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A B S T R A C T

Background: The timed up and go (TUG) is a test used to assess mobility in older adults and patients with
neurological conditions. This study aims to compare brain gray matter (GM) correlates and structural covariance
networks associated with the TUG time in cognitively healthy individuals (CHI) and in patients with mild
cognitive impairment (MCI).
Methods: The TUG time was measured in 326 non-demented older community-dwellers (age 71.3 ± 4.5; 42%
female) – 156 CHI and 170 MCI. GM covariance networks were computed using voxel-based morphometry with
the main neural correlates of TUG for each group as seed regions.
Results: Increased TUG time (i.e., poor performance) was associated with distinct brain volume reductions be-
tween CHI and MCI. The covariance analysis showed cortical regions involving the default mode network in CHI
and bilateral cerebellar regions in MCI.
Conclusions: GM networks associated with the TUG vary between CHI and MCI, suggesting distinct brain control
for locomotion between CHI and MCI patients.

1. Introduction

Motor and cognitive impairments are reported in older adults at the
onset of neurodegenerative or vascular brain diseases. The time to per-
form the timed up and go (TUG) test – a clinical test used in daily
practice to assess mobility by measuring the time needed for standing up,
walking 3m, turning, walking back and sitting down (Podsiadlo and
Richardson, 1991) – has been related with both cognitive and motor
abilities in older adults with and without dementia (Herman et al., 2011;
Mirelman et al., 2014). Regarding its easy use and its sensitivity for
predicting fall, national organizations, such as the American Geriatrics
Society and the British Geriatrics Society, recommend the TUG for initial
screening test for falling in older adults (J. Am. Geriatr. Soc., 2001). Brain
volume reduction in total gray matter (GM) and specific brain regions,

such as right and left hippocampus, have been associated with the TUG
among non-demented older adults (Allali et al., 2016). Various neuroi-
maging methods have studied the brain correlates of locomotion in aging
(Holtzer et al., 2014) and in patients with neurological conditions (Allali
et al., 2018a). However, the use of GM volume covariance – a method
measuring the topographical brain organization – has been poorly stu-
died in the field of age-related changes in locomotion. In a previous study
using this methodological approach, we demonstrated that gait speed
covaried with a distributed network including the prefrontal cortex and
the hippocampus among a cohort of non-demented older adults that
combined cognitively healthy individuals (CHI) and patients with mild
cognitive impairment (MCI) (Allali et al., 2018b).

In this study, we aim to compare regional GM volume reductions
and the related structural covariance networks associated with the TUG
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time between CHI and patients with MCI. Establishing the GM volume
covariance associated with the TUG in CHI and MCI will improve our
understanding of the brain networks sustaining the TUG in older adults
with early signs of pathological aging.

2. Methods

2.1. Participants

We selected 326 participants (age: 71.3 ± 4.5; 42% female) – 156
CHI and 170 MCI - enrolled in the “Gait and Alzheimer Interactions
Tracking” (GAIT) study (Allali et al., 2016), with a measure of the TUG
and a brain T1-weighted MRI. The participants were referred to the
memory clinic (Angers, France) for a cognitive complaint. Exclusion
criteria were an acute medical illness in the past month, neurological
and psychiatric diseases other than cognitive impairment, and medical
conditions affecting gait, extrapyramidal rigidity of the upper limbs,
inability to walk 15min without any walking aid, dementia, morpho-
logical or vascular abnormalities on the MRI. Cognitive status (i.e., MCI
and CHI) was defined by the international standard criteria (Winblad
et al., 2004), following a comprehensive medical and neuropsycholo-
gical assessment, at a multidisciplinary meeting. The diagnosis of MCI
was established following the Winblad consensus criteria (Winblad
et al., 2004). Both amnestic and non-amnestic MCI were combined in
the MCI group. The instructions for completing the TUG was standar-
dized and given by a trained evaluator. The participants completed the
TUG task once, without any specific training. The TUG was measured at
self-selected speed, while the participants have to turn on their pre-
ferred side. Fall status was self-reported (retrospectively) and fear of
falling was assessed by a single yes/no question: Are you afraid of
falling? The Review Board of Angers University Hospital approved the
study.

2.2. Neuroimaging protocol and analysis

Imaging was performed with a 1.5 and 3 Tesla MRI scanner
(Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany)
following a scanning protocol previously described (Allali et al.,
2018b). The structural images were processed using voxel-based mor-
phometry (VBM) implemented in SPM12. First, we investigated the
neuroanatomical correlates of TUG in CHI and MCI: TUG was entered as
a covariate of interest in two separate multiple regression models (one
for CHI and one for MCI) - assuming that increased TUG would be as-
sociated with locally decreased GM volumes. Statistical threshold of P-
value < 0.05 cluster-corrected was used. Each model was adjusted by
age, sex, intracranial volume, white matter abnormalities, and scanner
field strength (1.5 T versus 3 T). Then, we investigated the GM struc-
tural covariance networks associated with the key anatomical correlates
of TUG in each group separately: the peak voxel (highest T value)
correlating with TUG for each group in the first analysis was used as
region of interest (ROI) to seed GM structural covariance networks in
each group separately. Two separate correlation analyses were per-
formed by entering the extracted GM volumes from each ROI as a
covariate of interest, as well as the same nuisance covariates as in the
first analysis. For each ROI, specific contrasts were set to identify voxels
that expressed a positive correlation with the GM volume in the ROI in
each group of subjects (controlling for nuisance variables). Correlation
maps were thresholded at P-value≤ 0.05, cluster corrected.

3. Results

The clinical characteristics of MCI and CHI are compared in Table 1.
MCI were slightly older, and slightly less educated than CHI. Gender

repartition was similar between both groups. Both groups took similar
number of drugs (total number and psychoactive). MCI included less
fallers than CHI (faller status was retrospectively reported), while both

groups presented similar recurrent fallers. Fear of falling was similarly
reported in both groups. MCI performed poorer in term of global cog-
nitive performance, as well as in executive functions in comparison to
CHI. The TUG was performed slower in MCI than in CHI (10.4 ± 3.1 s
versus 9.5 ± 1.8 s, respectively, P= 0.004).

A negative correlation between TUG time and GM volume was
found in the right inferior frontal gyrus (pars triangularis) in CHI; while
the TUG was negatively correlated with the bilateral cerebellum (lobule
8), and the left middle cingulate cortex in MCI (Supplementary Table e-
1). The right inferior frontal gyrus (MNI coordinates: 53, 32, 0) selected
as ROI for CHI covaried with an extended bilateral fronto-temporo-
parietal network including the bilateral precuneus, the cingulate cortex,
hippocampus, and the middle temporal gyrus, which are parts of the
default mode network (Greicius et al., 2003; Raichle, 2015) (Fig. 1A –
Supplementary Table e-2). The left cerebellum (MNI coordinates: −30,
−45, −51) selected as ROI for MCI covaried with bilateral cerebellar
regions, right middle cingulate cortex, left middle frontal gyrus, right
thalamus and precuneus (Fig. 1B – Supplementary Table e-3).

Structural covariance networks obtained by using the right inferior
frontal gyrus (pars triangularis) ROI as seed for cognitively healthy
individuals (Fig. 1A) and the left cerebellum (Lobe 8) as seed for MCI
participants (Fig. 1B).

4. Discussion

This study reveals that increased TUG time (i.e., poor performance)
was associated with regional brain volume reductions, which differed
between CHI and patients with MCI. GM volume covariance analysis
showed pure cortical regions involving the majority of the default mode
network in CHI and mainly bilateral cerebellar regions in MCI.

These findings suggest that MCI status is associated with a mod-
ification of the brain control of a complex motor task requiring elabo-
rated movement. In CHI, the brain regions associated with the TUG not
surprisingly involved the default mode network that has been asso-
ciated with mobility and cognitive control (Cavanna and Trimble, 2006;
Hsu et al., 2014) – in our sample, both cognitive and motor perfor-
mances were reduced in MCI in comparison to CHI. In patients with
MCI, we observed a network comprising cerebellar regions. Changes in
the default mode network have been previously observed in patients

Table 1
Clinical characteristics of participants (n=326).

Individuals P-value⁎

CHI
(n=156)

MCI
(n=170)

Age (years), mean ± SD 70.4 ± 3.7 72.0 ± 5.1 0.001
Female, n (%) 74 (47.4) 63 (37.1) 0.072
Education (1-3) 2.1 ± 0.8 1.8 ± 0.8 < 0.001
Number of therapeutic classes per day,

mean ± SD
2.8 ± 2.6 3.1 ± 3.1 0.301

Number of psychoactive drugs per day,
mean ± SD

0.1 ± 0.0.3 0.2 ± 0.4 0.354

Previous fall, n (%) 52 (33.3) 38 (22.4) 0.035
Recurrent falls, n (%) 10 (6.4) 5 (2.9) 0.187
Fear of falling, n (%) 17 (10.9) 26 (15.3) 0.256
MMSE score (/30), mean ± SD 28.6 ± 1.4 27.1 ± 1.9 < 0.001
FAB score (/18), mean ± SD 16.7 ± 1.2 15.5 ± 1.9 < 0.001

MCI: mild cognitive impairment; CHI: cognitively healthy individuals; SD:
Standard deviation; MMSE: Mini mental state examination; FAB: Frontal bat-
tery assessment; Education: 1: elementary school, 2: secondary school, 3: uni-
versity; Previous and recurrent falls: yes/no question (retrospectively); Fear of
falling: yes/no question.

⁎ Comparisons based on unpaired t-test or Chi-square test, as appropriate; P-
value significant (i.e.;< 0.05) indicated in bold.
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with MCI in functional studies and have been suggested as an early
marker of Alzheimer's pathology (Rombouts et al., 2005). Related to
this observation, our MCI patients are more likely to present an un-
derlying Alzheimer's pathology, as they were recruited from a memory
clinic. From the perspective of an underlying Alzheimer's pathology in
MCI participants, motor disturbances in Alzheimer's disease have been
related to degeneration of the cholinergic system (Schirinzi et al.,
2018a). The cholinergic system also projects to the cerebellum (Zhang
et al., 2016; Schafer et al., 1998); some authors have hypothesized a
potential cerebellar cholinergic contribution to motor disturbances,
such as dystonia (Schirinzi et al., 2018b). This putative mechanism may
explain this cerebellar network associated with TUG performance in
MCI participants.

Distinct brain regions are associated with TUG performance be-
tween CHI and MCI: a cortical network for CHI and a subcortical one for
MCI. Studies conducted in aging or neurological conditions reported
contrasting correlations between TUG and cognitive performances
(Allali et al., 2012; Sukockien et al., 2019; Ramnath et al., 2018). Al-
though the TUG may be affected by other factors than cognition (i.e.
osteoarticular), brain changes associated with cerebrovascular or neu-
rodegenerative processes, as found in patients with MCI, may explain
for these contrasting correlations. Furthermore, we should highlight
that the instructions for performing the TUG (i.e. self-selected versus
fast speed) may affect the underlying brain correlates. Future studies
should also include the brain correlates of TUG subtasks (i.e., sit-to-
stand, walking, turning), as these subtasks refer to different motor and
cognitive domains (Mirelman et al., 2014).

Assessing such a high number of participants while comparing CHI
and MCI for a covariance structural analysis of the TUG represents the
main strength of this study. However, some limitations need to be ac-
knowledged: first, the generalization of the study findings should be
limited to older adults with cognitive complaints; second, although we
adjusted our analyses on age, sex, intracranial volume, and white
matter abnormalities, some residual potential risk factors might still be

present. Third, we also adjusted our analyses on scanner field strength,
as we included brain imaging acquired with 1.5 and 3 T scanners.
Furthermore, 1.5 and 3 T scanners reported similarities in detecting
neurodegenerative changes (Ho et al., 2010); and the validity of auto-
mated methods for brain volume measurement between 1.5 versus 3
Tesla scanners has been studied in older subjects scanned the same day
on both scanners (Heinen et al., 2016). Four, history of falls was self-
reported: we cannot exclude a recall bias among MCI participants that
may explain the highest proportion of fallers among MCI. Five, we
should highlight that the MCI participants are slightly older than the
CHI; however, each model was adjusted by age.

In conclusion, this study – using structural covariance analysis for
identifying neuronal networks sustaining the TUG in non-demented
older adults – reveals distinct brain regions between CHI and MCI. The
default mode network was involved in CHI, while cerebellar network
was involved in patients with MCI. These findings provide a rationale
for clinical intervention targeting these regions and associated func-
tions to improve locomotion in normal aging and in patients with MCI.
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Fig. 1. Structural covariance networks between gray matter volume and timed up and go in cognitively healthy individuals (Panel A) and MCI participants (Panel B).

G. Allali, et al. Experimental Gerontology 129 (2020) 110748

3



Author contribution

Gilles Allali, MD, PhD: Drafting the manuscript; Study concept or
design; Analysis or interpretation of data; Obtaining funding. Maxime
Montembeault, PhD: Revising the manuscript; Study concept or design;
Analysis or interpretation of data; Statistical analysis. Alessandra Griffa,
PhD: Revising the manuscript; Analysis or interpretation of data. Olivier
Beauchet, MD, PhD: Revising the manuscript; Study concept or design;
Acquisition of data; Analysis or interpretation of data; Obtaining funding.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.exger.2019.110748.

References

Allali, G., Laidet, M., Assal, F., Beauchet, O., Chofflon, M., Armand, S., et al., 2012.
Adapted timed up and go: a rapid clinical test to assess gait and cognition in multiple
sclerosis. Eur. Neurol. 67, 116–120.

Allali, G., Annweiler, C., Predovan, D., Bherer, L., Beauchet, O., 2016. Brain volume
changes in gait control in patients with mild cognitive impairment compared to
cognitively healthy individuals; GAIT study results. Exp. Gerontol. 76, 72–79.

Allali, G., Blumen, H.M., Devanne, H., Pirondini, E., Delval, A., Van De Ville, D., 2018a.
Brain imaging of locomotion in neurological conditions. Clin. Neurophysiol. 48,
337–359.

Allali, G., Montembeault, M., Brambati, S.M., Bherer, L., Blumen, H.M., Launay, C.P.,
et al., 2018b. Brain structure covariance associated with gait control in aging. J.
Gerontol. A Biol. Sci. Med. Sci.

Cavanna, A.E., Trimble, M.R., 2006. The precuneus: a review of its functional anatomy
and behavioural correlates. Brain 129, 564–583.

Greicius, M.D., Krasnow, B., Reiss, A.L., Menon, V., 2003. Functional connectivity in the
resting brain: a network analysis of the default mode hypothesis. Proc. Natl. Acad.
Sci. U. S. A. 100, 253–258.

Heinen, R., Bouvy, W.H., Mendrik, A.M., Viergever, M.A., Biessels, G.J., de Bresser, J.,
2016. Robustness of automated methods for brain volume measurements across
different MRI field strengths. PLoS One 11, e0165719.

Herman, T., Giladi, N., Hausdorff, J.M., 2011. Properties of the 'timed up and go' test:
more than meets the eye. Gerontology 57, 203–210.

Ho, A.J., Hua, X., Lee, S., Leow, A.D., Yanovsky, I., Gutman, B., et al., 2010. Comparing 3
T and 1.5 T MRI for tracking Alzheimer's disease progression with tensor-based
morphometry. Hum. Brain Mapp. 31, 499–514.

Holtzer, R., Epstein, N., Mahoney, J.R., Izzetoglu, M., Blumen, H.M., 2014. Neuroimaging
of mobility in aging: a targeted review. J. Gerontol. A Biol. Sci. Med. Sci. 69,
1375–1388.

Hsu, C.L., Voss, M.W., Handy, T.C., Davis, J.C., Nagamatsu, L.S., Chan, A., et al., 2014.
Disruptions in brain networks of older fallers are associated with subsequent cogni-
tive decline: a 12-month prospective exploratory study. PLoS One 9, e93673.

Guideline for the prevention of falls in older persons. American Geriatrics Society, British
Geriatrics Society, and American Academy of Orthopaedic Surgeons Panel on Falls
Prevention. J. Am. Geriatr. Soc. 49, 664–672.

Mirelman, A., Weiss, A., Buchman, A.S., Bennett, D.A., Giladi, N., Hausdorff, J.M., 2014.
Association between performance on Timed Up and Go subtasks and mild cognitive
impairment: further insights into the links between cognitive and motor function. J.
Am. Geriatr. Soc. 62, 673–678.

Podsiadlo, D., Richardson, S., 1991. The timed “Up & Go”: a test of basic functional
mobility for frail elderly persons. J. Am. Geriatr. Soc. 39, 142–148.

Raichle, M.E., 2015. The brain's default mode network. Annu. Rev. Neurosci. 38,
433–447.

Ramnath, U., Rauch, L., Lambert, E.V., Kolbe-Alexander, T.L., 2018. The relationship
between functional status, physical fitness and cognitive performance in physically
active older adults: a pilot study. PLoS One 13, e0194918.

Rombouts, S.A., Barkhof, F., Goekoop, R., Stam, C.J., Scheltens, P., 2005. Altered resting
state networks in mild cognitive impairment and mild Alzheimer's disease: an fMRI
study. Hum. Brain Mapp. 26, 231–239.

Schafer, M.K., Eiden, L.E., Weihe, E., 1998. Cholinergic neurons and terminal fields re-
vealed by immunohistochemistry for the vesicular acetylcholine transporter. I.
Central nervous system. Neuroscience 84, 331–359.

Schirinzi, T., Di Lorenzo, F., Sancesario, G.M., Di Lazzaro, G., Ponzo, V., Pisani, A., et al.,
2018a. Amyloid-mediated cholinergic dysfunction in motor impairment related to
Alzheimer's disease. J. Alzheimers Dis. 64, 525–532.

Schirinzi, T., Sciamanna, G., Mercuri, N.B., Pisani, A., 2018b. Dystonia as a network
disorder: a concept in evolution. Curr. Opin. Neurol. 31, 498–503.

Sukockien, E.E., Allali, G., Janssens, J.P., 2019. Iancu Ferfoglia R. Does executive func-
tioning contribute to locomotion in amyotrophic lateral sclerosis patients?
Amyotroph. Lateral Scler. Frontotemporal Degener. 1–3.

Winblad, B., Palmer, K., Kivipelto, M., Jelic, V., Fratiglioni, L., Wahlund, L.O., et al.,
2004. Mild cognitive impairment–beyond controversies, towards a consensus: report
of the International Working Group on Mild Cognitive Impairment. J. Intern. Med.
256, 240–246.

Zhang, C., Zhou, P., Yuan, T., 2016. The cholinergic system in the cerebellum: from
structure to function. Rev. Neurosci. 27, 769–776.

G. Allali, et al. Experimental Gerontology 129 (2020) 110748

4

https://doi.org/10.1016/j.exger.2019.110748
https://doi.org/10.1016/j.exger.2019.110748
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0005
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0005
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0005
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0010
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0010
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0010
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0015
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0015
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0015
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0020
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0020
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0020
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0025
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0025
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0030
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0030
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0030
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0035
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0035
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0035
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0040
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0040
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0045
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0045
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0045
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0050
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0050
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0050
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0055
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0055
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0055
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0060
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0060
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0060
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0065
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0065
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0065
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0065
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0070
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0070
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0075
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0075
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0080
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0080
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0080
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0085
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0085
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0085
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0090
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0090
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0090
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0095
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0095
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0095
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0100
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0100
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0105
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0105
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0105
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0110
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0110
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0110
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0110
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0115
http://refhub.elsevier.com/S0531-5565(19)30419-X/rf0115

	Default mode network and the timed up and go in MCI: A structural covariance analysis
	Introduction
	Methods
	Participants
	Neuroimaging protocol and analysis

	Results
	Discussion
	Acknowledgment
	mk:H1_9
	Funding
	mk:H1_11
	mk:H1_12
	Author contribution
	mk:H1_14
	Supplementary data
	References




