White matter atrophy was associated with a 

decline in gait speed (p=.001), step length (p=.005), and cadence (p=.001). WML progression 

was associated with a decline in gait speed (p=.04), and its association with decline in step 

length was stronger with greater baseline age (p for interaction=.04). Hippocampal atrophy 

was associated with a decline in gait speed (p=.006) and step length (p=.001). Total gray 

matter atrophy was associated with decline in cadence in those with cerebral infarcts (p for 

interaction=.02). 

CONCLUSION: These are the first longitudinal data demonstrating the relative 

contributions of brain atrophy and WML progression to gait decline in older people. Effect 

modification according to age and infarcts suggests a contribution of reduced physiological 

and brain reserve. Interventions targeting brain health may be important in preventing 

mobility decline in older people. 
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Gait, as measured according to speed, step length and cadence, declines with age 1 and is 

predictive of future institutionalization, cognitive decline, falls, and mortality 2. Structural 

changes, including brain atrophy, occur in the brain with advancing age 3 and an increased 

burden of cerebrovascular lesions such as white matter lesions (WMLs) and brain infarcts4. 

The accumulation of such changes may contribute to gait decline in older age. 

Results of mainly cross-sectional studies provide evidence that smaller gray matter volume5–

8, less white matter integrity, 9 and higher WML volume 10–21 are associated with poorer gait. 

Better evidence of causality in these associations comes from just a few follow-up studies12, 

22–26, but these studies were mostly designed to assess whether baseline burden of WMLs was 



predictive of gait decline12, 22, 24–26. The longitudinal relationship between WML progression 

and gait decline is uncertain, with conflicting findings reported in the only two published 

studies24, 26. Furthermore, there have been no studies reporting longitudinal associations 

between brain atrophy and gait decline. In particular, there has been no study of the 

individual contributions of brain atrophy and cerebrovascular lesion progression to gait 

decline, and the potential interactions between such brain changes. 

Given these significant gaps in knowledge, a longitudinal population-based study was 

conducted to examine the contributions of brain atrophy and cerebrovascular disease to gait 

decline in older people. It was hypothesized that gray and white matter atrophy and 

progression of WML volume would be independently associated with gait decline. 

METHODS 

Participants 

The Tasmanian Study of Cognition and Gait (TASCOG) is a longitudinal population-based 

study of brain aging. Methods of recruitment have been previously reported10, 11. Individuals 

aged 60 to 86 were randomly selected from the Southern Tasmanian electoral roll, excluding 

those who lived in a nursing home, had any contraindication to magnetic resonance imaging 

scan, or were unable to walk unaided. Baseline measurements were conducted between 

January 2005 and December 2008, and follow-up measurements between March 2008 and 

March 2010 using identical methods. Follow-up was maximized by a combination of mail-

outs and telephone calls with multiple contact attempts. The Southern Tasmanian Health and 

Medical human research ethics committee approved this study, and written consent was 

obtained from all participants. 

MRI and Segmentation 

MRI was performed using a single 1.5-Tesla scanner (LX Horizon, General Electric, 

Milwaukee, Wisconsin USA) using the following sequences: high-resolution T1-weighted 

Commented [ASR1]: Please provide manufacturer’s location 

(city and state or country). 



spoiled gradient echo (repetition time (TR) 35 ms, echo time (TE) 7 ms, flip angle 35°, field 

of view 2 4mm; voxel size 1 mm3) comprising 120 contiguous slices, T2-weighted fast spin 

echo (TR 4,300 ms, TE 120 ms, 1 excitation, turbo factor 48; voxel size 0.90 × 0.90 × 3mm); 

fluid-attenuated inversion recovery (FLAIR) (TR 8,802 ms, TE 130 ms, time interval 2,200 

ms; voxel size 0.50 × 0.50 × 3 mm), gradient echo (GRE) (TR 800 ms, TE 15 ms, flip angle 

30°; voxel size 0.93 × 0.93 × 7 mm). 

All scans were registered to a standard 152-brain Montreal Neurological Institute (MNI) 

template in stereotaxic coordinate space. Using T1 sequences and methods based on 

statistical parametric mapping software (SPM5), brain tissue was classified as gray matter, 

white matter, or cerebrospinal fluid27. Fully automated morphological segmentation with 

adaptive boosting classification was applied to FLAIR and T1- and T2-weighted scans to 

identify WMLs28. Maps of lesion-free white matter were then derived by aligning segmented 

FLAIR and T1 scans and removing WML voxels from the tissue probability maps. The 

WML volumes estimated using this approach have a close correspondence with expert 

manual segmentation (intraclass correlation (ICC) 0.90, 95% confidence interval (CI)=0.80–

0.95, n=30)28. A single trained rater manually segmented both hippocampi using standard 

methodology and landmarks29 with high test–retest reliability (ICC 0.90). Total intracranial 

volume, gray matter volume, white matter volume (lesion-free), WML volume, and total 

hippocampal volume (sum of right and left) were then calculated using voxel counting 

algorithms. Two stroke experts (TP, VS) determined the presence and number of MRI 

infarcts using consensus, with infarct defined as a hypointensity of 3 mm or more in diameter 

on T1-weighted and FLAIR images, with a surrounding hyperintense rim on FLAIR30, taking 

care not to misclassify perivascular spaces as infarcts. All image analyses were blinded to 

age, sex, time of measurement, and outcome measures. 

Gait Measurement 



Participants completed six walks at their preferred walking speed over a 4.6-m computerized 

walkway with embedded pressure sensors (GaitRite, CIR Systems, Inc. Sparta, New Jersey 

USA), starting 2 m before and finishing 2 m after the mat. The walkeay has excellent test–

retest reliability in older people31. The following gait variables were averaged over the six 

walks: speed (cm/s), its components cadence (steps/min) and step length (cm), and step width 

(cm). These variables represent temporal and spatial measures in the frontal and sagittal plane 

that have been shown to represent different aspects of gait 32. Gait speed is the most 

commonly used measure and is predictive of a number of adverse health outcomes. Step 

length and cadence are the determinants of gait speed, and clinicians commonly use then in 

rehabilitation programs to improve gait. 

Other measures 

Demographic covariates of interest included age, sex, body mass index (BMI), and education. 

History of vascular risk factors such as hypertension, hypercholesterolemia, ischemic heart 

disease (IHD), smoking history, diabetes mellitus, and stroke was obtained according to self-

report. The use of psychoactive or blood-pressure lowering medications was recorded. 

Statistical Analysis 

Two-sample t-tests, nonparametric Mann-Whitney tests, and chi-square tests were used to 

compare characteristics between participants with complete follow-up and those who were 

lost to follow-up. Gait and MRI variables were compared between baseline and follow-up 

using a paired-t-test or Wilcoxon signed rank test. Measures of change in MRI and gait 

variables for each individual were derived by calculating the difference between variables at 

the two times (variable at follow-up – variable at baseline). Multivariable linear regression 

was then used to examine the association between change in the individual MRI variables and 

change in each gait measure, adjusting for time between appointments and baseline 

measurements of age, sex, education level, BMI, and total intracranial volume. Baseline 
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measures of self-reported medical history, use of medications, the corresponding MRI 

measure (e.g.,, baseline WML volume as a covariate for regressions using change in WML 

volume as exposure variable), and baseline gait speed were further adjusted for only if the 

inclusion of the relevant variable changed the coefficient of the exposure variable by more 

than 10%33. Finally, the associations between change in an MRI variable (e.g., gray matter 

volume) and change in gait measures independent of change in the other MRI measures 

(white matter volume and WML volume) were determined, adjusting for the other covariates. 

Hippocampal volume, being a subset of gray matter, was not considered for this aspect of 

analysis. Potential interactions between plausible baseline factors chosen a priori (age, sex, 

BMI, education level, brain volumes, infarcts) and change in MRI measures were examined 

to explain change in gait by testing the significance of the relevant product term. Fractional 

polynomial regression was used to assess for nonlinearity in associations. 

Analyses were performed using STATA version 10.0 (Stata Corp., College Station, TX). 

RESULTS 

Of the initial sample recruited into TASCOG (n=395), six people were excluded because of 

scan movement artifact. At follow-up, 248 (62.8 %) participants had completed MRI, butine 

were excluded because of scan movement artifact. A further 14 participants had missing gait 

data, leaving 225 participants for final analysis (Figure 1). Mean age was 71.4±6.8, and 

56.4% were male (Table 1). The mean duration between baseline and follow-up was 30.6±4.9 

months. Those lost to follow-up were older (p<.001) and had slower gait (p<.001); smaller 

gray matter (p<.001), white matter (p=.04), and hippocampal volumes (p=0.040); and higher 

WML volume (p<.001) than respondents. They were also more likely to have had a self-

reported history of high blood pressure (p=.02), ischemic heart disease (IHD) (p=.008), and 

stroke (p<.001), falls in the past 12 months (p=.04), and diabetes mellitus (p =.06) and to be 



taking blood pressure–lowering medication (p=.004), but no differences were found for 

history of high cholesterol (p=.38) or ever smoking (p=.87). 

A comparison of gait and MRI measures between baseline and follow-up are shown in Table 

2. Over time, there were reductions in gait speed (p=.007), step length (p<.001), gray matter 

volume (p<.001), white matter volume (p<.001), and hippocampal volume (p<.001) and an 

increase in WML volume (p<.001). There were no observed changes in the proportion of 

people with (p=.87) or total number of (p=.37) brain infarcts, so the presence of brain infarcts 

was used only as a baseline covariate. 

Final models of multivariable regressions, after adjusting for time between assessments, 

baseline covariates (age, sex, BMI, and total intracranial volume), and change in other MRI 

variables (e.g., the association between change in gray matter and change in gait speed was 

adjusted for change in white matter and change in WMLs), are presented in Table 3 with any 

statistically significant interactions. The addition of each MRI variable to the model made 

little difference to the coefficient of the other MRI variables with each gait measure (results 

not shown). White matter atrophy was independently associated with greater decline in gait 

speed (p=.001),step length (p=.005), and cadence (p=.001). Greater WML progression was 

independently associated with greater decline in gait speed (p=.04), but baseline age modified 

its association with decline in step length, with stronger associations seen in older age (p for 

interaction=.04; Figure 2A). The associations were significant at age 75 (p=.04) and 85 

(p=.01) but not 65 (p=.68). The presence of baseline infarcts modified the association 

between gray matter atrophy and decline in cadence (p for interaction=.02; Figure 2B), such 

that associations were significant if one or two or more infarcts were present (both p=.02) but 

not if there were no infarcts at baseline (p=.59). No interactions were observed between brain 

atrophy measures and WML progression in explaining decline in any of the gait measures. 

The addition of self-reported medical history or baseline gait speed did not alter these results. 



Adjusting for baseline brain variables made almost no difference in these results, the only 

exception being that the β coefficient of change in gray matter volume in the regression with 

gait speed increased to 0.11 (95% CI=0.01–0.21, p=.04). Finally, greater hippocampal 

atrophy was associated with greater decline in gait speed (β=0.01, 95% CI=0.00–0.02, 

p=.006) and step length (β=0.003, 95% CI=0.001–0.005, p=.001) but not cadence (β=0.00, 

95%CI=–0.00–0.01, p=.09) or step width (β=0.000, 95% CI=0.000–0.000, p=.16) 

independent of baseline covariates and change in other brain variables. 

DISCUSSION 

These data provide the first longitudinal evidence of the relative contributions of brain 

atrophy and WML progression to declining gait in older people, strengthening the evidence 

of a causal relationship between brain aging and gait decline. The primary findings were that 

changes in brain structure were associated with reduction in gait speed. This may be by 

affecting step length (WML progression, hippocampal atrophy), cadence (gray matter 

atrophy), or both (white matter atrophy). The association between WML progression and 

decline in step length was greater with increasing age, whereas the association between gray 

matter atrophy and decline in cadence was greater with increasing infarct burden. These 

findings suggest interplay between advancing brain disease and physiological and brain 

reserve in determining decline in gait. 

This study has a number of strengths. A longitudinal design was used to examine individual 

associations of change in several measures of brain atrophy and cerebrovascular disease. A 

randomly selected sample from the population was examined, making the results more 

generalizable than those derived from clinical samples. Sensitive and quantitative techniques 

were used for gait and brain measurements, a number of important confounders were 

controlled for, and interactions and non-linear associations were carefully examined for. The 

use of automated segmentation minimized the potential for interrater error. 



Limitations of this study include the short follow-up (approximately 3 years). Despite this, a 

number of significant associations were found between brain and gait measures, attesting to 

the sensitivity of these measures to change, but a large number of associations (n=16) and 

interactions (n=24) for each gait variable were examined, so the possibility of false positives 

cannot be excluded. There was an approximately 40% attrition rate, although this is not 

unusual in measurement-intensive imaging studies of older people. Given that those lost to 

follow-up were older, frailer, and more prone to vascular risk, it is possible that associations 

may have been underestimated. There may also be other effects (e.g., the direct effects of 

brain infarcts, which may require longer to accrue) that it was not possible to detect. The size 

of the sample, although substantial in terms of imaging studies, may not be sufficient for 

detecting small associations between brain MRI measures and gait variables other than gait 

speed and its components or other small interactions between MRI measures. Diffusion 

tensor imaging (DTI) was not available, so it was not possible to examine for a relationship 

between white matter microstructural integrity and gait decline9, and this may be important 

given the strong associations between lesion-free white matter atrophy and gait decline 

observed. Finally, the small possibility of reverse causality whereby gait decline may lead to 

cognitive or motor inactivity and consequently brain atrophy cannot be completely excluded.  

A novel finding in this study is that white matter atrophy was clearly associated with gait 

decline independent of WMLs and brain infarcts. This strengthens previous findings in a 

cross-sectional study of individuals with MRI evidence of cerebrovascular disease in which 

poor microstructural integrity of normal-appearing white matter was associated with poorer 

gait9. Those findings that adjustment for WMLs and infarcts only partially weakened the 

association between DTI measures and gait provides evidence that mechanisms other than 

cerebrovascular disease may explain loss of white matter integrity (and by extension, 

atrophy); the findings of the current study indirectly support this. The results for WML 



progression are in agreement with those from previous cross-sectional studies reporting 

associations between WML and gait speed 15, 16, 20 and step length16, 20 and strengthens 

previous findings of an association between periventricular WML progression and longer 

time to walk 9 m 24. Consistent with findings in previous cross-sectional studies, the current 

study did not find associations between WML progression and change in step width15 or 

cadence16. A positive cross-sectional association between WML and step width reported in a 

clinical sample of individuals with cerebrovascular disease16 suggests a relationship that is 

restricted to particular disease groups. The current study found that age modified the 

association between WML progression and decline in step length. Age maybe a marker for 

lower physiological reserve, resulting in poorer compensation for the adverse effects of 

WML progression 34. 

Gray matter atrophy was associated with a decline in cadence in those with greater burden of 

infarcts at baseline. The phenomenon of brain reserve, whereby a greater number of adverse 

structural brain changes results in less available neural and synaptic numbers, may explain 

this 35. Results of previous cross-sectional studies have shown that greater number of 

subcortical infarcts16 and lower gray matter volume are associated with slower cadence 8. In 

contrast to the results of the current study, others have reported cross-sectional associations 

between smaller gray matter volumes and several other gait measures such as gait speed 6, 

step length,5, 8 and step width 5, 8. It is possible that the current study may have detected such 

associations had a larger proportion of the baseline sample been followed up, although clear 

associations were found between hippocampal atrophy and declines in gait speed and step 

length, strengthening previously reported associations between lower hippocampal volume 

and metabolism (measured using MR spectroscopy) with poorer stride length in elderly adults 

without dementia36. The hippocampal and parahippocampal formations may play important 



roles in spatial navigation during walking37, and this may underlie the observed associations 

in the current study. 

These results strengthen the rationale for considering interventions aimed at preserving brain 

health with aging to preserve gait in later life. Attention to lifestyle factors such as smoking, 

diet, and activity, which are related to brain atrophy and cerebrovascular disease, may be 

important, particularly in early and mid-life46. There are emerging data that exercise 

programs may be protective against brain atrophy47, presenting a promising area for further 

rigorous interventional studies. There is also preliminary evidence that cognitive training may 

improve gait, perhaps by improving executive function 48. Finally, it is possible that a decline 

in mobility may have led to a decline in brain structure, highlighting the importance of 

exercise in maintaining physical and brain function. 

In conclusion, this longitudinal study strengthens the evidence of a causal relationship 

between brain aging and gait decline in older people. These results provide a further 

important rationale to design interventions targeted at brain health to preserve mobility in 

older people. 
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Table 1 Baseline Characteristics of the Sample 

Variable  Included in 

Analysis, n = 225 

Lost to Follow-

Up, n = 170 

P-

Value 

Age, mean±SD 71.4±6.8 74.2±7.1 <.001 

Male, n (%) 127 (56.4) 92 (54.1) .64 

Body mass index, mean±SD 27.7±4.2 27.49±4.3a .65 

Self-reported medical history, n (%)    

Hypertension 101 (45.1) 92 (55.1)a .02 

Ischemic heart disease 36 (16.0) 45 (26.9)a .008 

Hypercholesterolemia 91 (40.4) 75 (44.9)a .38 

Diabetes mellitus 20 (8.9) 25 (15.0)a .06 

Ever smoker 111 (49.3) 81 (48.5)a .87 

Stroke 6 (2.7) 24 (14.3)a <.001 

Psychoactive medications 39 (17.5)b 38 (22.4) .23 

Blood pressure–lowering medications 105 (47.1)b 105 (61.8) .004 

Any falls in last 12 months 31 (13.7) 36 (21.6)a .04 
aData available for 167 participants lost to follow-up. 
bData available for 223 participants included in analysis.  

SD=standard deviation. 

 



Table 2 Comparison of Magnetic Resonance Imaging and Gait Measures at Baseline 

and Follow-Up (N=225) 

Measure Baseline Follow-Up P-Value 

Brain, mL    

Gray matter volume 592.8±59.7 579.5±60.6 <.001 

White matter volume 458.7±54.9 450.5±53.9 <.001 

White matter lesion volume 5.6±6.1 6.2±7.0 <.001 

Total hippocampal volume 5.5±0.8 4.1±0.6 <.001 

Brain infarct present, n (%) 20 (8.9) 21 (9.3) .87 

Gait     

Gait speed, cm/s 118.6±19.3 116.04±21.7 .007 

Step length, cm 63.9±8.5 62.6±9.3 <.001 

Cadence, steps/min 111.4±9.3 110.9±10.01 .29 

Step width, cm 9.6±2.8 9.7±3.0 .85 

Paired t-tests or Wilcoxon signed rank test for comparison. 



Table 3 Multivariable Associations Between Change in Brain Structure and Change in 

Each Gait Variable 

Predictor Variable β (95% Confidence Interval) P-Value 

Speed, cm/sec   

∆ gray matter  0.09 (–0.00–0.19) .06 

∆ white matter  0.25 (0.09–0.40) .001 

∆ WML  –0.89 (–1.75 to –0.02) .045 

Step length, cm   

∆ gray matter  0.03 (–0.00–0.06) .11 

∆ white matter  0.07 (0.02–0.12) .005 

∆ WML  –0.26 (–0.55–0.02) .05 

age –0.06 (–0.16–0.03) .21 

∆ WML × age –0.04 (–0.08 to –0.00) .04 

Cadence, steps/min   

∆ gray matter  0.01 (–0.03–0.06) .54 

∆ gray × infarcts 0.15 (0.02–0.28) .02 

Infarcts 1.14 (–1.84–4.14) .45 

∆ white matter  0.12 (0.05–0.19) .001 

∆ WML  –0.40 (–0.80–0.00) .05 

Step width, cm   

∆ gray matter  –0.00 (–0.01–0.01) .89 

∆ white matter  0.01 (–0.01–0.03) .20 

∆ WML  0.05 (–0.05–0.16) .30 

Adjusted for time between assessment, age, sex, body mass index, education level, and total 

brain volume. 

Regressions for gray matter, white matter, and white matter lesion (WML) volumes were 

each adjusted for change in the other two volume measures, 

 



 

Figure 1 Derivation of sample. MRI=magnetic resonance imaging. 
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Figure 2. Interaction effects on step length and cadence.  

 


