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Abstract. We conducted a cross-sectional pilot study to explore the biological substrate of the Motoric Cognitive Risk
(MCR) syndrome in a Memory Clinic cohort, using a multimodal imaging approach. Twenty participants were recruited and
classified as MCR+/−. Amyloid- and tau-PET uptakes, temporal atrophy, white matter hyperintensities, lateral ventricular
volume (LVV), and diffusion tensor parameters were compared between groups. No significant differences were found in
imaging features related to Alzheimer’s disease or gross vascular damage. MCR+ patients had increased LVV and altered
diffusion parameters in the superior corona radiata. Ventricular enlargement and microstructural damage of the surrounding
white matter tracts could contribute to MCR pathophysiology.
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INTRODUCTION

Motoric Cognitive Risk (MCR) syndrome is a
pre-dementia condition based on the presence of
cognitive complaints and slow gait [1]. It has a
worldwide prevalence of around 10% in older adults
and a predictive validity for incident dementia and
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adverse clinical outcomes, such as falls or mortal-
ity [2]. Pathophysiological mechanisms underlying
MCR are probably heterogeneous and have not been
fully established yet. Indeed, MCR has been variably
related to vascular risk factors [3, 4], increased lev-
els of systemic inflammatory biomarkers [5], cortical
atrophy [6, 7], cerebrovascular lesion load [8], and to
an increased risk of developing vascular dementia or
Alzheimer’s disease (AD) [1, 9, 10]. A recent study
revealed an association between APOE �4 and the risk
of developing dementia in patients with MCR [11].
Yet, AD biomarkers (i.e., amyloid and tau deposi-
tion, and neurodegeneration), as well as indicators of
underlying pathology other than atrophy or vascular
damage, have not been assessed in MCR.

In this exploratory study, we used a multimodal
imaging approach to investigate the pathophysiology
underlying MCR in a cohort of patients referring
to the Memory Clinic. Specifically, we evaluated
whether amyloid and tau deposits, white matter
changes, and features indicative of neurodegenera-
tion or microstructural damage in gait-related tracts
were different between patients with (MCR+) and
without (MCR–) MCR.

MATERIALS AND METHODS

Participants

Twenty older adults (mean age 73.2 ± 6.4 years, 7
females) referred to the Memory Center of the Geneva
University Hospitals for cognitive complaints were
prospectively recruited from July 2020 to January
2021. Exclusion criteria were the presence of 1) major
neurocognitive disorder/dementia (as defined by the
diagnostic and statistical manual of mental disorders
(DSM-V), 2) neurological and psychiatric disorders
other than cognitive impairment, and 3) gait impair-
ment caused by orthopedic, rheumatologic, or other
severe medical condition.

Patients underwent a clinical and gait assessment,
an amyloid and tau PET, and MR brain imaging,
including a T1-weighted, a fluid-attenuated inversion
recovery (FLAIR) and an echo planar diffusion tensor
imaging (DTI) sequence.

This study was approved by the local ethics com-
mittee and all participants provided written informed
consent prior to participation.

Clinical assessment

Demographic and clinical data were collected,
including education level (as a categorical variable,

defined as I: < 9 years, II: 9–12 years, and III:
> 12 years), neuropsychological tests, vascular risk
factors, and Clinical Dementia Rating (CDR) scale
score. APOE genotype (determined using real-time
TaqMan assay (Applied Biosystems)) was available
for 11 out of 20 patients.

Gait assessment and MCR status

Gait speed during normal walking was measured
using a 12-camera optoelectronic system (Oqus7+,
Qualisys, Sweden). MCR status was defined by a gait
speed value ≤ [mean value − 1 standard deviation] in
a cohort of patients with cognitive complaints, with
respect to the appropriate age- and gender-matched
class values [1]. Reference values were derived from
a local cohort of healthy older adults, assessed using
the same gait protocol (reported in the Supplementary
Material).

PET

Acquisition and preprocessing of PET data are
reported in the Supplementary Material. The stan-
dardized uptake value ratio (SUVr) for amyloid and
tau images were obtained as in [12] and [13], using
the whole cerebellum and the cerebellum crus as
reference regions, respectively. Given that Amyloid-
PET was acquired using different ligands, in line
with established research practice in the field, we
converted SUVRs into Centiloid, a measure devel-
oped to scale the outcome of each particular ligand
uptake to a common 0 to 100 scale, as recommended
in [14]. Amyloid positivity was determined (i) visu-
ally from a nuclear medicine specialist and (ii) using
previously established Centiloid unit cut-off of 26.
Visual and automated assessment was concordant
in all cases. Tau PET positivity was determined
using the previously established SUVr cut-off of 1.25
[13].

MRI

All patients underwent MRI on a Siemens MAG-
NETOM Skyra 3T. Sequence parameters and further
details on images processing are detailed in the Sup-
plementary Material.

White matter hyperintensities (WMH)

Lesions were segmented from FLAIR sequences
and the total lesion volume was extracted.
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Volumetric measures

T1-weighted sequences were segmented using
Freesurfer 6.0.0. Lateral ventricular volume (LVV)
and the estimated total intracranial volume were
derived. Values from the entorhinal, fusiform, inferior
temporal, and middle temporal regions were averaged
to obtain a temporal region of interest (ROI) thickness
[17]. Thickness values from other cortical regions
previously related to MCR, specifically prefrontal,
insular, temporal, and parietal regions [6, 7], were
also extracted and are available in the Supplementary
Material.

DTI processing

Data were available for 19 out of 20 subjects.
Given the exploratory nature of the study, we chose
to focus on white matter tracts related to gait, based
on data available in literature [15, 16], and specif-
ically on the cortico-spinal tract (CST), the corpus
callosum (CC), and superior corona radiata (sCR).
However, DTI parameters of other relevant tracts are
reported in the Supplementary Material. Mean frac-
tional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AxD), and radial diffusivity (RD) values
were extracted from each ROI for each subject.

The following imaging features were considered
for analyses (Fig. 1): 1) amyloid and tau status (posi-
tive/negative), amyloid PET Centiloid, tau PET
SUVr, and the medial-basal-lateral temporal lobe
atrophy [17] as AD biomarkers; 2) WMH volume
to assess vascular damage; 3) LVV, normalized for
total intracranial volume, and 4) MD and FA of the
CC, CST, and sCR, as indices, respectively, of unspe-
cific neurodegeneration and white matter micro-
structural damage, previously described as contrib-
utors to impaired gait [15, 16, 18–20].

Statistical analysis

Wilcoxon rank sum test and chi-squared were used
to compare demographic and clinical characteris-
tics and amyloid or tau status between the MCR+/–
groups. A Quade non-parametric ANCOVA analysis,
using age as covariate, was performed to compare
amyloid Centiloid, tau SUVr, and MRI parameters
between the two groups. Effect sizes were computed
and reported as Phi, r, or f, where a Phi or r (f) value
from 0.1 to 0.30 (0.25) indicates a small effect, from
0.30 (0.25) to 0.50 (0.40) a medium effect, and > 0.50
(0.40) a large effect size.

Data availability

Data supporting the findings of this study will be
shared upon request.

RESULTS

Demographic and clinical data of the whole cohort
and separately for MCR+ and MCR– groups are
reported in Table 1. All patients had a CDR scale
score of 0.5. The 8 MCR+patients (40%) did not dif-
fer in terms of demographic or cognitive performance
from the 12 MCR– patients. Results for imaging
metrics are reported in Table 2 and Fig. 1. Amy-
loid or tau uptake, temporal ROI thickness, WMH
volume and CST or CC microstructural damage did
not differ between the two groups. The LVV and
the MD, AxD, and RD of sCR were significantly
higher in MCR+ compared to MCR– (F(1,18) = 5.92,
p = 0.026, F(1,17) = 9.40, p = 0.007, F(1,17) = 9.68,
p = 0.006 and F(1,17) = 4.60, p = 0.047, respectively).

Additional cortical thickness and DTI parameters
values are available in the Supplementary Material.
No other regional thickness resulted significantly dif-
ferent between the two groups, while the AxD of
the anterior limb of internal capsule was significantly
higher in the MCR+ group.

DISCUSSION

In this pilot study we investigated the pathophysio-
logical substrate of MCR in a Memory Clinic cohort,
using a multimodal imaging approach. We assessed
whether biomarkers of AD, vascular disease, gait-
related white matter tracts damage, or other indicators
of unspecific neurodegeneration were associated with
MCR syndrome. Our results disclosed 1) no signif-
icant differences in imaging biomarkers of AD, i.e.,
amyloid or tau deposition and temporal atrophy, or
gross vascular damage, i.e., WMH, between MCR−
and MCR+ groups, and 2) larger LVV and increased
MD, AxD, and RD values at the level of the sCR in
MCR+ patients.

So far, studies have discordantly associated MCR
with an increased risk of vascular dementia, AD, or
both. In this exploratory study, we concurrently inves-
tigated the relationship between MCR and imaging
biomarkers for both AD and vascular disease, finding
no significant differences in terms of amyloid and tau
burden or gross vascular pathology between MCR+
and MCR− patients. Although this result could be
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Fig. 1. Representative images of a patient for each PET and MR imaging modality used and violin plots of the respective imaging features in MCR+ and MCR–. SUVr, standardized uptake value
ratio; T1w, T1-weighted sequence; LVV, lateral ventricles volume; FLAIR, fluid-attenuated inversion recovery; WMH, white matter hyperintensities; DTI, diffusion tensor imaging; FA, fractional
anisotropy; MD, mean diffusivity; AxD, axial diffusivity; sCR, superior corona radiata; CC, corpus callosum; CST, cortico-spinal tract. ∗p < 0.05.



G. Bommarito et al. / Multimodal Imaging Study in MCR 1487

Table 1
Demographic and clinical data of the whole cohort and MCR+ and MCR– patients

All patients MCR+ MCR– p Effect
(n = 20) (n = 8) (n = 12) size

Age (y) 74.0 (7.0) 73.5 (3.0) 74.5 (10.5) 0.535 0.14
Gender (n of females/males) 7/13 2/6 5/7 0.444† 0.17†
Time from symptoms onset (months) 45.2 (63.0) 46.5 (62.9) 39.9 (75.4) 0.758 0.07
Education level (n of patients with level I/II/III) 2/5/13 1/2/5 1/3/8 0.953† 0.07†
MMSE 27.0 (3.0) 27.0 (2.5) 27.0 (2.8) 0.379 0.20
Ten-point clock test 9.0 (3.5) 9.0 (5.0) 8.5 (3.0) 0.843 0.05
FCSRT-TR score 40.0 (6.3) 38.0 (3.0) 43.0 (5.5) 0.174 0.33
Digit span score 6.0 (2.0) 6.0 (3.0) 6.0 (2.0) 0.605 0.12
TMT-B/TMT-A ratio score 2.3 (0.7) 2.5 (0.5) 2.3 (1.1) 0.856 0.05
Vascular risk factors (n, %)

Hypertension 9 (45%) 4 (50%) 5 (41.7%) 0.714† 0.04†
Diabetes 2 (10%) 1 (12.5%) 1 (8.3%) 0.761† 0.04†
Hypercholesterolemia 8 (40%) 4 (50%) 4 (33.3%) 0.456† 0.08†
Smoking 2 (10%) 1 (12.5%) 1 (8.3%) 0.761† 0.04†
Cardiovascular disease 4 (20%) 2 (25%) 2 (16.7%) 0.648† 0.05†

APOE genotype available (n, %) 11 (55%) 4 (50%) 7 (58.3%)
�4 carriers 3 (27.3%) 0 3 (42.9%) 0.125† 0.22†

WS (m/s) 1.10 (0.22) 0.98 (0.08) 1.18 (0.20) 0.003 0.67

Time from symptoms onset is referred to the time lag between onset of cognitive complaints as reported by the patients and the date of
assessment. Education level is determined as follows: I: < 9 years, II: 9–12 years, and III: > 12 years; MCR, motoric cognitive risk; MMSE,
Mini-Mental State Examination, higher scores indicate a better performance; FCSRT-TR, Free and Cued Selective Reminding Test-Total
Recall; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B; WS, walking speed. Values are expressed as median (interquartile
range) unless otherwise specified. The reported p-values are derived from chi-squared test for categorical variables (†) or from non-parametric
Wilcoxon rank sum test. Effect sizes are reported as Phi (†) or r, where a Phi (r) value from 0.1 to 0.30 indicates a small effect, from 0.30 to
0.50 a medium effect, and > 0.50 a large effect size.

ascribable to the small sample size, it is in line with
previous studies, suggesting a not exclusive associa-
tion between MCR and a unique neurodegenerative
disorder.

Previous studies found a correlation between gait
parameters and amyloid deposition in subcortical and
cortical areas, while a recent study did not find an
increased amyloid PET SUVr in MCR+ patients [21].
Here, for the first time, we also compare tau PET
SUVr between MCR+ and MCR− patients, finding
no differences. Tau deposits assessed with PET imag-
ing have been shown to better correlate to clinical
status and to predict cognitive decline in AD [22].
The absence of an increase in tau burden confirms
that MCR is probably not due to a pure AD pathology.

Although MCR has been initially described as a
syndrome predictive of vascular dementia [1] and
WMH are widely reported in MCR cohorts, a clear
association between WMH and MCR is lacking,
with previous studies reporting an increased rate
of frontal lacunar infarcts, but not of the global or
regional WMH loads in patients with MCR [23].
This could suggest that a spatial pattern of dam-
age, more than the underlying mechanism causing
it, would explain MCR. Such spatial pattern would
be better captured with measures of atrophy or white

matter microstructural damage. Indeed, volumetric
measures of grey matter regions involved in gait con-
trol have been related to MCR.

In this work, the larger LVV and sCR changes we
observed in MCR+ patients reveal the potential con-
tribution of ventricular enlargement, and the damage
of adjacent white matter tracts involved in gait con-
trol, to MCR pathogenesis. The significant difference
observed for the AxD of the anterior limb of inter-
nal capsule, another tract involved in gait control
[24, 25] and adjacent to lateral ventricles, goes in
the same direction. Ventricular volume and altered
white matter microstructure have been already asso-
ciated with slow gait [15, 18, 20]. Moreover, the sCR
includes projections from prefrontal and supplemen-
tary motor cortices and fronto-insular connections
[26], which are regions found to be atrophic in MCR
[6], thus further supporting the involvement of such
brain areas in this pre-dementia syndrome. It is note-
worthy the increase in MD, AxD, and RD, associated
to a not significant change in FA (possibly explained
by the concomitant increases of both AxD and RD),
observed in our cohort. The same findings have been
detected in periventricular fibers of patients with
normal pressure hydrocephalus, a condition highly
prevalent in older adults. Moreover, changes in DTI
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Table 2
Imaging parameters in the whole sample and the MCR+ and MCR− groups

All patients MCR+ MCR– p Effect
(n = 20) (n = 8) (n = 12) size

Amyloid positive (n, %) 13, 65% 5, 62.5% 9, 75% 0.550† –0.13†
Tau positive (n, %) 9, 45% 3, 37.5% 6, 50% 0.582† –0.12†
Amyloid PET Centiloid 59.4 (77.6) 33.0 (76.3) 65.9 (67.8) 0.522 0.15
Tau PET SUVr 1.25 (0.49) 1.19 (0.64) 1.26 (0.41) 0.680 0.10
Total ICV (x106) 1.51 (0.10) 1.57 (0.10) 1.49 (0.17) 0.070 0.89
WMH volume (mL) 1.79 (3.32) 2.43 (5.75) 1.79 (2.99)
WMH volume fraction (x10–6) ‡ 1.27 (2.07) 1.77 (3.26) 1.27 (1.85) 0.749 0.08
LVV mL 19.0 (11.0) 21.7 (12.4) 17.1 (11.7)
LVV fraction (x10) ‡ 0.12 (0.07) 0.14 (0.08) 0.11 (0.06) 0.026 0.57
Temporal ROI cortical thickness 2.81 (0.21) 2.81 (0.24) 2.81 (0.15) 0.961 0.01
CC FA 0.56 (0.04) 0.56 (0.04) 0.56 (0.05) 0.274 0.25

MD (×10–3 mm2 s–1) 1.06 (0.16) 1.11 (0.17) 1.05 (0.14) 0.253 0.27
AxD (×10–3 mm2 s–1) 1.76 (0.18) 1.82 (0.22) 1.75 (0.12) 0.239 0.29
RD (×10–3 mm2 s–1) 0.71 (0.15) 0.75 (0.15) 0.69 (0.14) 0.453 0.19

sCR FA 0.44 (0.04) 0.47 (0.04) 0.44 (0.02) 0.059 0.49
MD (×10–3 mm2 s–1) 0.80 (0.10) 0.84 (0.10) 0.78 (0.10) 0.007 0.72
AxD (×10–3 mm2 s–1) 1.21 (0.17) 1.30 (0.21) 1.16 (0.16) 0.006 0.73
RD (×10–3 mm2 s–1) 0.58 (0.06) 0.60 (0.04) 0.57 (0.07) 0.047 0.50

CST FA 0.57 (0.02) 0.57 (0.02) 0.57 (0.02) 0.172 0.35
MD (×10–3 mm2 s–1) 0.77 (0.04) 0.77 (0.01) 0.77 (0.05) 0.899 0.05
AxD (×10–3 mm2 s–1) 1.31 (0.04) 1.30 (0.06) 1.31 (0.05) 0.429 0.18
RD (×10–3 mm2 s–1) 0.50 (0.04) 0.50 (0.01) 0.50 (0.05) 0.868 0.05

MCR, motoric cognitive risk; SUVr, standardized uptake value ratio; ICV, intracranial volume; WMH, white matter hyperintensities; LVV,
lateral ventricles volume; ROI, region of interest including the entorhinal, fusiform, inferior temporal and middle temporal regions; CC, corpus
callosum; sCR, superior corona radiata; CST, cortico-spinal tract; FA, fractional anisotropy; MD, mean diffusivity; AxD, axial diffusivity; RD,
radial diffusivity. Higher Amyloid Centiloid and PET SUVr values indicate increase in amyloid and tau deposits, respectively. Decreased
FA and increased MD are markers of white matter injury. Changes in RD and AxD can reflect altered myelination, axonal damage or
stretching/compression. ‡ fraction is expressed as: LVV/estimated total intracranial volume. Values are expressed as median (interquartile
range), unless otherwise specified. The p-values reported are derived from chi-squared test for categorical variables (†) or Quade nonparametric
ANCOVA analysis with age as covariate. Effect sizes are reported as Phi (†) or f, where a Phi (f) value from 0.1 to 0.30 (0.25) indicates a
small effect, from 0.30 (0.25) to 0.50 (0.40) a medium effect, and > 0.50 (0.40) a large effect size.

values correlate with ventricular volume in healthy
subjects and patients with hydrocephalus [27]. There-
fore, microstructural changes and enlarged ventricles
may represent two aspects of the same pathological
mechanism. Possible explanations include neuronal
damage and loss, decrease in axon density and axonal
stretching. In particular, while MD changes are more
sensitive to vascular damage [28] but aspecific to the
pathogenic mechanism, the increase in AxD, which
probably drives the MD change, may be related to
axonal stretching and compression, due to ventricu-
lar enlargement. However, a reduced axon density and
irreversible neuronal damage are also putative mech-
anisms underlying such alterations in DTI parameters
[29]. Further studies are needed to determine whether
they are expression of unspecific neurodegeneration
or altered cerebrospinal fluid dynamic as occurring
in hydrocephalus.

This work comes with some limitations. The first
is small sample size: although we conceived this as
a pilot study, the cohort size limits its impact and the

statistical power, and results need to be confirmed
in larger samples. A second limitation of this study
is the absence of a group of healthy controls, since
MCR− patients reported cognitive complaints and
presented with a CDR score of 0.5. This approach has
been previously used to investigate imaging features
in MCR [7] and it reflects the population referring to
a Memory Clinic. However, it limits the relevance of
our results, as the associations described are probably
driven by the motor component of the MCR. Further
large studies, including cognitively healthy controls,
are needed to explore these associations with the cog-
nitive component of MCR. Third, as this was a pilot
study and previous works already related PET and
MRI features to neuropsychological tests and gait
parameters, we did not extend the analysis to such
correlations. Lastly, given the design of the study,
no inference can be made about the causality of the
associations detected.

In conclusion, we found that MCR, especially
in its motor component, is associated with lateral
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ventricular enlargement and microstructural damage
of the sCR, but not to amyloid or tau deposits or
to global white matter macroscopically detectable
damage. Future studies will assess whether MCR
is related to a specific spatial pattern of structural
disruption, more than the underlying pathogenic
pathway, thus helping to better define the predictive
impact of MCR in different types of dementia.
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