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of PD (Zhang et al. 2022). A meta-analysis by Zanardi et 
al. (Zanardi et al. 2021) included 72 studies demonstrating 
clear differences in gait speed, cadence and stride length 
between PD and healthy controls (HC).

Several studies have already shown a relationship 
between cognitive performance and gait parameters of PD 
patients (Amboni et al. 2012; Varalta et al. 2015) suggesting 
specific associations of impairments in both domains. By 
adding a cognitive activity alongside the walking task, one 
can assess Dual Task performance, enabling the calculation 
of Dual Task Cost (DTC). This metric provides insights into 
the extent of deterioration resulting from the added cognitive 
load while walking. It was shown that DTC of gait param-
eters including stride length, cadence and gait speed differed 
significantly between PD and HC and that DTC are related 
to cognitive performance measures in patients with PD 
(Harrie et al. 2022). Moreover, a recent study (Johansson et 
al. 2021) showed differences in dual-task gait prioritization 
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Abstract
In Parkinson’s disease (PD), impaired gait and cognition affect daily activities, particularly in the more advanced stages of 
the disease. This study investigated the relationship between gait parameters, cognitive performance, and brain morphol-
ogy in patients with early untreated PD. 64 drug-naive PD patients and 47 healthy controls (HC) participated in the study. 
Single- and dual-task gait (counting task) were examined using an expanded Timed Up & Go Test measured on a GaitRite 
walkway. Measurements included gait speed, stride length, and cadence. A brain morphometry analysis was performed 
on T1-weighted magnetic resonance (MR) images. In PD patients compared to HC, gait analysis revealed reduced speed 
(p < 0.001) and stride length (p < 0.001) in single-task gait, as well as greater dual-task cost (DTC) for speed (p = 0.007), 
stride length (p = 0.014) and cadence (p = 0.029). Based on the DTC measures in HC, PD patients were further divided 
into two subgroups with normal DTC (PD-nDTC) and abnormally increased DTC (PD-iDTC). For PD-nDTC, voxel-based 
morphometric correlation analysis revealed a positive correlation between a cluster in the left primary motor cortex and 
stride-length DTC (r = 0.57, p = 0.027). For PD-iDTC, a negative correlation was found between a cluster in the right 
lingual gyrus and the DTC for gait cadence (r=-0.35, pFWE = 0.018). No significant correlations were found in HC. The 
associations found between brain morphometry and gait performance with a concurrent cognitive task may represent the 
substrate for gait and cognitive impairment occurring since the early stages of PD.
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strategy (cognitive/walking) between PD patients with and 
without mild cognitive impairment.

While morphological changes in the brains of PD patients 
affected by gait disturbances are relatively well explored, 
the contribution of associated cognitive impairments is less 
clear and has recently been a topic of research. Functional 
magnetic resonance imaging (FMRI) during performance 
of a cognitive and motor dual-task showed differences in 
brain activation between PD patients and HC (Nieuwhof 
et al. 2017). Using functional near-infrared spectroscopy 
in PD patients during walking, enhanced activation of the 
premotor cortex and supplementary motor area was found 
when performing a cognitive dual-task, representing a pos-
sible coping strategy for the additional cognitive load (Liu 
et al. 2022).

Although several studies have investigated brain activa-
tion during dual-tasking (Nieuwhof et al. 2017; Hirata et al. 
2020), to our knowledge, no study in PD patients addressed 
possible associations between morphological changes in 
the brain and varying degrees of cognitive task interference 
expressed as DTC. This study aims to answer the question 
of whether the severity of gait impairment during cognitive 
task execution correlates with brain morphology. This infor-
mation would provide a better insight into the mechanisms 
underlying the interplay between cognitive performance 
and gait in PD patients.

Methods

Participants

We included 64 drug-naive PD patients (mean age 
58.2 ± 12.3 years) and 47 healthy controls (HC) (mean 
age 60.4 ± 9.2 years) (Table 1). All participants completed 
at least 9 years of education. Patients with PD were diag-
nosed according to the Movement Disorder Society clinical 
diagnostic criteria for PD (Postuma et al. 2015) and investi-
gated before the introduction of dopaminergic therapy. In all 
patients enrolled in this study, a clear beneficial response to 
dopaminergic therapy was observed at follow-up.

The healthy control group was acquired by advertising to 
the general public. The exclusion criteria for HC were neu-
rological or psychiatric disorders, the use of psychoactive 
substances, concurrent oncological or other major somatic 
diseases, the presence of REM sleep behavioral disorder. 
For both groups, participants with major hearing and vision 
problems were excluded and only non-demented, cogni-
tively normal participants with MoCA scores of 24 or higher 
were included. The cut-off value of 24 refers to the results of 
a normative study for the Czech population (Kopecek et al. 
2017). All included participants had a full score of 3 points 
in MoCA Serial 7 Subtraction Task, i.e., they didn’t show 
any impairment in the cognitive test that was also used as a 
competitive task in dual-task walking.

All participants underwent a detailed medical interview, 
and a neurological and neuropsychological examination (the 
battery included five cognitive domains, as recommended 
by the Movement Disorder Society: attention and work-
ing memory; executive functions; language; delayed recall, 
visuospatial abilities (Litvan et al. 2012). The Movement 
Disorder Society Unified Parkinson’s Disease Rating Scale, 
motor subscale (MDS-UPDRS part III) (Goetz et al. 2008) 
and the Montreal Cognitive Assessment (MoCA) were used 
to assess motor and cognitive performance (Hobson 2015). 
All participants gave informed consent. The study received 
approval from the Ethics Committee of the General Univer-
sity Hospital in Prague and has been performed in accor-
dance with the ethical standards established in the 1964 
Declaration of Helsinki.

Gait assessment

All participants completed the expanded Timed Up & Go 
Test (TUG) (Wall et al. 2000): get up from a chair, walk 
10 m at the preferred walking speed, turn around, walk back 
and sit down again. TUG was performed twice. For data 
measurements, a 5.15 m long and 0.9 m wide pressure walk-
way (Platinum model GAITRite®, CIR System Inc.) was 
placed 2.43 m from the chair in the middle of the straight 
gait walkway. Participants were instructed to walk at a nor-
mal pace under two different settings: (i) in the single-task 

PD Controls p-value
Male sex 34/64 (53%) 29/47 (62%) 0.44
Age (years) 58.2 (12.3, 33–81) 60.4 (9.2, 43–75) 0.31
Symptom duration (years) 1.7 (1.3, 0.1–5.3) n/a n/a
MoCA 26.5 (1.75, 24–30) 26.5 (1.72, 24–30) 0.96
TMT-B 91 (40, 44–213) 80 (23.8, 42–149) 0.10
MDS - UPDRS III 28.0 (12.6, 6–70) n/a n/a
Note: Data are mean (SD, range) or number/sample size (%) including p-values analyzed using t-test test 
or Mann–Whitney U-test
Abbreviations: MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; 
MoCA, Montreal Cognitive Assessment; n/a, not applicable; PD, Parkinson disease; TMT-B, Trail Mak-
ing Test, Part B

Table 1 Clinical characteristics of 
participants
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(ST) condition and (ii) in the dual-task (DT) condition while 
performing serial subtraction, counting down from 100 by 
sevens. During straight walk, individual gait cycles were 
detected and analysed, and the gait speed, stride length and 
cadence were investigated (Zampieri et al. 2010).

Dual-task cost (DTC) was calculated for all monitored 
gait parameters (speed, stride length, and cadence), to eval-
uate the relative impact of the additional cognitive task on 
gait performance:

DTC =
DTvalue− STvalue

STvalue

The DTC parameter includes information about how the 
additional cognitive load in DT influences gait performance 
and thus combines gait and cognitive assessment which was 
further used to divide patients into subgroups. A principal 
component analysis (PCA) was performed that included 
all DTC gait parameters in the HC data set. Based on the 
gait evaluation and comparison with the control group, 
patients with PD were divided into two subgroups with nor-
mal (nDTC) and abnormal DTC (iDTC). The criterion for 
inclusion in the nDTC group was to have the DTC first PCA 
component above the 10th percentile of HC, while the iDTC 
group consisted of individuals with values below the 10th 
percentile.

Image acquisition and pre-processing

A 3T MRI scanner (Siemens Skyra 3T, Siemens Healthcare, 
Erlangen, Germany) with a 32-channel head coil was used 
to perform the examination.

Morphometry analysis was performed on T1-weighted 
3D magnetization-prepared rapid acquisition with gradient 
echo (MPRAGE) images in the axial plane with the follow-
ing acquisition parameters: repetition time (TR), 2,200 ms; 
echo time (TE), 2.4 ms; inversion time (TI) 900 ms; flip 
angle (FA) 8°; field of view (FOV) 230 × 197 × 176 mm; 
spatial resolution 1 mm3 isotropic.

The pre-processing and segmentation of T1 weighted 
images were performed with the Computational Anatomy 
Toolbox software (CAT12), version 12.8.2 (Gaser et al. 
2022) implemented in the statistical parametric mapping 
software (SPM, version 7771) (Friston 2007) in Matlab 
(The MathWorks Inc. 2022). By reviewing one slice of 
every brain, a visual quality check was performed to find 
obvious artefacts in the scans and inaccurately orientated 
images. The homogeneity of the data was checked by apply-
ing the CAT batch of data quality. The segmentation quality 
for every single image was accepted at a minimum of C + in 
all quality parameters. The modulated, normalized grey 
matter segments were smoothed using a Gaussian kernel 

with an 8 mm3 full width at half maximum to perform the 
voxel-based morphometry (VBM).

Statistical analysis

Differences in gait parameters between groups were per-
formed by using the general linear model with age and sex 
as covariates. VBM analysis was performed using a mul-
tiple regression model with the covariate DTC (speed or 
stride length or cadence), total intracranial volume (TIV), 
age, and sex. The statistical map for the correlation analy-
sis was thresholded at cluster level at the statistical level 
p < 0.05 corrected by family-wise error (FWE).

The subgroup of HC-iDTC was excluded from all sta-
tistical analyses because of the low number of participants.

Results

Gait analysis

In single-task gait, decreased speed (p < 0.001) and stride 
length (p = 0.001) were observed in PD patients com-
pared to HC, with no significant difference in cadence. PD 
patients also showed greater DTC compared to HC across 
all parameters: speed (p = 0.007), stride length (p = 0.014) 
and cadence (p = 0.029) (Fig. 1).

The first PCA component derived from DTC parameters 
linearly combined gait speed cost (with a multiplication 
coefficient of 0.8), cadence cost (-0.01) and stride length 
cost (0.6) and differed between PD and HC (p = 0.007). The 
10th percentile of the first PCA component in HC divided 
PD patients into a subgroup with normal DTC (PD-nDTC) 
(n = 44/ 25 males, mean age 58.6 ± 12.2 years, MoCA 26.6 
(1.9, 24–30), MDS-UPDRS III 24.3 (9.7, 6–43) ) and a sub-
group with abnormally increased DTC (PD-iDTC) (n = 20 
/ 11 males, mean age 57.3 ± 13.0 years, MoCA 26.4 (1.4, 
24–29), MDS-UPDRS III 36.2 (14.5, 14–70)) (see Fig. 1).

Single-task gait parameters showed no differences 
between the PD-nDTC and PD-iDTC subgroups.

VBM analysis

A group comparison between PD-nDTC and PD-iDTC 
did not reveal any significant differences after a FWE cor-
rection. Without the FWE correction, a cluster in the left 
frontal inferior lobe pars triangularis had a significantly 
higher grey matter density in PD-nDTC than in PD-iDTC 
(puncorr = 0.013).

For PD-nDTC, a cluster in the left primary motor cortex 
positively correlated with the stride-length DTC (r = 0.57, 
pFWE = 0.03) (see Fig. 2). The corresponding cluster on 
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Discussion

In summary, gait analysis in our group of patients with early 
untreated PD compared with HC showed reduced speed and 
stride length in single-task gait as well as greater dual-task 
cost in speed, stride length, and cadence. The results of sin-
gle-task gait analysis are consistent with previous research 
in which patients with PD exhibited reduced walking speed 
associated with shorter stride length (Zanardi et al. 2021). 
In contrast to some previous studies, our cohort did not 
show increased gait cadence (Morris et al. 1998; Chee et 
al. 2009). This may be due to our TUG setting, where par-
ticipants were not instructed to walk with the highest pos-
sible speed, thus it is unlikely that they tried to compensate 
for decreasing stride length with a higher cadence. Another 
important factor may be the short duration and early stage 
of the disease in the majority of our patients, whereby 
increases in cadence are associated with more advanced PD 
(Morris 1998) and with gait freezing (Chee 2009). Also, the 
observed effects of dual-tasking are consistent with previous 

the right hemisphere did not reach a significant level of 
puncorr<0.05. A similarly located cluster correlated with 
speed cost (r = 0.51, puncorr = 0.02) but the correlation did 
not reach significant level after FWE correction. No signifi-
cant correlations were found for cadence DTC in PD-nDTC.

In the PD-iDTC group, a negative correlation with 
cadence DTC was found for a cluster in the right lingual 
gyrus (r = -0.35, pFWE = 0.02) (see Fig. 3). Speed DTC 
showed a correlation in a similar location with a level 
under the border of significance (r = -0.26, puncorr = 0.06). 
For stride length cost, no significant correlation could be 
detected in the PD-iDTC group. The correlations with the 
same cluster in the lingual gyrus could neither be found in 
the PD-nDTC subgroup.

No correlations with brain morphology were found in 
HC and in the whole PD group.

Fig. 1 Differences in single- and dual-task gait between healthy con-
trols (HC) and Parkinson’s disease patients (PD). The influence of age 
and gender was mitigated using a general linear model. The graph 

“PCA cost first component” defines nDTC and iDTC subgroups dis-
tinguished by 10th percentile of HC (red line)
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Fig. 3 Results of the correlation analysis of brain morphometry with 
DTC of gait parameters for Parkinson’s disease patients with gait-cog-
nitive impairment (PD-iDTC). The color scale represents the negative 
decimal logarithm of the p-value. A: Significant cluster in the right lin-

gual gyrus for a negative correlation with cadence DTC in PD-iDTC, 
pFWE = 0.018. B: Correlation of gray matter density in significant clus-
ter in lingual gyrus with cadence DTC

 

Fig. 2 Results of the correlation analysis of brain morphometry with 
DTC of gait parameters for Parkinson’s disease patients without gait-
cognitive impairment (PD-nDTC). The color scale represents the neg-
ative decimal logarithm of the p-value. A: Significant cluster in the 

left precentral gyrus for a positive correlation with stride length DTC 
in PD-nDTC, pFWE = 0.027. B: Correlation of gray matter density in 
significant cluster in precentral gyrus with stride length DTC
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matter intensity in the lingual gyrus nor in the precentral 
gyrus differed between the two PD subgroups, leading to the 
assumption that the differences in correlating clusters are 
not influenced by a general atrophy of these regions in either 
subgroup. Thus, only a follow-up study assessing longitu-
dinal evolution of brain morphometry along with dual-task 
gait performance can prove whether our theory is correct.

A limitation of the study is the lack of recording patient´s 
performance in the concurrent cognitive task. Another prob-
lem may be patients’ inconsistent motivation and variations 
in understanding the instructions. However, this is an inher-
ent shortcoming of all gait studies, especially with dual-task-
ing (Nieuwhof et al. 2017). During further studies, it would 
be interesting to record the cognitive performance during 
dual-task gait as a separate parameter to investigate if the 
intergroup differences in prioritization and compensation of 
combined motor and cognitive load are also recognizable 
in the performance of the cognitive task. Intra-individual 
variability in gait during the assessment is also a potential 
source of bias. Although we attempted to proceed in a stan-
dard unchanging way for all participants, striving for a simi-
lar level of motivation, we cannot rule out some influence 
of intra-individual variability. However, this should not be 
larger than in other dual-task studies in PD patients using 
the same methodology (Johansson et al. 2021). Another 
limitation is the difference in sample size between the two 
subgroups, particularly the smaller sample size of the iDTC 
group, which carries the risk that the observed correlations 
are influenced by individual morphological features of the 
brains of patients in this group.

In conclusion, our study expands knowledge on the 
relationship between dual-task gait performance and brain 
morphological parameters in patients with early PD. When 
comparing the findings in patients with normal and abnor-
mally elevated DTC, the correlations between gray matter 
intensity in different cortical clusters and DTC values for 
speed, stride length, and cadence appear to correspond to 
distinct mechanisms of motor or cognitive prioritization and 
compensation.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00702-
024-02758-2.
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research demonstrating greater DTC even in non-demented 
PD patients (Raffegeau et al. 2019).

The main contribution of the present study are the find-
ings of morphometric correlation analysis suggesting that 
there are different brain regions involved in motor-cognitive 
dual-task performance in PD patients with normal DTC 
and with increased DTC values. This is reminiscent of the 
results of a recent study that found differences between cog-
nitively impaired and unimpaired PD patients in focus pri-
ority during dual-task performance (Johansson et al. 2021). 
While cognitively impaired patients appeared to focus more 
on the cognitive task, patients without cognitive impairment 
focused more on the motor task (Johansson et al. 2021). 
Accordingly, in our PD-nDTC patients, the higher the gray 
matter density in the left precentral gyrus, i.e., the primary 
motor cortex, the more patients presumably tend to priori-
tize the motor task, as reflected by the normal DTC of stride 
length and speed. In contrast, in the PD-iDTC patients, 
voxel-wise analysis showed a negative correlation between 
cadence DTC and a cluster in the right lingual gyrus. With 
its involvement in spatial processing and visual imagery 
of numbers and letters, the lingual gyrus function can be 
involved in solving the “counting backwards” arithmetic 
task as part of dual-task performance (Bogousslavsky et al. 
1987). If the stride cadence DTC was inversely correlated 
with gray matter density in the lingual gyrus, it is consis-
tent with the previous observation that cognitively impaired 
patients concentrate more on the cognitive than on the motor 
task (Johansson et al. 2021). Of note, there was no statisti-
cal difference in TMT-B, a classical measure of executive 
dysfunction, between PD and HC. Our finding thus suggests 
a connection of increased gait cadence with specific cogni-
tive defect associated with an incipient atrophy of the lin-
gual gyrus without being driven by executive dysfunction. 
Importantly, atrophy of occipital cortex including lingual 
gyrus has been consistently reported in late-stage PD (Wil-
son et al. 2019) and associated with cognitive impairment 
(Burton 2004), hallucinations (Watanabe et al. 2013) and 
gait freezing (Tessitore et al. 2012).

The fact that none of these correlations could be found 
in the HC group implies that our observations in PD are 
related to neurodegenerative brain changes and/or compen-
satory mechanisms. The results presented here suggest dif-
ferent patterns of neurodegeneration and neuroplasticity in 
iDTC and nDTC patients, leading to the findings of differ-
ent relationships between cortical gray matter intensity and 
DTC values for individual gait parameters. We speculate 
that nDTC patients may be able to take advantage of com-
pensatory neuroplastic changes in the motor cortex to keep 
normal dual-task performance while in iDTC patients, the 
impaired performance in dual-task is directly related to the 
degree of lingual gyrus degeneration. Yet, neither the gray 
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