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Abstract
Background: Parkinson's disease (PD) is highly heterogeneous reflected by different 
affected side of body and type of motor symptom. We aim to explore clinical charac-
teristics and underlying brain structure alterations in PD with different predominant 
sides and motor types.
Methods: We recruited 161 PD patients and 50 healthy controls (HC). Patients were 
classified into four subtypes according to their predominant side and motor type: 
left akinetic/rigid- dominant (LAR), left tremor- dominant (LTD), right akinetic/rigid- 
dominant (RAR), and right tremor- dominant (RTD). All participants assessed motor 
and cognitive performances, then underwent T1- weighted and diffusion tensor imag-
ing scanning. A general linear model was used to compare neuroimaging parameters 
among five groups.
Results: Among four PD subtypes, patients of LAR subtype experienced the worst 
motor impairment, and only this subtype showed worse cognitive performance com-
pared with HC. Compared with HC and other subtypes, LAR subtype showed a sig-
nificant reduction in cortical thickness of the right caudal- anterior- cingulate gyrus and 
fractional anisotropy of the right cingulum bundle.
Conclusions: We demonstrated that LAR subtype had the worst clinical performance, 
which the severer damage in the right cingulate region might be the underlying mech-
anism. This study underscores the importance of classifying PD subtypes based on 
both the side and type of motor symptom for clinical intervention and research to 
optimize behavioral outcomes in the future.
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1  |  INTRODUC TION

Parkinson's disease (PD) is the second most prevalent neurode-
generative disorder, which is characterized by progressive loss of 
dopaminergic neurons in the nigrostriatal system and results in 
motor disturbances, including bradykinesia, rigidity, and resting 
tremor.1– 3 Researches have demonstrated that different types of 
motor symptoms (generally, akinesia/rigidity- dominant [AR], and 
tremor- dominant [TD] type) lead to diverse clinical prognoses.4– 9 
Additionally, PD is often presented as asymmetric motor involve-
ment in the initial course and may last throughout the whole pe-
riod.10,11 PD patients with predominant left- side or right- side motor 
symptoms reflect a degenerative process asymmetrically affecting 
the two hemispheres may indicate different prognoses either.12– 15 
Preliminary studies suggest that there is an intricate relationship 
between laterality and type of motor symptoms and the combina-
tion of these factors may influence motor progression and cognitive 
deterioration.16– 19 Further exploration is worthwhile to discover the 
complex brain alterations that underlie these differences, which can 
deepen our perception of the underlying mechanisms corresponding 
to clinical prognosis.

Numerous studies suggested that patients presenting with TD 
have a slower motor progression than those with AR type.4,7,20 As 
for the non- motor symptoms, the AR type is concerned with a faster 
rate of cognitive decline and a higher incidence of dementia.7,21 In 
addition, the influence of predominant side of motor symptoms 
also has been reported. Results suggested that PD patients served 
milder motor impairment on their dominant side.10,22 Other re-
search reported that patients who favored the right hand but had 
served motor impairment at the left side were associated with faster 
symptom progression and worse outcomes in multiple clinical do-
mains.23– 25 Interestingly, when concerned about the laterality and 
type of symptoms concurrently, most studies agreed that PD pa-
tients with the right- side tremor showed intact cognition compared 
with the right- side AR and left- side TD/AR subtypes,16,19,24 while the 
left- side AR subtype may have a worse prognosis.15 Thus, a complex 
relationship exists between these two factors and may influence the 
disease progression in turn. Nevertheless, the mechanism behind 
this remains unclear.

Structural magnetic resonance imaging (MRI) such as T1- 
weighted imaging and diffusion tensor imaging (DTI) have been 
used to investigate neurodegeneration disease extensively, which 
provide us with changes in gray and white matters that can help 
reveal the mechanisms behind different clinical manifestations and 
outcomes.26 Various structural MRI modals have applied for explor-
ing potential differences in PD subtypes27; for instance, researches 
based on T1 imaging showed smaller gray matter particularly in 
areas involving motor, cognitive, limbic, and associative functions in 
patients with AR type.28 Similarly, a few DTI studies have revealed 
that AR type patients had greater diffusivities and greater reduc-
tion in white matter integrity in basal ganglia and out of nigrostriatal 
tracts.29,30 On the other hand, studies with regard to laterality of 
PD suggest that patients with predominant the left- side or right- side 

motor symptoms may be associated with lateralized gray matter at-
rophy and white matter damage in the contralateral hemisphere.31

Nonetheless, scarcely any MRI studies have examined the influ-
ence of side and type of motor symptom on the presence of motor 
and non- motor symptoms in PD so far. Investigations using com-
bined brain imaging modalities may shed light on the alterations of 
brain structure in PD with different predominant sides and motor 
types and provide potential avenues for prognosis and intervention 
of the corresponding PD.

2  |  SUBJEC TS AND METHODS

This study was in accordance with the approval of the Medical Ethic 
Committee of Second Affiliated Hospital of Zhejiang University 
School of Medicine and all patients were informed consent forms.

2.1  |  Subjects

We recruited 262 right- handed PD patients and 50 right- handed 
healthy controls (HCs). Subjects in the PD and HC groups were 
matched for age and gender. The patients were diagnosed by an ex-
perienced neurologist according to UK Parkinson's Disease Society 
Brain Bank criteria.32 The Unified Parkinson's Disease Rating Scale 
(UPDRS) and Hoehn and Yahr stages were used to evaluate the dis-
ease severity of PD patients. For patients on medication, clinical 
evaluations, and image scanning were carried out after withholding 
anti- parkinsonian medicine overnight (at least 12 h). Scales of the 
Mini- Mental State Examination (MMSE), the Hamilton Depression 
Scale (HAMD), and the Hamilton Anxiety Scale (HAMA) were also 
obtained from all subjects.

A total of 14 participants were excluded with a history of cere-
bral trauma (n = 2), psychiatric or neurological disorders (except PD 
for the patients) (n = 1), abuse of alcohol, insulin- dependent diabetes 
(n = 3). And patients had poor imaging quality (n = 4) and incomplete 
clinical data (n = 4) were also excluded.

Patients were classified into four subtypes according to their 
predominant side and type of motor symptoms: left akinetic/rigid- 
dominant (LAR), left tremor- dominant (LTD), right akinetic/rigid- 
dominant (RAR), and right tremor- dominant (RTD). The predominant 
side of each patient was identified by following steps according to 
previous studies.25,33 First, the sum of the scores of UPDRS- III items 
20 to 26 was obtained primarily for each side of the body. Then, the 
UPDRS asymmetry index was calculated with the following formula:

and patients were defined as the right- side predominant group if the 
index was >0.2 and as the left- side predominant group if the index was 
<−0.2.34,35 As for the predominant type of motor symptoms, the mean 
UPDRS- III tremor scores (calculated as the sum of items 20 and 21 

(sum scores of right side − sum scores of left side)

(sum scores of right side + sum scores of left side)
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divided by 4) and the mean UPDRS- III akinetic/rigid scores (calculated 
as the sum of items 22– 27 and 31 divided by 15) were gained for each 
patient.36,37 Furthermore, patients were grouped into the TD type if 
the ratio was >1.0 and into the AR type if the ratio was <0.8 based 
on the ratio of tremor score to akinetic/rigid score. The patients who 
did not meet the criteria were excluded for they had no laterality and 
symptom preference (n = 87). Finally, a total of 161 PD patients (includ-
ing 38 LAR, 32 LTD, 43 RAR, and 48 RTD) and 50 HC were enrolled in 
this study (Figure 1).

2.2  |  MRI data acquisition and processing

All subjects were scanned in a 3.0 Tesla MRI machine (GE Discovery 
750) equipped with an 8- channel head coil. During MRI scanning, 
the heads of subjects were stabilized with restraining foam pads, and 
the subjects were told to stay still with their eyes closed.

2.2.1  |  Structural imaging

Three dimensions T1- weighted images were acquired using a Fast- 
Spoiled Gradient Recalled sequence: repetition time (TR) = 7.336 ms; 
echo time (TE) = 3.036 ms; inversion time = 450 ms; flip angle = 11°; 
field of view (FOV) = 260 × 260 mm2; matrix = 256 × 256; slice thick-
ness = 1.2 mm; 196 continuous sagittal slices.

The T1- weighted images were pre- processed using the default 
command “recon- all” provided in the FreeSurfer (v6) pipeline (http://
surfer.nmr.mgh.harva rd.edu/). The “recon- all” procedure was used 
to perform its full reconstruction pipeline, which provided subcor-
tical segmentation and volume measurement, in addition to cortical 
reconstruction, and measurement of cortical thickness. The pre- 
processing pipeline involved non- uniform intensity normalization, 
Talairach transform computation, intensity normalization, skull 
stripping, subcortical segmentation, intensity normalization (input 
was the brain volume without the skull), white matter segmentation, 
tessellation (of the gray and white matter boundary), automatic to-
pology correction, creation of final surfaces (pial and white matter), 
and parcellation (creation and measurement).38,39

Finally, the cortical thickness and subcortical volume features 
were extracted according to the boundaries and labeling of the 
Desikan– Killiany atlas, which contains 34 cortical regions of interest 
(ROIs) in each of the individual hemispheres.

2.2.2  |  Diffusion tensor imaging

Diffusion tensor imaging images were acquired using a spin echo- 
echo planar imaging sequence with 30 gradient directions (b 
value = 1000 s/m2): repetition time = 8000 ms; echo time = 80 ms; 
flip angle = 90°; field of view = 256 × 256; matrix = 128 × 128; slice 
thickness = 2 mm; slice gap = 0 mm; 67 interleaved axial slices.

F I G U R E  1  Patients flow diagram of inclusion and exclusion

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
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Diffusion- weighted images were processed using FMRIB 
Diffusion toolbox (FSL, http://www.fmrib.ox.ac.uk/fsl/). The skulls 
were stripped from the T1- weighted image and DTI images for each 
participant first. Then, eddy currents and head- motion artifacts in 
diffusion data were corrected. Finally, diffusion parameters (frac-
tional anisotropy [FA], and mean diffusivity [MD]) were calculated.

In order to perform Tract- based spatial statistics (TBSS),40 FA 
maps of all the subjects were further processed. Firstly, erosion 
was performed with tbss_1_preproc. Secondly, the eroded FA maps 
were nonlinearly registered to FA template in Montreal Neurological 
Institute (MNI) space with tbss_2_reg. Then, the mean of all FA im-
ages was calculated and skeletonized with tbss_3_postreg. To ex-
clude regions characterized by high cross- subject variability and bad 
alignment, the mean skeleton was thresholded to 0.2, and skeleton-
ized FA maps were derived for each subject, by projecting the FA 
images onto the skeleton with tbss_4_prestats. MD maps were reg-
istered to MNI standard space, by using the same parameters used 
to register the FA image to the FA template in MNI space. MD data 
were obtained with tbss_non_FA.

Finally, to obtain the white matter tract segmentation, the Johns 
Hopkins University tractography atlas was used, which contains 20 
main white matter tracts.41 Mean FA and MD values were computed 
in each white matter ROI in white matter skeleton (standard space) 
for each participant.

2.3  |  Statistics analysis

Demographic and clinical variables were analyzed by apply-
ing Statistical Product and Service Solutions (version 26.0). The 
Kolmogorov– Smirnov test was used to determine whether the quan-
titative variables were normally distributed. Accordingly, quantitative 
variables with normal distribution were presented as means ± stand-
ard deviations (SD) and compared by analysis of variance (ANOVA). 
And quantitative variables with nonnormal distribution were pre-
sented as medians with ranges and compared by the Kruskal– Wallis 
test. All qualitative variables were analyzed by using the χ2- test. Post 
hoc analysis was also performed for multiple comparisons.

Statistical analyses for cortical thickness, subcortical volume 
(divided by total intracranial volume), and diffusion variables (FA 
and MD) were conducted using MATLAB (R2019a). A general lin-
ear model (GLM) with age, gender, and education as covariates was 
used to compare structural neuroimaging differences among the five 
groups. In ROI analyses, the false discovery rate (FDR) correction 
with a threshold at p < 0.05 was used for comparisons across mul-
tiple ROIs.

3  |  RESULTS

Demographic and clinical data for each of the four PD subtypes 
and HC were presented in Table 1. No significant differences were 
found in age (p = 0.834) and gender (p = 0.149) among five groups. 

And four PD subtypes did not show significantly different disease 
duration (p = 0.458) and total levodopa equivalent daily dose (LEDD) 
(p = 0.904). Significant differences were found in UPDRS- total scores 
(p = 0.004), UPDRS- III scores (p = 0.003) and Hoehn and Yahr stages 
(p = 0.002) among four PD subtypes, the post hoc analyses showed 
the scores were higher in the LAR subtype than other PD subtypes. 
Significant differences were also found in HAMD (p < 0.001) and 
HAMA (p = 0.008) scales. The post hoc analyses showed higher scores 
in four PD subtypes compared with HC, but there were no differences 
among four PD subtypes. The education was significantly different in 
five groups (p = 0.043), which post hoc analyses showed the education 
years were slightly lower in LAR and LTD than RAR subtype. The dif-
ference in MMSE was not statistically significant (p = 0.079), although 
post hoc analyses revealed the LAR subtype performed worse than 
HC and RAR subtype. Since education was strongly correlated with 
performance on cognitive measures and was therefore selected as a 
covariate together with age and gender for the neuroimaging analyses.

3.1  |  Comparison of T1- weighted and diffusion 
tensor images

A significant difference of cortical thickness was found in caudal- 
anterior- cingulate gyrus in the right hemisphere (p = 0.009) in five 
groups, and further post hoc analyses with FDR correction showed 
that LAR subtype had significant atrophy worse than the HC 
(p = 0.013), RAR subtype (p = 0.045) and RTD subtype (p = 0.035) 
(Figure 2). No significant difference was detected between LAR sub-
type and LTD subtype.

The mean FA values of cingulum bundle in right hemisphere 
remained significantly different among five groups after FDR cor-
rection (p = 0.009) (Figure 3). Post hoc analyses showed LAR sub-
type obtained the lowest mean FA values among five groups, which 
was significantly lower than HC (p = 0.010). Likewise, the LTD sub-
type had lower mean FA values than HC (p = 0.011). No significant 
differences in mean FA values were detected between RAR, RTD 
subtypes, and HC. While five groups did not show significant differ-
ences in mean MD values in any regions.

4  |  DISCUSSION

In this study, we found that PD patients characterized by different 
combinations of predominant- side and predominant- motor type 
(i.e., LAR, LTD, RAR, and RTD) served diverse severity of both motor 
and non- motor symptoms. Among all four PD subtypes, patients 
in LAR subtype had the worst motor manifestations, and only this 
subtype showed worsened cognitive performance compared with 
HC. Further brain structure comparison detected this subtype had 
significantly worse damage in gray and white matter of the right cin-
gulate region, providing structure evidence of their worst symptoms.

Consistent with Riederer and his colleagues' findings summa-
rizing that the LAR subtype had a poorer prognosis,15 our results 

http://www.fmrib.ox.ac.uk/fsl/
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demonstrated that patients in this subtype had worst motor im-
pairments relative to other patients, and only them showed de-
creased cognitive performance relative to HC. The influence of 
laterality of motor symptoms has been confirmed in previous 
studies. Primarily, the healthy brain appears to have an asymmet-
ric dopamine distribution, with higher dopamine contents in the 
left than the right striatum.42 This neurochemical asymmetry ren-
ders the right striatum relatively more vulnerable to the effects 
of dopaminergic denervation in PD and leads to disorders in the 
left- side body.43 Furthermore, they suggested that dominant side 
had a protective effect due to enhanced exercise which in turn 
caused better synaptic plasticity in the dominant hemisphere.31,44 

As all patients enrolled in our study were right- handed subjects, 
which reflected their left hemisphere dominance, they might had 
better synaptic plasticity in the left hemisphere to overcome the 
pathological alternation in PD with the right- side motor symp-
toms. Moreover, more distribution of striatal dopamine in left 
hemisphere enhanced connections to the cortex to make it more 
robust in face of damage and therefore followed positive conse-
quences in terms of symptoms.24 Therefore, we speculated that 
right- handed patients predominating with the right- side motor 
symptoms (damage in the left hemisphere) performed milder se-
verity compared with those predominating with left- side (damage 
in the right hemisphere), just as shown in previous research.44 In 

TA B L E  1  Demographic and clinical data for each of the four PD subtypes and HC

HC (n = 50)

Left side Right side

p- Value Post hocPD- AR (n = 38) PD- T (n = 32) PD- AR (n = 43) PD- T (n = 48)

Age 59.2 ± 6.3 59.4 ± 10.3 60.4 ± 8.9 57.9 ± 10.6 59.3 ± 9.7 0.834

Gender (M/F) 28/22 17/21 16/16 25/18 34/14 0.149

Education 8.5 ± 3.2 6.9 ± 4.9 7.7 ± 4.3 9.8 ± 4.7 8.3 ± 4.4 0.043 f, h

Disease duration / 4.5 ± 4.5 3.9 ± 3.1 3.4 ± 3.2 4.5 ± 4.2 0.458

LEDD / 293.4 ± 261.8 310.5 ± 252.1 284.1 ± 211.4 268.9 ± 268.6 0.904

UPDRS- total / 38.1 ± 18.6 27.1 ± 13.0 28.1 ± 12.0 27.7 ± 16.0 0.004 e, f, g

UPDRS- I / 1.6 ± 1.8 1.4 ± 1.5 1.1 ± 1.2 1.4 ± 1.5 0.450

UPDRS- II / 9.8 ± 5.9 7.4 ± 4.8 8.2 ± 3.8 7.9 ± 5.0 0.205

UPDRS- III / 25.4 ± 13.3 17.7 ± 8.6 17.9 ± 8.7 17.6 ± 11.4 0.003 e, f, g

UPDRS- IV / 1.3 ± 2.0 0.6 ± 0.9 0.7 ± 1.3 0.8 ± 1.3 0.198 e

H&Y staging / 2.4 ± 0.4 2.0 ± 0.5 2.1 ± 0.6 2.0 ± 0.6 0.002 e, f, g

MMSE 28.0 ± 1.7 26.2 ± 4.0 26.9 ± 3.7 27.7 ± 2.5 27.2 ± 3.3 0.079 a, f

HAMD 2.5 ± 3.7 7.5 ± 6.9 6.3 ± 4.4 5.9 ± 5.5 6.9 ± 5.9 <0.001 a, b, c, d

HAMA 3.2 ± 4.2 6.3 ± 5.9 7.0 ± 5.2 5.8 ± 5.4 6.2 ± 5.4 0.008 a, b, c, d

Note: Values are mean ± SD. Bold, p < 0.05, significantly different between groups. Post hoc analyses: a: HC vs. PD- LAR; b: HC vs. PD- LTD; c: HC vs. 
PD- RAR; d: HC vs. PD- RTD; e: PD- LAR vs. PD- LTD; f: PD- LAR vs. PD- RAR; g: PD- LAR vs. PD- RTD; h: PD- LTD vs. PD- RAR; i: PD- LTD vs. PD- RTD; j: 
PD- RAR vs. PD- RTD.
Abbreviations: HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale; HC, healthy controls; LAR, left akinetic/rigid- dominant; LEDD, 
levodopa equivalent daily dose; LTD, left tremor- dominant; MMSE, Mini- Mental State Examination; PD, Parkinson's disease; RAR, right akinetic/rigid- 
dominant; RTD, right tremor- dominant; UPDRS, Unified Parkinson's Disease Rating Scale.

F I G U R E  2  Comparison of cortical 
thickness among five groups. Comparison 
of cortical thickness among five groups 
showed significant difference in caudal- 
anterior cingulate in the right hemisphere 
(A). False discovery rate (FDR) correction 
was used for multiple comparisons and 
statistical significances were represented 
as: *p < 0.05 (B)
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the future, it might be possible to combat disease progression by 
strengthening exercises in the more affected side of the body. 
Effect of motor types should also be noted. Previous studies had 
confirmed that AR type was related to a more dopaminergic de-
ficiency in nigrostriatal projection pathway compared with TD 
type.45,46 Except for it, PD patients with predominant AR symp-
tom have been reported undergoing degenerating across more 
brain regions.5,8,47 Both two factors played an important role in 
worsening performance of PD with predominant AR symptom. 
While a few studies did not find significant differences in motor 
manifestations among PD characterized by different side and 
type of motor symptoms.16– 19,48 These might be caused by two 
factors. First, most of these studies aimed at non- motor features 
of four PD subtypes, so motor severity across subtypes was con-
trolled at the same level in order to remove potential effect of 
motor impairment. Second, different criteria of classification for 
lateralization could also influence results. Previous studies used 
the side of disease onset or initial motor symptom as the criterion 
for classification. While as the course of disease progresses, the 
original performance could no longer be suitable for representing 
the present manifestation. And the classification of predominant- 
side and predominant- motor type within current performance 
can better reflect the current clinical manifestations. Our results 
revealed the combination of predominant- side and predominant- 
motor symptom could affect performance of PD patients. Given 
the severer symptoms in patients of LAR subtype, more attention 
should be paid to this subtype in future research and more support 
should be given to these individuals in clinical practice.

Meanwhile, this study identified the brain structural changes 
underlying clinical differences in PD with different predominant- 
side and motor type. The structural MRI revealed atrophy in the 
right caudal- anterior cingulate cortex (ACC) and damaged integ-
rity in the right cingulum bundle in left- side predominant PD pa-
tients, particularly in LAR subtype. ACC is an integrated hub for 
information processing and regulation, and human neuroimaging 
studies have recognized its existence of motor, cognitive and 
affective subdivisions.49,50 Thereinto, caudal division of ACC is 
more relevant to sensorimotor regions, whereas the rostral divi-
sion is associated more with prefrontal regions.51 Ulteriorly, the 

cingulum bundle, known as projection as well as association fibers, 
traverses the frontal, parietal, and temporal cortices, allowing cin-
gulate, noncingulate frontal, and subcortical fibers to reach both 
cingulate and other limbic targets.52,53 In light of previous stud-
ies,53 we deduced that the worst motor impairment in the LAR 
subtype may result from the damaged right cingulate bundle con-
necting the medial side of the supplementary motor area (SMA) 
complex to the injured cingulate motor areas in the ipsilateral 
hemisphere. As is well known that cingulate gyrus is considered 
to be more related to cognitive functions just as we observed in 
numerous researches focusing on non- motor symptoms in PD.54,55 
Studies using DTI have shown that FA of the cingulate bundle was 
significantly lower in patients with cognitive decline for reduced 
FA indicated damage to the fiber bundles. Furthermore, reduced 
FA of anterior cingulate bundle was associated with MMSE.56,57 
In addition, damage in cingulum bundle was a biomarker of mild 
cognitive impairment in Alzheimer's disease,58 given the patho-
logic association of total tau, the LAR subtype might be at risk for 
developing cognitive impairment. Therefore, early awareness of 
LAR subtype is critical for prognosis and allows those patients for 
closer monitoring and management.

4.1  |  Limitations

The limitations of our study lay in the cross- sectional design. A 
longitudinal design is preferable to track the progression of differ-
ent PD subtypes. When it come to the effect of handedness on the 
dominant hemisphere, we only considered right- handed subjects. 
The left- handed subjects should be included in future studies. It 
should also be mentioned that MMSE scale was applied for re-
flecting cognition in PD patients, which only provides us a rough 
estimate of the cognition decline for there is still a ceiling effect. 
Therefore, it would be better to use other specific instruments 
such as the Montreal Cognitive Assessment (MoCA)59 or compre-
hensive cognitive domain assessments60 in future studies. But in 
this study, MMSE was insisted because it is a simple and univer-
sally applied measurement that is more suitable for less- educated 
people and can be easily and rapidly acquired in the office.

F I G U R E  3  Comparison of mean 
fractional anisotropy (FA) values among 
five groups. Comparison of mean FA 
values of WM tracts among five groups 
showed significant difference in cingulum 
bundle in the right hemisphere (A). False 
discovery rate (FDR) correction was used 
for multiple comparisons and statistical 
significances were represented as: 
*p < 0.05 (B)
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5  |  CONCLUSIONS

In summary, our findings suggested that different combinations of 
laterality and motor types had diverse clinical characteristics; there-
into, LAR subtype had the worst motor and cognitive performance 
and the severer damage in the right cingulate region might be the un-
derlying basis. This study underscores the importance of classifying 
PD subtypes based on both the side and type of motor symptom for 
clinical intervention and research to optimize behavioral outcomes 
in the future.
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