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vessel disease, i.e. white matter hyperintensities, cerebral 
microbleeds (CMBs) and lacunar infarcts (LIs). Regression 
analysis was used adjusting for age, gender, education and 
whole-brain volume. A Bonferroni correction was applied 
considering p values <0.017 as statistically significant.  Re-

sults:  Poor memory function was associated with a slower 
4-meter walking speed (p < 0.01). No association was found 
between brain structure and cognitive performance. The 
presence of CMBs and LIs was associated with a slower 
25-meter walking speed (p < 0.001). This result did not 
change after additional adjustment for cognitive perfor-
mance.  Conclusions:  In middle-aged to older adults, CMBs 
and LIs are associated with walking speed independent of 
cognitive performance. This emphasizes the clinical rele-
vance of identifying each of the possible underlying mecha-
nisms of physical performance, which is required for the de-
velopment of timely and targeted therapies. 

 © 2016 The Author(s)
Published by S. Karger AG, Basel 
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 Abstract 

  Background:  The positive relationship between cognitive 
and physical performance has been widely established. The 
influence of brain structure on both domains has been 
shown as well.  Objective:  We studied whether the relation-
ship between brain structure and physical performance is 
independent of cognitive performance.  Methods:  This was a 
cross-sectional analysis of 297 middle-aged to older adults 
(mean age ± SD 65.4 ± 6.8 years). Memory function, execu-
tive function and physical performance measured by the 
Tandem Stance Test, Chair Stand Test, 4-meter walk and 
25-meter walk were assessed. Magnetic resonance imaging 
was available in 237 participants and used to determine the 
(sub)cortical gray matter, white matter, hippocampal and 
basal ganglia volumes and the presence of cerebral small-
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 Introduction 

 The positive relationship between cognitive and phys-
ical performance has been widely established. The role of 
higher-order cognitive performance, especially of execu-
tive functioning, in the performance of physical tasks has 
been shown as well as the influence of the level of physical 
activity and performance on the risk of dementia and cog-
nitive decline  [1–4] . Because of the co-occurrence of cog-
nitive and physical impairment frequently seen with ad-
vancing age, a common underlying cause such as brain 
pathology has been suggested  [5, 6] .

  Deterioration of several brain structures has been 
shown to be associated with cognitive and physical per-
formance. Poor cognitive performance is commonly in-
dicated by brain atrophy and accumulation of white mat-
ter hyperintensities (WMHs)  [7, 8] . Thereby, the associa-
tion of hippocampal volume with global cognitive 
performance and memory function and of frontal gray 
matter volumes with executive function has been most 
consistently shown  [9] . Regarding physical performance, 
especially the association of white matter atrophy and ac-
cumulation of WMHs with poor physical performance 
has been reported  [6] . The relation with specific regional 
and subcortical gray matter volumes is less clear. The few 
studies incorporating different gray matter volumes 
showed that especially atrophy of the hippocampus and 
basal ganglia are associated with poor physical perfor-
mance  [6, 10, 11] .

  It is unclear whether the influences of cognitive per-
formance and brain structure on physical performance 
are independent of each other. In this study, we assessed 
the relationship between cognitive and physical perfor-
mance and the relationship of brain structure with both 
domains within a study population of relatively healthy 
middle-aged to older adults in the absence of overt dis-
eases.

  Methods 

 Leiden Longevity Study 
 The Leiden Longevity Study is a longitudinal cohort compris-

ing of 421 long-lived Caucasian families of Dutch descent recruit-
ed between 2002 and 2006  [12] . Families were enrolled if at least 
two long-lived siblings were alive and fulfilled the age criterion of 
89 years or older for males and 91 years or older for females. Ad-
ditionally, the offspring of these long-lived siblings were included 
together with their partners as controls representing the general 
population  [13] . For the current study, participants were recruited 
from this population of middle-aged to older adults visiting the 
research center during the follow-up measurement between Sep-

tember 2009 and December 2010. Participants were included if 
they had complete data on both cognitive and physical perfor-
mance leading to 297 participants (149 offspring and 148 part-
ners). The Medical Ethical Committee of the Leiden University 
Medical Center approved the study, and written informed consent 
was obtained from all participants.

  Cognitive Performance 
 Cognitive performance was tested for two different cognitive 

domains: memory and executive function. Memory function was 
assessed by the immediate and delayed recall of the 15-Picture 
Learning Test (15-PLTi and 15-PLTd, respectively). For the im-
mediate recall, 15 pictures of well-known items were shown to the 
participant at three consecutive times. After each time, the par-
ticipant was asked to recall as many pictures as possible. The sum 
of the number of correct pictures during the three trials was de-
fined as the immediate recall. The delayed recall was defined as the 
number of correct pictures the participant was able to recall after 
20 min.

  Executive function was assessed by attention and processing 
speed using the abbreviated Stroop Test Trial 3 and the Digit Sym-
bol Substitution Test (DSST), respectively. The abbreviated Stroop 
Test Trial 3 consisted of a card containing 40 color words printed 
in a discongruous ink color. The participant was asked to name the 
ink color of the words as fast as possible. In the DSST, digits were 
given on a card as well as a key for the formation of specific digit-
symbol combinations. The outcome parameter was the number of 
correct digit-symbol combinations the participant was able to 
make in 90 s.

  Physical Performance 
 Four different aspects of physical performance were assessed: 

the ability to maintain standing balance, the ability to rise from a 
chair, and walking speed over a short and long distance  [14, 15] . 
The ability to maintain standing balance was assessed by the Tan-
dem Stance Test. Participants were asked to place their feet in tan-
dem position, i.e. placing both feet in line with one foot touching 
the toe of the other foot, and maintaining balance for 10 s. The 
Chair Stand Test was used to assess the ability to rise from a chair. 
Participants were asked to stand up and sit down 5 times as quick-
ly as possible from a straight-backed chair. The test was started in 
the sitting position and ended when the participant was standing 
with a straight back for the 5th time. Walking speed was assessed 
over 4 and 25 m of walking. During the 4-Meter Walking Test, 
participants started from the standing position and were instruct-
ed to walk at their preferred speed over a length of 5 m without 
slowing down before the 4-meter line. Time was started at the mo-
ment the first foot had passed the starting line until the moment 
the first foot had passed the 4-meter line completely. The fastest 
time out of two measurements was used for the calculation of walk-
ing speed. Walking speed during 25 m of walking was assessed in 
a steady state over a length of 30 m, i.e. time was started at 2.5 m 
and stopped at 27.5 m. Again, participants were asked to walk at 
their preferred speed. Mean walking speed over two measurements 
was used for analyses.

  During all physical performance tests, participants wore non-
slip socks and a body-fixed sensor (Dynaport ®  Hybrid, McRoberts 
BV, The Hague, the Netherlands) on the lower back positioned 
with an elastic belt at the height of the second lumbar vertebra. The 
sensor consisted of a triaxial accelerometer and three uniaxial gy-
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roscopes of which the signals were recorded with a sample fre-
quency of 100 Hz. A remote control was used for marking the start 
and end of each measurement.

  Brain Structure 
 Magnetic resonance imaging (MRI) was used to determine the 

whole-brain volume, the cortical gray and white matter volumes, 
the subcortical gray matter volumes of the hippocampus and bas-
al ganglia, including the nucleus accumbens, caudate nucleus, pal-
lidum and putamen, and the presence of cerebral small-vessel dis-
ease including WMH volume and the presence of cerebral
microbleeds (CMBs) and lacunar infarcts (LIs)  [16, 17] . Three-
dimensional (3-D) T1-weighted, T2-weighted, fluid-attenuated 
inversion recovery (FLAIR) and T2 * -weighted images were ac-
quired using a whole-body MR system operating at a field strength 
of 3 T (Philips Medical Systems, Best, The Netherlands) with the 
following imaging parameters: repetition time 9.7 ms, time to echo 
4.6 ms, flip angle 8° and field of view 224 × 177 × 168 mm resulting 
in a normal voxel size of 1.17 × 1.17 × 1.4 mm.

  Different tools of the FMRIB Software Library [FSL, Release 5.0 
(c) 2012]  [18, 19]  were used for the determination of brain vol-
umes. Whole brain, gray matter and white matter volumes were 
calculated with the FSL-Tool Structural Image Evaluation, using 
Normalization of Atrophy (SIENAX)  [20, 21] . For the determina-
tion of the subcortical hippocampus and basal ganglia volumes, the 
FMRIB’s Registration and Segmentation Tool (FIRST) was used.

  MRI scans were visualized using the freely available software 
Medical Imaging Processing, Analysis and Visualization (MIPAV). 
WMHs, CMBs and LIs were analyzed by two independent review-
ers who were blinded to subject identity, sex, age and being off-
spring or partner. Discrepancies were reanalyzed in a consensus 
meeting with a third reviewer. WMHs were defined as areas with-
in the cerebral white matter with increased signal intensity on both 
FLAIR and T2 * -weighted images without mass effect. CMBs were 
defined as focal areas of signal void on T2-weighted images in-
creasing in size on T2 * -weighted images. The presence of LIs, de-
fined as having a diameter >2 mm, was assessed on 3-D T1-weight-
ed, FLAIR and T2-weighted images. The presence of CMBs and 
LIs was combined into one variable consisting of participants with 
either CMBs or LIs or both. Due to contraindications for MRI, data 
were available for 237 out of 297 (80%) participants. The most fre-
quently reported contraindications were metal splinters, pacemak-
er and claustrophobia as determined by applying the standard MRI 
patient questionnaire of the Leiden University Medical Center.

  Statistical Analysis 
 Continuous variables are presented as means and standard de-

viations, non-Gaussian distributed variables as medians and inter-
quartile ranges, and categorical variables as numbers and percent-
ages.

  First, the association between the cognitive and physical per-
formance was assessed using linear regression analysis. Logistic 
regression analysis was carried out for the dichotomous outcome 
of the Tandem Stance Test, i.e. participants being either unable or 
able to maintain 10 s of balance in a tandem position. Results were 
adjusted for age, gender and education.

  Second, linear regression analysis was used to assess the rela-
tionship between brain structure and cognitive performance and 
subsequently between brain structure and physical performance. 
Again, logistic regression analysis was carried out for the Tandem 

Stance Test. All measures of brain structure were expressed as Z 
scores. For the basal ganglia volume, a composite Z score was cal-
culated by averaging the Z scores of the nucleus accumbens, cau-
date nucleus, pallidum and putamen. Results were adjusted for 
age, gender and whole-brain volume. An additional adjustment 
model was used in the analysis of the relationship between brain 
structure and physical performance including cognitive perfor-
mance besides age, gender and whole-brain volume. For this anal-
ysis, a composite Z score of cognitive performance was calculated 
by averaging the Z scores of the 15-PLTi, 15-PLTd, abbreviated 
Stroop Test Trial 3 (multiplied by –1 because of the reverse direc-
tion of scoring compared to the other cognitive performance tests) 
and DSST.

  The independent t test and χ 2  test were used to assess whether 
the characteristics of the participants with and without MRI data 

 Table 1. Characteristics of the participants (n = 297)

Demographics
Females, n (%) 150 (50.5)
Age, years 65.4 (6.8)
Education, years 12 (10 – 15)

Anthropometrics
Height, cm 172.4 (8.5)
Weight, kg 79.2 (14.1)

Comorbiditiesc

Diabetes mellitus, n (%) 18 (6.8)
Cardiovascular diseasea, n (%) 79 (29.8)

Intoxications
Users of alcoholb, n (%) 234 (79.1)
Former and/or current smokers, n (%) 201 (67.9)

Cognitive performance
15-PLTi, correct pictures 30.1 (5.0)
15-PLTd, correct pictures 11 (10 – 13)
Stroop time part 3, s 46 (39 – 54)
DSST, correct answers 47.1 (10.6)

Physical performance
Able to perform tandem stance, n (%) 286 (96.6)
Duration of the CST, s 12.6 (2.4)
4-meter walking speed, m/s 1.13 (0.20)
25-meter walking speedd, m/s 1.45 (0.16)

Brain structure
Whole-brain volumee cm3 1,090 (92)
Gray matter volumee, cm3 542 (39)
White matter volumee, cm3 548 (61)
Hippocampal volumee, cm3 8.0 (0.8)
Basal ganglia volumee, cm3 21.8 (2.2)
WMH volumef, cm3 0.5 (0.083 – 2.2)
Presence of CMBs/LIse, n (%) 37 (15.7)

 Values are expressed as mean (standard deviation), median 
(interquartile range) or as stated. a Defined as myocardial infarction, 
stroke and hypertension. b Using ≥1 units per week.  Data available 
for: c n = 265, d n = 277, e n = 237, and f n = 211 participants.
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were significantly different. Because of the number of dependent 
variables within each of the comparisons that were investigated, 
i.e. the relationship between cognitive and physical performance, 
brain structure and cognitive performance and brain structure and 
physical performance, a Bonferroni correction was applied to 
avoid type I errors. p values <0.017 were considered statistically 
significant. All statistical analyses were performed with SPSS ver-
sion 22.0 (IBM Corp., Amonk, N.Y., USA). 

  Results 

 Characteristics of the participants are given in  table 1 . 
Mean age ± SD of all participants was 65.4 ± 6.8 years. 
 Table  2  shows the association between cognitive and 
physical performance. According to memory function, 
participants with a worse performance on the immediate 
and delayed recall had a slower 4-meter walking speed. 

No associations were found for executive function or oth-
er physical domains.

   Tables 3  and  4  present the association between brain 
structure and cognitive and physical performance, re-
spectively. No association was found between brain struc-
ture and cognitive performance. According to the differ-
ent domains of physical performance, the presence of 
CMBs and LIs was associated with a slower 25-meter 
walking speed.

   Table 5  shows that additional adjustment for cognitive 
performance in the association between brain structure 
and physical performance did not change the results. 
There were no differences between the participants with 
and without MRI data, except for weight and the preva-
lence of cardiovascular disease, which were both higher 
in the group without MRI data (p = 0.026 and p = 0.021, 
respectively).

 Table 3. Association between brain structure and cognitive performance (n = 237)

Brain structurea 15-PLTi (correct pictures) 15-PLTd (correct pictures) Stroop trial 3 (s) DSST (correct answers)

β 95% CI p  β 95% CI p  β 95% CI p  β 95% CI p

Cortical
Gray matter volume 0.75 –0.39; 1.89 0.20  –0.13 –0.63; 0.38 0.63  0.70 –2.42; 3.83 0.66  –0.41 –2.88; 2.05 0.74
White matter volume –0.71 –1.69; 0.27 0.15  0.11 –0.32; 0.54 0.62  –0.85 –3.54; 1.84 0.53  0.36 –1.76; 2.48 0.74
Subcortical
Hippocampal volume –0.064 –0.76; 0.63 0.86  –0.13 –0.43; 0.17 0.40  –1.31 –3.19; 0.58 0.17  –0.42 –1.90; 1.07 0.58
Basal ganglia volume –0.26 –0.94; 0.43 0.47  –0.22 –0.52; 0.075 0.14  0.31 –1.58; 2.20 0.75  –0.84 –2.34; 0.66 0.27
CSVD
WMH volumeb –0.037 –0.71; 0.64 0.91  –0.021 –0.32; 0.28 0.89  0.72 –1.10; 2.36 0.44  –0.37 –1.77; 1.04 0.61
Presence of CMBs/LIsc –0.16 –1.73; 1.42 0.84  0.31 –0.38; 1.0 0.38  –1.72 –6.04; 2.59 0.43  2.78 –0.62; 6.18 0.11

p values <0.017 are considered as statistically significant after Bonferroni correction. β = Estimate; CI = confidence interval; CSVD = cerebral small-vessel 
disease. Associations were assessed using linear regression adjusted for age, gender and whole-brain volume (standardized for skull size). a Brain volumes 
are standardized for skull size and expressed as Z scores. WMH volume is transformed to the natural logarithm and expressed as Z score. b n = 211. c 0 is 
defined as reference group having no CMBs or no LIs. 

 Table 2. Association between cognitive and physical performance (n = 297)

Cognitive performance Tandem Stance Testa  Duration CST (s) 4-meter walking speedb (m/s)  25-meter walking speedb,c (m/s)

OR 95% CI p  β 95% CI p  β 95% CI p  β 95% CI p

Memory function
15-PLTi (correct pictures) 1.05 0.92; 1.20 0.50 –0.063 –0.12; –0.003 0.040  0.078 0.025; 0.13 0.004  –0.0008 –0.043; 0.041 0.97
15-PLTd (correct pictures) 1.02 0.73; 1.43 0.91 –0.047 –0.19; 0.092 0.51  0.17 0.047; 0.29 0.007  –0.044 –0.14; 0.053 0.37
Executive function
Stroop trial 3 (s) 1.01 0.96; 1.07 0.65 –0.014 –0.009; 0.036 0.24  –0.001 –0.003; 0.001 0.39  –0.001 –0.002; 0.001 0.37
DSST (correct answers) 1.0 0.93; 1.07 0.91 –0.020 –0.050; 0.010 0.18  0.001 –0.001; 0.004 0.27  0.001 –0.001; 0.003 0.21

OR = Odds ratio; CI = confidence interval; β = estimate. CST = Chair Stand Test. Associations were assessed using linear regression adjusted for calendar 
age, gender and education. Bold indicates statistically significant p values after Bonferroni correction (p < 0.017). a Logistic regression was used with 0 = 
unable and 1 = able to perform the Tandem Stance Test. b β and 95% CI are expressed per 10 units of cognitive performance test. c n = 277.
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  Discussion 

 In this study population of middle-aged to older adults, 
poor memory function was associated with slower 4-me-
ter walking speed. The presence of CMBs and LIs was as-
sociated with slower 25-meter walking speed. No associa-
tion was found between brain structure and cognitive 
performance, and the relationship between brain struc-
ture and physical performance did not change after ad-
justment for cognitive performance.

  The association between cognitive and physical per-
formance has been confirmed by several studies  [1, 2, 22, 
23] . However, these studies especially show the role of 

executive function in gait performance commonly illus-
trated by the performance of dual tasks  [1, 24–27] . The 
association between memory function and physical per-
formance has been shown less frequently, although the 
incorporation of memory processes in physical perfor-
mance has previously been emphasized as well  [11, 28, 
29] . The association of memory function with the 4-me-
ter walking speed, and not with the 25-meter walking 
speed, suggests that specifically the initiation of move-
ments relates to memory processes. In the 4-meter walk, 
walking speed was measured from the starting position 
including the initiation phase instead of the steady state 
assessment of walking speed in the 25-meter walk. These 

 Table 4. Association between brain structure and physical performance (n = 237)

Brain structurea Tandem Stance Testb  Duration CST (s) 4-meter walking speed (m/s) 25-meter walking speede (m/s)

OR 95% CI p  β 95% CI p  β 95% CI p  β 95% CI p

Cortical
Gray matter volume 2.21 0.48; 10.2 0.31  –0.10 –0.70; 0.49 0.73 0.022 –0.029; 0.073 0.40  0.030 –0.010; 0.069 0.15
White matter volume 0.34 0.10; 1.10 0.072  0.13 –0.38; 0.64 0.62 –0.019 –0.062; 0.025 0.40  –0.028 –0.062; 0.007 0.11
Subcortical
Hippocampal volume 2.36 0.96; 5.84 0.062  –0.30 –0.66; 0.066 0.11 0.033 0.002; 0.063 0.035 0.010 –0.015; 0.034 0.43
Basal ganglia volume 1.40 0.60; 3.27 0.44  0.11 –0.25; 0.47 0.54 –0.017 –0.047; 0.014 0.29  –0.015 –0.039; 0.009 0.21
CSVD
WMH volumec 1.85 0.89; 3.82 0.098  0.013 –0.32; 0.35 0.94 0.005 –0.024; 0.034 0.73  –0.023 –0.045; –0.0002 0.048
Presence of CMBs/LIsd 2.98 0.29; 30.3 0.36  –0.039 –0.85; 0.78 0.93 –0.080 –0.15; –0.011 0.024 –0.11 –0.17; –0.060 <0.001

OR = Odds ratio; CI = confidence interval; β = estimate; CSVD = cerebral small-vessel disease. Associations were assessed using linear regression adjusted 
for age, gender and whole-brain volume (standardized for skull size). Bold indicates statistically significant p values after Bonferroni correction (p < 0.017). 
a Brain volumes are standardized for skull size and expressed as Z scores. WMH volume is transformed to the natural logarithm and expressed as Z score.
b Logistic regression was used with 0 = unable and 1 = able to perform the Tandem Stance Test. c n = 211. d 0 is defined as reference group having no CMBs 
or no LIs. e n = 220. 

 Table 5. Association between brain structure and physical performance, adjusted additionally for cognitive performance (n = 237)

Brain structurea Tandem Stance Testb  Duration CST (s) 4-meter walking speed (m/s) 25-meter walking speede (m/s)

OR 95% CI p  β 95% CI p  β 95% CI p  β 95% CI p

Cortical
Gray matter volume 2.25 0.49; 10.2 0.30  –0.10 –0.69; 0.49 0.74 0.023 –0.028; 0.074 0.37  0.030 –0.010; 0.069 0.15
White matter volume 0.33 0.10; 1.08 0.67  0.13 –0.38; 0.64 0.63 –0.020 –0.063; 0.024 0.38  –0.028 –0.062; 0.007 0.11
Subcortical
Hippocampal volume 2.39 0.96; 5.95 0.062  –0.30 –0.66; 0.064 0.11 0.033 0.003; 0.063 0.034 0.010 –0.015; 0.034 0.43
Basal ganglia volume 1.42 0.61; 3.34 0.42  0.086 –0.27; 0.44 0.64 –0.015 –0.045; 0.016 0.35  –0.015 –0.039; 0.009 0.21
CSVD
WMH volumec 1.88 0.90; 3.94 0.094  0.006 –0.33; 0.34 0.97 0.006 –0.023; 0.034 0.69  –0.023 –0.046; –0.0002 0.048
Presence of CMBs/LIsd 2.93 0.29; 30.1 0.37  0.004 –0.81; 0.82 0.99 –0.084 –0.15; –0.015 0.017 –0.11 –0.17; –0.061 <0.001

Bold indicates statistically significant p values after Bonferroni correction (p < 0.017). OR = Odds ratio; CI = confidence interval; β = estimate; CST = 
Chair Stand Test; CSVD = cerebral small vessel disease. Associations were assessed using linear regression adjusted for age, gender, whole-brain volume 
(standardized for skull size) and cognitive performance expressed as composite Z score. a Brain volumes are standardized for skull size and expressed as Z 
scores. WMH volume is transformed to the natural logarithm and expressed as Z score. b Logistic regression was used with 0 = unable and 1 = able to perform 
the tandem stance. c n = 211. d 0 is defined as reference group having no CMBs or no LIs. e n = 220. 
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findings are supported by a previous study in elderly out-
patients, showing largest effect sizes of the association be-
tween cognitive performance and walking speed for the 
4-meter walk compared to a steady-state 10-meter walk 
and a 6-min walk  [30] .

  Among the different physical domains that were as-
sessed, i.e. the ability to maintain standing balance, the 
ability to rise from a chair and walking speed over a short 
and long distance, brain structure was specifically associ-
ated with walking speed. This emphasizes the role of 
walking speed as an important indicator of overall health 
status  [31, 32] . Of the two different walking tests that 
were performed, the 25-meter walking speed, and not the 
4-meter walking speed, was associated with brain struc-
ture, i.e. the presence of CMBs and LIs. This specific as-
sociation might be explained by the dependence of lon-
ger distance walks on the cardiovascular determined en-
durance factor, considering that the presence of CMBs 
and LIs is accelerated by cardiovascular disease and vas-
cular risk factors  [30, 33] . Besides the consistent associa-
tions of cortical and subcortical brain volumes with 
walking speed found in the literature  [6] , no association 
was found for each of the brain volumes in this study. 
These results might be explained by differences in calen-
dar age between the study populations. Most studies 
showing a positive association between brain structure 
and walking speed are in slightly older populations (mean 
age of 70 years and older)  [6] , while the null results of this 
study are in accordance with a previous study in a com-
parable population of healthy middle-aged to older 
adults walking at preferred speed over a long distance 
 [34] .

  The relationship between brain structure and physical 
performance did not change after adjustment for cogni-
tive performance, which is consistent with the fact that 
we did not find an association between brain structure 
and cognitive performance. Previously, no association of 
measures of brain microstructure, i.e. mean magnetiza-
tion transfer ratio, mean magnetization transfer ratio 
histogram peak height, fractional anisotropy and mean 
diffusivity, with cognitive performance was found in this 
study population  [35] . The relatively young age might 
explain these results if we compare them with the posi-
tive associations found in studies in older community-
dwelling individuals without cognitive impairment  [9, 
36, 37] . Thereby, the measures used for the assessment of 
the relation between brain structure and cognitive per-
formance might not be sensitive enough for this popula-
tion  [9] . Future studies focusing on which measures are 
most sensitive for these nonclinical populations might 

provide more insight into this. The association of the 
presence of CMBs and LIs with a slower 25-meter walk-
ing speed independent of cognitive performance sug-
gests that the influences of brain structure and cognitive 
performance on physical performance are two indepen-
dent processes. This is supported by the positive associa-
tion found between memory function and 4-meter walk-
ing speed, while no association was found of the hippo-
campal volume, known to play an important role in 
memory function  [9, 38] , with the 4-meter walking speed. 
These results, therefore, emphasize the importance of 
identifying possible underlying mechanisms of physical 
performance in order to be able to develop targeted ther-
apies. Longitudinal studies covering a broader age range 
are needed to further explore this and to finally get in-
sight into the optimal timing with respect to prevention 
and disease progression.

  One of the strengths of this study is the availability of 
data on cognitive and physical performance and for 80% 
of the participants on brain structure, with all measure-
ments of one participant performed on the same day. 
This enabled us to get insight into the role of cognitive 
performance and brain structure on physical perfor-
mance. The different cognitive and physical domains 
that were assessed enabled to specify this even further. 
The study population, consisting of middle-aged to older 
adults, enhanced our understanding of changes that are 
already observable from middle age in the absence of 
overt diseases. As a result of this age range and good 
health status of the participants, the variation among 
participants able and unable to perform the Tandem 
Stance Test was very low. This could have led to an un-
derestimation of the associations of cognitive perfor-
mance and brain structure with standing balance. Future 
studies are needed including a more demanding standing 
condition, for example with eyes closed, to further inves-
tigate the association of cognitive performance and brain 
structure with standing balance. Another limitation is 
the availability of MRI data in 80% of the participants due 
to contraindications for MRI. The higher prevalence of 
cardiovascular disease in the group of participants with-
out MRI data is in concordance with our expectations 
because of the contraindications for MRI. Exclusion of 
these participants could have led to an underestimation 
of the results, specifically for the association of the pres-
ence of cerebral small-vessel disease with the 25-meter 
walking speed.

  In conclusion, the presence of CMBs and LIs is associ-
ated with walking speed in middle-aged to older adults, 
independent of cognitive performance. This supports 
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that in this age range the influences of brain structure and 
cognitive performance on physical performance are two 
independent processes. Identifying the possible influence 
of these underlying mechanisms of physical performance 
is of clinical relevance in order to be able to develop tar-
geted therapies with optimal timing to maintain physical 
performance with advancing age. 
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