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Many symptoms of sporadic Parkinson's disease (sPD) can't be completely explained by the lesion of simple typical extrapyramidal circuit between striatum and substantia nigra. Therefore, we investigated the alteration of cortical volume, thickness, surface, and density in the intermediate sPD from the Han population of Mainland China in order to find the new pathological brain regions associated with the complex clinical manifestations of sPD. The cortical volume, thickness, surface and density were examined using the voxel-based cortical morphometry and corticometry on magnetic resonance image (MRI) in 67 intermediate sPD and 35 controls, the multiple adjusted comparisons analysis of all MRI data were employed to assess the relationships between the cortical morphometric alteration in the specific brain regions and sPD. Results showed that a significantly shrunk volume, thinned thickness and enlarged or reduced surface of cortex in some specific brain regions were closely associated with sPD, but all cortical densities were not different. The majority of morphometric alteration of hemisphere cortex was symmetric, but that in the left hemisphere was more significant. The cortical morphometric alterations in the frontal, temporal, parietal, occipital and limbic lobe, cerebellum, caudate, and thalamus were closely related to the clinical neural dysfunction (Clinical manifestations) of sPD. Our data indicated that the deficits of extensive brain regions involved in the development of sPD, resulted in a series of correspondent complex clinical manifestations in the disease.
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INTRODUCTION

Sporadic Parkinson's disease (sPD) is the commonest neurodegenerative movement disorder. The destruction of dopaminergic neurons in the pars compacta of substantia nigra (SNpc) in midbrain is a pathologic hallmark of sPD (Fearnley and Lees, 1991), which contributes to the altered activity in the typical extrapyramidal circuit between striatum and SNpc, generates an insufficiency of dopamine neurotransmitter to induce a series of clinical motor manifestations including tremor, rigidity, bradykinesia and the postural instability (Jellinger, 2002; Lehéricy et al., 2004a,b). Besides the typical motor symptoms, there are a lot of non-motor symptoms which appear in any stages of the disease including the early, intermediate (progressive), and late courses, such as hyposmia (Olfactory deficits), the sebaceous gland hyperfunction, the orthostatic hypotension, the excessive sweat secretion, coprostasis, anxiety, depression, the autonomic neural disorders, the sensory dysfunctions, the sleep disturbances, the behavioral problems, the cognitive impairments and decline (Stacy, 2011) and so on, the majority of these no motor symptoms can't been completely explained by the lesion of SNpc and striatum circuit, among them, the partial symptoms have been determined to be associated with the impairment of some cortex and/or white fascicule function of brain regions outside SNpc and striatum circuit in the progression of sPD through the technology of functional magnetic resonance imaging (fMRI) (Monchi et al., 2001, 2004; Huang et al., 2007). However, the sPD-related brain regions of localized cortical degeneration remain completely unclear and need be further comprehensively investigated.

At present, the voxel based morphometry (VBM) is a technique based on the delineation of cortex and normalization, can assess the cortical atrophy including the cortical volume, thickness, surface and density (Ashburner and Friston, 2000). It has been applied by many researchers to investigate various regions of cortical atrophy in sPD. In several studies of non-demented sPD population compared to the healthy controls, revealed the cortical atrophy in the left anterior cingulated (Summerfield et al., 2005), the left rectus and the parahippocampal gyrus and the right inferior frontal gyrus (Nagano-Saito et al., 2005) and the right frontal lobe (BA 45, 47, 10; Burton et al., 2004), but couldn't completely explain these clinical variabilities of sPD and showed the lack of a consistent portrait of damage on the cerebral cortex with the complex clinical manifestations (Davatzikos, 2004). In addition, a structural analysis technique using the MRI anatomical scans known as corticometry has also recently been used in investigating the local cortical thickness and surface. The local cortical thickness reflects the local cortical volume of VBM notion. The analysis of local cortical surface assesses the local folding and gives access to the cortical geometrical properties. The analysis of combined VBM and corticometry techniques allows for enhancing reliability and sensitivity in investigating the alteration of cortical volume, thickness, surface and density (Jubault et al., 2011). The alteration of cortical volume, thickness and surface can indirectly assess the cortical atrophy of the distinct regions. Therefore, in this study, we studied the alteration of cortical volume, thickness, surface and density in the intermediate sPD from the Han population of Mainland China at present (HPCM) using VBM and corticometry techniques.

We hypothesized that the construct of local cortical regions would exhibit alterations due to sPD, which was involved in the generation of motor and/or no motor symptoms. Furthermore, MRI studies have revealed some alteration of local cortical regions in sPD (Burton et al., 2004; Nagano-Saito et al., 2005; Summerfield et al., 2005). Based on our hypothesis and the previous studied evidences, we expected to find some distinct damaged brain regions being consistent with the clinical manifestations and the local brain lesion closely related to generate the special clinical manifestations in the intermediate sPD patients.

Braak et al. (2003) have proposed a 6-stages model of sPD neuropathology progression, in the process, the cortical pathology would begin in the temporal mesocortex regions (stage 4), continue in the prefrontal cortex (stage 5), and finally in the primary sensory and the premotor areas (stage 6). Therefore, we expected to reveal the alteration of cortical volume, thickness, surface and density in some local functional regions of brain related to the intermediate stage of sPD through the combined VBM and corticometry techniques. This study aimed to address the alteration of cortical volume, thickness, surface, and density in the progressive (Intermediate) stage of sPD from HPCM, to find the relations between the local structure alteration of brain functional regions and the clinical manifestations of sPD, to identify a stable pattern of brain local functional alteration being consistent with the clinical manifestations in sPD, to provide some objective evidences such as the brain morphometric alterations of MRI for the diagnosis of sPD, and to explore some new potential pathological lesion related with sPD (Supplemental Figure 1).

MATERIALS AND METHODS

Participants

This study included 100 intermediate sPD (Progressive or Advanced sPD) and 40 control subjects recruited from the First Affiliated Hospital of Nanchang University in the HPCM from July 2011 to December 2014. Among them, 67 patients and 35 controls were underwent a finial investigation, 33 patients and 5 controls were excluded from further analysis due to the technical artifacts/factors. All sPD participants met the UK brain bank criteria for the diagnosis of sPD (Hughes et al., 1992). In order to have a more precise measure of disease severity, we administered the motor subset of the modified Hoehn and Yahr and the UPDRS-III scale in the sPD group. The sPD patients who have the 2.5–3 stage of modified Hoehn and Yahr and the 31–45 score of UPDRS-III were recruited as the intermediate sPD. Table 1 gave the clinical and demographic details of sPD and the control groups. All scale and diagnosis were administered by three experienced neurologists. All procedures were performed under protocols approved by the First Affiliated Hospital of Nanchang University in Nanchang, Jiangxi, China. In all cases, a written informed consent for research was obtained from the patient or the legal guardian, and the used material had an appropriate ethical approval for using in this project.

Table 1. Demographics and disease-related characteristics in sPD and matched controls.
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MRI Acquisition

The data of high-resolution structural MRI were acquired from a 3.0 tesla Siemens Tim Trio MRI scanner, Participants were scanned using a three-dimensional T1-weighted MPRAGE sequence at the Department of Radiology, the First Affiliated Hospital of Nanchang University. The scanning parameters were as follows: TR/TE/TI: 1900/2.26/900 ms, the flip angle: 9°, the slice thickness 1 mm, 176 slices, the field of view 256 × 256 mm2, the acquisition matrix 256 × 256, the voxel size: 1 × 1 × 1 mm3, 8-channels coil. Structural MRI series included T1-weighted 3D fast, spoiled gradient recalled echo images and other sequences such as T2-weighted and FLAIR images to visualize focal lesions of cortical or white matter that might be exclusionary.

Image Processing

All image processing were performed by the State Key Laboratory of Cognitive Neuroscience and Learning and IDG/McGovern Institute for Brain Researching, Beijing Normal University, China. Briefly, the CIVET pipeline was used to measure the cortical volume, thickness, surface and density on VBM and corticometry as previously described (Feldmann et al., 2008a; Jubault et al., 2011; Gong et al., 2012; Xia et al., 2013; Chen et al., 2015). The native T1-weighted MRI were first linearly aligned into the stereotaxic space and corrected for non-uniformity artifacts using the N3 algorithm (Sled and Pike, 1998). The resultant brain images were then automatically segmented into cortex, white matter, CSF, and background by using a partial volume (PV) classification algorithm, in which a trimmed minimum covariance determinant method was applied for estimating the parameters of the PV effect model; the parameter β controlling the relative strength of the Markov random field was set to 0.1 (Tohka et al., 2004). Next, the inner and outer cortical surfaces were automatically extracted for each hemisphere using the CLASP algorithm (Kim et al., 2005). The individual surfaces were further aligned with a surface template to allow comparisons across subjects at corresponding vertices. The cortical surfaces of the inner and outer cortex which consisted of 40,962 vertices were extracted automatically using the Constrained Laplacian-based Automated Segmentation with Proximities (CLASP) algorithm (MacDonald et al., 2000). The cortical surfaces were inversely transformed to native space. Cortical thickness was measured between the two surfaces at 40,962 vertices per hemisphere using the linked distance in the native space (Lerch and Evans, 2005). Cortical thickness was defined using the link method, which measures the Euclidean distance between the linked vertices of the inner and outer surfaces (MacDonald et al., 2000; Im et al., 2006). The middle cortical surface, defined at the geometric center between the inner and outer cortical surfaces, was used to calculate the cortical surface in the native space (Lyttelton et al., 2009). The thickness/surface map was further blurred with a 30 mm surface-based diffusion smoothing kernel (Chung et al., 2003). The vertex-wise sphere-to-sphere warping nonlinear surface registration was performed to unbiased iterative surface template (Lerch and Evans, 2005). Using the surface registration, the thickness information on native surfaces was transformed to a template after diffusion smoothing with 20-mm full-width half maximum to increase the signal-to-noise ratio and improve the detection ability of population changes (Kabani et al., 2001; Im et al., 2006; Hong et al., 2014). All cortical image processing was conducted by investigators blinded to the patient demographics, disease and controls.

Statistical Analysis

We used one-way analyses of variance (ANOVA) with the post-hoc Bonferroni correction to examine for differences in age, education, the PD duration, MMSE, HDS-R, DF, DB, SVFT, SDS, HAMD17, HAMD 24, CDT, CDR, the mean cortical volume, thickness, surface and density values in the regions of interest between sPD and control groups. A chi-squared test was used to assess for differences in sex distribution between the groups.

In addition, all cortical analysis was finished by the State Key Laboratory of Cognitive Neuroscience and Learning and IDG/McGovern Institute for Brain Research, Beijing Normal University, China. The statistical analysis of cortical volume, thickness, surface and density was performed in the vertex-wise level by an analysis of covariance (ANCOVA) using the brain size, the cortical thickness or the cortical surface as covariates for comparisons among the groups. A correction for the comparison of the cortical volume between the sPD subjects and the controls was conducted at a corrected probability value of p < 0.01 and a lowered discriminative threshold of p < 0.001. To correct for the multiple vertex-wise comparisons, a random field theory (RFT)-based method was applied at the cluster level (Taylor and Adler, 2003), and the cortical clusters surviving a Family wise error (FEW)-corrected p < 0.05 were considered as significant. All these statistical procedures were implemented using SurfStat toolbox (http://www.math.mcgill.ca/keith/surfstat/). All names of anatomical regions were cited from Anatomical Automatic Labeling (AAL) of Montreal Neurological Institute (MNI). The significance difference and the correlation maps were created as applicable. The maps were corrected for multiple comparisons with permutation analysis at a threshold p < 0.05, p < 0.01, or p < 0.001. An uncorrected comparison of cortical volume, thickness and surface between sPD and control also was performed by Student's t-test with the significant of p ≤ 0.05. The value of cortical volume, thickness, surface, and density were expressed as mean ± s.d.

RESULTS

Clinical Characteristics

The details of demographics and disease-related characteristics in sPD and the matched controls were seen in Table 1. the intermediate sPD indicated that the sPD patient must have all 4 major clinical signs including tremor, rigidity, bradykinesia and the postural instability, and the dopaminergic reflection was the best, the Hoen and Yahr scale was 2.7 ± 0.3, Total UPDRS score (Sum of Parts I–IV) was 83.17 ± 6.34, UPDRS Part III score (Motor examination) was 34.11 ± 2.0 (Table 1).

Abnormal Brain Regions of Cortical Volume in sPD Patients vs. Control

The cortical volumes were significantly diminished in the patients with sPD compared with the normal controls through analyzing by the regression of no covariates and the regression of brain size covariates (Table 2, Figure 1). The brain regions showed the cortical volume shrinkage through analyzing by the regression of no covariates included Frontal lobe (Frontal-Sup-Orb-L (2 brain regions), Frontal-Mid-Orb-L (1), Frontal-Inf-Orb-L (2), Frontal-Inf-Oper-L(1), Frontal-Sup-L(1), Frontal-Mid-L(1) and Frontal-Sup-Medial-L(1), Rectus-L(2), Precentral-L(1)); Temporal lobe (Temporal-Pole-Sup-L(1), Olfactory-L(1), Olfactory-R(1), Calcarine-R(2)); Parietal lobe (Precuneus-L(1), Precuneus-R(1)); Occipital lobe (Occipital-Mid-R(1), Occipital-Inf-R(1), Lingual-L(1), Lingual-R(2)); Limbic lobe (Hippocampus-L(1), Hippocampus-R(1), Insula-L(1), Cingulum-Ant-L(1), Cingulum-Ant-R(1), Cingulum-Mid-L(1), Cingulum-Mid-R(1), Cingulum-Post-L(1), Cingulum-Post-R(1), Calcarine-L(1)); Cerebellum-Crus1-R (1), Vermis-4-5(1), Caudate-L(1), Caudate-R (1), Thalamus-L(1), Thalamus-R(1) gyrus. Among them, the most significant brain regions were Frontal-Sup-Orb-L, Frontal-Mid-Orb-L, Frontal-Inf-Orb-L, Frontal-Sup-L, Frontal-Mid-L, Frontal-Sup-Medial-L, Rectus-L, Precuneus-L, Precuneus-R, Lingual-L, Hippocampus-L Insula-L, Cingulum-Ant-L, Cingulum-Ant-R, Cingulum-Mid-L, Cingulum-Mid-R, Cingulum-Post-L, Cingulum-Post-R, and Olfactory-L gyrus (Figures 1A,B).

Table 2. Differences of cortical volume within the significant regions between sPD and control.
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FIGURE 1. The comparison of cortical volume between sPD and the control using the regression of different covariates. (A) The significantly altered brain regions in the analysis of the regression of no covariates with a threshold p < 0.01. (B) The significantly altered brain regions in the analysis of the regression of no covariates with a threshold p < 0.001. (C) The significantly altered brain regions in the analysis of the regression of brain size covariates with a threshold p < 0.01. (D) The significantly altered brain regions in the analysis of the regression of brain size covariates with a threshold p < 0.001.



The brain regions showed the cortical volume shrinkage through analyzing by the regression of brain size covariates included Lingual-R(1), Fusiform-L(1), Fusiform-R(1), Temporal-Inf-L(2), Cerebellum-Crus1-L(1), Cerebellum-Crus1-R(1), Cerebellum-Crus2-L(1), Cerebellum-Crus2-R(1), Cerebellum-4-5-L(1), Cerebellum-4-5-R(1), Cerebellum-6-L(1), Cerebellum-6-R(1), Cerebellum-7b-L(1), Cerebellum-7b-R(1), Cerebellum-8-L(1), Cerebellum-8-R(1), Cerebellum-9-L(1), Cerebellum-9-R(1), Vermis-4-5(1), Vermis-6(1), Vermis-7(1), Vermis-8(1), Vermis-9(1), Vermis-10(1), Hippocampus-R(1), ParaHippocampal-R(1), Amygdala-R(1), Temporal-Pole-Sup-R(1), Frontal-Mid-Orb-L (1), Frontal-Mid-Orb-R(1), Rectus-L(1), Rectus-R(1), Olfactory-L(1), Hippocampus-L(1), ParaHippocampal-L(1), Amygdala-L(1), Temporal-Pole-Sup-L(1), Cingulum-Ant-R(1), Cingulum-Mid-R(1), Caudate-L(1), Caudate-R(1), Precentral-L(1) and Postcentral-L(1) gyrus. Among them, the most significant brain regions were Fusiform-L, Temporal-Inf-L, Cerebellum-Crus1,2-R, Cerebellum-4-5-L, Cerebellum-6-L, Cerebellum-6-R, Cerebellum-9-L, Cerebellum-9-R, Vermis-6, Vermis-7, Vermis-8, Temporal-Pole-Sup-R, and Frontal-Mid-Orb-R gyrus (Figures 1C,D).

The brain regions that the cortical volume exhibited the significant difference between sPD and the controls in the analysis of both the regression of no covariates and the regression of brain size covariates consisted of Frontal-Mid-Orb-L, Rectus-L, Precentral-L, Temporal-Pole-Sup-L, Lingual-R, Hippocampus-L, Hippocampus-R, Cingulum-Ant-R, Cingulum-Mid-R, Olfactory-L, Cerebellum-Crus1-R, Vermis-4-5, Caudate-L and Caudate-R gyrus. The majority of lost hemisphere volume was symmetric, the bilateral symmetrical brain regions consisted of Precuneus, Hippocampus, Cingulum-Ant, Cingulum-Mid, Cingulum-Post, Lingual, Olfactory, Caudate, Thalamus, Fusiform, Cerebellum-Crus1, Cerebellum-Crus2, Cerebellum-4-5, Cerebellum-6, Cerebellum-7b, Cerebellum-8, Cerebellum-9, ParaHippocampal, Amygdala, Temporal-Pole-Sup, Frontal-Mid-Orb and Rectus gyrus, but the cortical volumes in the left hemisphere were significantly diminished (44 of left brain regions vs. 33 of right brain regions). No brain regions with the increased cortical volume were found (Table 2, Figure 1). Among them, the brain regions were compared by the uncorrected average value of cortical volume in the significant different brain regions between sPD and controls, which showed that the significant decreased regions were Frontal-Sup-L, Frontal-Mid-L, Frontal-Sup-Orb-L, Frontal-Mid-Orb-L, Frontal-Mid-Orb-R, Frontal-Inf-Orb-L, Frontal-Sup-Medial-L, Rectus-L, Rectus-R, Temporal-Inf-L, Temporal-Pole-Sup-R, Olfactory-L, Insula-L, Cingulum-Ant-L, Cingulum-Ant-R, Cingulum-Mid-L, Cingulum-Mid-R, Cingulum-Post-L, Cingulum-Post-R, Amygdala-L, Hippocampus-L, Hippocampus-R, Lingual-L, Precuneus-L, Precuneus-R, Fusiform-L, Cerebelum-Crus1-L, Cerebelum-Crus1-R, Cerebelum-Crus2-R, Cerebelum-4-5-L, Cerebelum-6-L, Cerebelum-6-R, Cerebelum-9-L, Cerebelum-9-R, Vermis-4-5, Vermis-6, Vermis-7, Vermis-8, and Caudate-R (Table 2).

Abnormal Brain Regions of Cortical Thickness in sPD Patients vs. Control

The major results regarding the analysis of local cortical thickness are summarized in Table 3. The local cortical thickness was analyzed using the regression of no covariates (4 clusters), the regression of brain size (7 clusters) and the cortical surface covariates (1 cluster). We found 12 clusters exhibiting a thinning trend of cortical thickness associated with sPD compared with the control group (Table 3, Figures 2–4). The brain regions presented the decreased cortical thickness compared by the regression of no covariates consisted of Heschl-L, Temporal-Sup-L, Temporal-Inf-L, Temporal-Mid-L, Heschl-R, Temporal-Sup-R, SupraMarginal-R, ParaHippocampal-L, Lingual-L, Fusiform-L, Frontal-Sup-L, Supp-Motor-Area-L, Frontal-Mid-L, Frontal-Sup-Medial-L (Figures 2A–H, 4A,B). The brain regions presented the decreased cortical thickness compared by the regression of brain size covariates included Frontal-Sup-R, Frontal-Inf-Oper-R, Frontal-Mid-R, Frontal-Inf-Orb-R, Frontal-Mid-Orb-R, Frontal-Inf-Tri-R, Rolandic-Oper-R, Postcentral-R, Precentral-R, ParaHippocampal-R, Calcarine-R, Lingual-R, Fusiform-R, Precuneus-R, Cuneus-R, Occipital-Sup-R, Occipital-Inf-R, Occipital-Mid-R, Parietal-Inf-R, Angular-R, Heschl-R, Temporal-Sup-R, Temporal-Mid-R, SupraMarginal-R, Occipital-Mid-R, Frontal-Sup-L, Supp-Motor-Area-L, Frontal-Inf-Oper-L, Frontal-Mid-L, Frontal-Sup-Orb-L, Frontal-Inf-Orb-L, Frontal-Mid-Orb-L, Frontal-Sup-Medial-L, Frontal-Inf-Tri-L Precentral-L, ParaHippocampal-L, Lingual-L, Fusiform-L, Precuneus-L, Heschl-L, Temporal-Sup-L, Temporal-Inf-L, Temporal-Mid-L, SupraMarginal-L, Calcarine-L, Lingual-L, Cuneus-L (Figures 3A–N, 4C,D). The brain regions presented the decreased cortical thickness compared by the regression of cortical surface covariates included Temporal-Sup-L, Temporal-Inf-L, Temporal-Mid-L (Figures 3O,P, 4E,F). No cortical regions exhibited the increase thickness in the comparison between sPD and control groups (Figures 2A,C,E,G, 3A,C,E,G,I,K,M,O). Among them, the brain regions that the comparison of the uncorrected average value of cortical thickness in the significant different brain regions between sPD and controls showed the significant decrease were Heschl-L, Temporal-Sup-L, Temporal-Mid-L, Occipital-Mid-R, Precuneus-L, Calcarine-L, Lingual-L, and Cuneus-L (Table 3).

Table 3. Differences between cortical thickness within significant regions between sPD and control.
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FIGURE 2. The comparison of cortical thickness between sPD and the control using the regression of no covariates. (A,C,E,G) The F-test of the average cortical thickness in the cluster 1–4 between sPD and the control. (B,D,F,H) The significantly altered brain regions in the cluster 1–4 of the sPD brain. All cortical thickness of cluster 1–4 were significantly thinned in sPD compared with the control.
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FIGURE 3. The comparison of cortical thickness between sPD and the control using the regression of different covariates. (A,C,E,G,I,K,M) The F-test of the average cortical thickness in the cluster 1–7 between sPD and the control in the analysis of the regression of brain size covariates. (B,D,F,H,J,L,N) The significantly altered brain regions in the cluster 1–7 of the sPD brain in the analysis of the regression of brain size covariates. (O) The F-test of the average cortical thickness in the cluster 1 between sPD and the control in the analysis of the regression of cortical thickness covariates. (P) The significantly altered brain regions in the cluster 1 of sPD brain in the analysis of the regression of cortical thickness covariates. The cortical thickness of all brain regions were significantly thinned in sPD compared with the control in the analysis using the regression of different covariates.
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FIGURE 4. The significant altered brain regions of cortical thickness in the sPD brain in the analysis of different regression covariates. (A) The significantly altered brain regions in the F-map in the analysis of the regression of no covariates. (B) The significantly altered brain regions after the Family wise error (FWE) correction in the analysis of the regression of no covariates. (C) The significantly altered brain regions in the F-map in the analysis of the regression of brain size covariates. (D) The significantly altered brain regions after the FWE correction in the analysis of regression of brain size covariates. (E) The significantly altered brain regions in the F-map in the analysis of the regression of cortical thickness covariates. (F) The significantly altered brain regions after the FWE correction in the analysis of the regression of cortical thickness covariates.



Abnormal Brain Regions of Cortical Surface in sPD Patients vs. Control

The analysis of cortical surface demonstrated that the sPD patients had several regions with the significant focal cortical enlargement or shrinkage compared to controls applying the regression of different covariates (Table 4, Figures 5–8). We evaluated the cortical surface using the regression of no covariates, the regression of brain size and cortical surface. In the analysis of the regression of no covariates, all cortical surface were enlarged, including Cingulum-Post-R, Calcarine-R, Cingulum-Mid-R, Cingulum-Ant-R, Lingual-R, Precuneus-R, Cuneus-R, Angular-R, Heschl-R, Temporal-Sup-R, Temporal-Mid-R, Occipital-Mid-R, Frontal-Sup-R, Postcentral-R, Precentral-R, Parietal-Inf-L, SupraMarginal-L, Postcentral-L, and Precentral-L (Figures 5A–H, 8A,B). In the analysis of regression of brain size covariates, the shrunk cortical surfaces were in Insula-R, Temporal-Pole-Sup-R, Temporal-Pole-Mid-R, Temporal-Sup-R, Temporal-Inf-R, Temporal-Mid-R, Rectus-R, Frontal-Sup-Orb-R, Frontal-Inf-Orb-R, and Frontal-Mid-Orb-R (Figures 6A,B,E,F, 8C,D); The enlarged cortical surfaces were in Cingulum-Post-R, Cingulum-Mid-R, Cingulum-Ant-R, Precuneus-R, Cuneus-R, Postcentral-R and Precentral-R (Figures 6C,D,G,H, 8C,D). In the analysis of the regression of cortical surface covariates, all cortical surface were shrunk, including Insula-R, Temporal-Pole-Sup-R, Temporal-Pole-Mid-R, Temporal-Sup-R, Temporal-Inf-R, Temporal-Mid-R, Rectus-R, Frontal-Sup-Orb-R, Frontal-Inf-Orb-R, Frontal-Mid-Orb-R, SupraMarginal-R, and Postcentral-R (Figures 7A–F, 8E,F). Among them, the brain regions that the comparison of the uncorrected average value of cortical surface in the significant different brain regions between sPD and controls showed the significant increase were Cingulum-Mid-R, Temporal-Sup-R, Parietal-Inf-L, Postcentral-L, and Precuneus-R, the significant decrease were Frontal-Inf-Orb-R, Frontal-Mid-Orb-R and Temporal-Inf-R (Table 4).

Table 4. Differences of the cortical surface within significant regions between sPD and control.
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FIGURE 5. The comparison of cortical surface between sPD and control using the regression of no covariates. (A,C,E,G) The F-test of the average cortical surface in the cluster 1–4 between sPD and the control. (B,D,F,H) The significantly altered brain regions in the cluster 1–4 of the sPD brain. The cortical surface of all brain regions were significantly enlarged in sPD compared with the control in the analysis of the regression of no covariates.
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FIGURE 6. The comparison of cortical surface between sPD and the control using the regression of brain size covariates. (A,C,E,G) The F-test of the average cortical surface in the cluster 1–4 between sPD and the control. (B,D,F,H) The significantly altered brain regions in the cluster 1–4 of the sPD brain. The cortical surface of brain regions in the cluster 1 and 3 were significantly shrunk, that in the cluster 2 and 4 were significantly enlarged in sPD compared with the control in the analysis of the regression of brain size covariates.
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FIGURE 7. The comparison of cortical surface between sPD and the control using the regression of cortical surface covariates. (A,C,E) The F-test of the average cortical surface in the cluster 1–3 between sPD and the control. (B,D,F) The significantly altered brain regions in the cluster 1–3 of the sPD brain. The cortical surface of all brain regions were significantly shrunk in sPD compared with the control in the analysis of the regression of cortical surface covariates.
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FIGURE 8. The significantly altered brain regions of cortical surface in the sPD brain in the analysis of the regression of different covariates. (A) The significantly altered brain regions in the F-map in the analysis of the regression of no covariates. (B) The significantly altered brain regions after the FWE correction in the analysis of the regression of no covariates. (C) The significantly altered brain regions in the F-map in the analysis of the regression of brain size covariates. (D) The significantly altered brain regions after the FWE correction in the analysis of the regression of brain size covariates. (E) The significantly altered brain regions in the F-map in the analysis of the regression of cortical surface covariates. (F) The significantly altered brain regions after the FWE correction in the analysis of the regression of cortical surface covariates.



DISCUSSION

In this study, the cortical morphometric alterations including the volume, thickness, surface, and density in both the intermediate sPD patients and the controls from HPCM were detected and compared, the cortical densities were not different, which result was corresponded to previously published studies about the alteration of cortical density in sPD (Feldmann et al., 2008b). The cortical volumes were significantly diminished, the cortical thickness was significantly thinned, the cortical surfaces exhibited either significantly expansion or shrinkage associated with the disease in the patients with sPD compared with the controls.

The results presented here revealed that the alteration of cortical surface were not completely accordant to the previous reports. In our result, the sPD patients exhibited an enlarged cortical surface in the analysis of the no regression and the regression covariates of cortical surface, but showed a surface reduction in the partial cortical regions of the bilateral hemisphere in the sPD patients while analyzed the cortical surface using the brain size for regression covariates. This could seem be contradictory with the previous results, but we suggested that the cortical surface was closely related to the geometric structure of brain. The cortical surface analysis of simple VBM studies only base on a flat surface of cortex, however, the method of cortical morphometry allows us to eliminate the geometric affect of the cortical volume and thickness alteration. The cortical surface might mainly be related to the degree of local cortical folding, because the atrophy of cortex could result in more tension or shrinkage of sulci and extended or reduced the cortical surface. In order to identify the possibility, we used the brain size for regression covariates to further analyze the alteration of cortical surface, found that the cortical surfaces in the certain regions were enlarged, while that in some regions were reduced, it was not that all cortical surfaces were enlarged. It was possible that the atrophy of cortex did not completely enlarge the cortical surfaces in all brain regions, the local brain size was its important effect on the cortical surfaces. When analyzing the cortical surface alteration, using the brain size for regression covariates might more accurately reflect the alteration of cortical surfaces.

sPD is traditionally supposed to be generally associated with the degeneration of substantia nigra, an array of motor dysfunction in the sPD patients' main symptoms was previously suggested to originate from the disruption of substantia nigra-striatal loops contributed to the destruction of dopaminergic neurons in the substantia nigra, but the present studied results suggested that sPD not only damages the substantia nigra-striatum corpus dopamine system, but also involves in the other neural systems besides of the dopaminergic system, including the memory, mental, emotional, sympathetic, parasympathetic, serotonergic and noradrenergic systems, its damage almost affected the whole brain (Braak and Braak, 2000). In this study, we revealed the significant differences between the sPD patients and the controls in the cortical volume, thickness and surface in the analysis of the no regression and the regression using the brain size and the cortical surface for covariates respectively. The extensive cortical volume loss, thickness thinning and surface expansion or shrinkage were shown in a lot of brain regions of the sPD patients compared with the controls, among them, including many local regions of bilateral frontal, temporal, parietal and occipital lobe, limbic system, cerebellum, caudate, and thalamus (Tables 2, 3, Figures 1–8). It suggested that the extensive atrophy of cortex such as cortical volume reduction, thickness thinning and surface enlargement or shrinkage occurred in the intermediate sPD from HPCM, these alterations in the cortical volume, thickness and surface were asymmetric in both hemispheres; i.e., the cortical volume, thickness and surface were significantly changed in the left hemisphere, indicating a correlation with the asymmetric complex clinical manifestations with the multisystem effects in sPD patients, which might be related to the different symptom-dominant side, because the majority of symptom-dominant side in our subjects was in the left side (Table 1).

The neuropathological evidences showed that the neuronal Lewy body formation, apoptosis, necrosis, gliosis and the cortical atrophy gradually occurred in the frontal, parietal, occipital, temporal lobes and limbic system, which resulted in a series of complex clinical manifestations, such as non-motor systems (Braak and Braak, 2000). The occurrence of extensive cortical atrophy possibly involves in the pathological progression of sPD patients. In addition, several previous studies have also demonstrated that the cortical atrophy occurred in the bilateral frontal, temporal, parietal, occipital lobe (Hu et al., 2000; Hosokai et al., 2009; Nobili et al., 2009).

A lot of data suggests that the extensive cortical atrophy in brain might be a substrate for the pathology of sPD (Hu et al., 2000; Hosokai et al., 2009; Nobili et al., 2009), because the complex and varied clinical manifestations of sPD could not be explained by the solely degeneration of substantia nigra-striatal loops, should be associated with more extensively damaged brain regions. Meanwhile, in our study, the brain regions of extensively cortical morphometric alteration in the sPD patients were observed like the previous studies. Thus, we concluded that the extensive brain morphological alteration in the sPD patients resulted in the pathological mechanism of complex clinical manifestations in intermediate sPD from HPCM.

The results in this study showed that the extensive cortical volume reduction was preserved in an intermediate sPD population from HPCM compared with a healthy population. we found several local regions exhibiting cortical volume reduction associated with the disease in Frontal lobe (Sup-, Mid (R)-, Inf-Orb, Inf-Oper, Sup-, Mid-, Sup-Medial-L, Rectus-L,-R, Precentral-L); Temporal lobe (Pole-Sup-L,-R, Inf-L, Calcarine-R, Fusiform-L,-R, Olfactory-L,-R); Parietal lobe (Postcentral-L, Precuneus-L,-R); Occipital lobe (Mid-R, Inf-R, Lingual-L,-R); limbic lobe (Hippocampus-L,-R, Insula-L, Amygdala-L,-R, Cingulum-Ant,-Mid,-Post-L,-R, ParaHippocampal-L,-R, Calcarine-L); Cerebellum (Crus1-L,-R, Crus2-L,-R, -4,-5,-6,-7b,-9,-L,-R, Vermis-4,-5,-6,-7,-8,-9,-10), Caudate-L,-R, Thalamus-L,-R gyrus. Among them, the most potential significant different brain regions were Frontal lobe (Sup-Orb-L, Mid-Orb-L,-R Inf-Orb-L, Sup-L, Mid-L, Sup-Medial-L, Rectus-L,-R); Temporal lobe (Inf-L, Pole-Sup-R, Fusiform-L, Olfactory-L); Parietal lobe (Precuneus-L,-R); Occipital lobe (Lingual-L); limbic lobe (Hippocampus-L,-R, Insula-L, Cingulum-Ant,-Mid, Post-L,-R); Cerebellum (Crus1-L,-R, 2-R, -4,-5-L, -6,-9-L,-R, Vermis-6,-7,-8) gyrus (Table 2, Figure 1).

Meanwhile, the results of this study also revealed that the cortical thickness thinning was preserved in the intermediate sPD from HPCM compared with a healthy population, indicated the local cortical thickness associated with the disease. A cortical thickness thinning trend was observed in the following brain regions: Frontal lobe (Mid-L,-R, Sup-Medial-L, Sup-L,-R, Inf-Oper-L,-R, Sup-Orb-L, Inf-,Mid-Orb-L,-R, Inf-Tri-L,-R, Supp-Motor-Area-L, Rolandic-Oper-R, Precentral-L,-R,); Temporal (Sup-L,-R, Inf-L, Mid-L,-R, Heschl-L,-R); Parietal lobe (Inf-R, Postcentral-R, SupraMarginal-L,-R, Angular-R, Precuneus-L); Occipital lobe (Sup-R, Inf-R, Mid-R, Lingual-L,-R, Fusiform-L,-R, Calcarine-L,-R, Precuneus-R, Cuneus-L,-R,); Limbic lobe (ParaHippocampal-L,-R) (Figures 2–4). This set of results implies a consistent pattern of cortical thickness thinning associated to the disease compared to a healthy population. Among them, the most potential significant different brain regions were Heschl-L, Temporal-Sup-L, Temporal-Mid-L, Occipital-Mid-R, Precuneus-L, Calcarine-L, Lingual-L, and Cuneus-L (Table 3).

Furthermore, the results presented here suggested that the cortical surface in certain regions exhibited a larger cortical surface in sPD patients, but that in some regions showed a shrunk cortical surface in the analysis of different regression covariates, which might be associated with the inhomogeneous alteration of local cortical volume and thickness contributed to the inhomogeneous alteration of the local cortical surface, because we must here consider the geometric implications of this observation, the volume shrinkage and the thickness thinning of local cortex could lead to deeper or shallower sulci and extended or reduced the cortical surface. The regions of cortical surface expansion were in Frontal lobe (Sup-R, Precentral-L-R,); Temporal lobe (Sup-R, Heschl-R, Temporal-Mid-R); Parietal lobe (Inf-L, SupraMarginal-L, Precuneus-R, Postcentral-L,-R, Angular-R); Occipital lobe (Mid-R, Postcentral-R, Calcarine-R, Lingual-R); Limbic lobe (Cingulum-Post-R, Mid-R, Ant-R, Cuneus-R; Figures 5, 6, 8A–D). The shrunk cortical surfaces were in Frontal lobe (Sup-Orb-R, Inf-Orb-R, Mid-Orb-R); Temporal lobe (Pole-Sup-R, Pole-Mid-R, Sup-R, Inf-R, Mid-R, Rectus-R, Insula-R); Parietal lobe (SupraMarginal-R, Postcentral-R) (Figures 7A–F, 8E,F). Among them, the most potential significantly different brain regions were that the significant increase regions were Cingulum-Mid-R, Temporal-Sup-R, Parietal-Inf-L, Postcentral-L and Precuneus-R, that the significant decrease regions were Frontal-Inf-Orb-R, Frontal-Mid-Orb-R and Temporal-Inf-R (Table 4).

The lesion of the above described brain regions could contribute to the motor symptoms including tremor (Caudate), rigidity (Frontal, Parietal cortex), bradykinesia (Frontal and parietal cortex), and postural instability (Frontal, Parietal and cerebellum cortex), and no motor symptoms including an array of neural functional disorders such as speech, cognition, mood, behavior, thought, sleep, the autonomic nervous system, the constipation dysfunction, the gastric dysmotility, several eye, and vision abnormalities, an impaired sense of smell, a sensation of pain, paresthesia and so on (Supplemental Table 1).

The alteration of volume, thickness and surface in cortex are extensive and closely associated with the complex clinical manifestations such as motor, sensory, speech, cognition, mood, behavior, thought, sleep, the autonomic nervous system, the constipation dysfunction, the gastric dysmotility, several eye and vision abnormalities, an impaired sense of smell, a sensation of pain, paresthesia the emotion-behavior, the olfactory sense, the visual sense, the cognitive executive disturbances, the emotion and motivation generation, the internal organ activity, the learning and memory formation, the sleep and wakefulness, and so on in sPD (Supplemental Table 1). The major function of the changed regions of cortical volume, thickness and surface in intermediate sPD from HPCM is strongly related to the generation of the complex clinical manifestations of sPD (Supplemental Table 1). The loss (atrophy) of extensive cortex may contribute to the complex clinical manifestations in our patients, which suggests that a series of motor and no motor symptoms in sPD patients may derived from the impairment of different brain regions in the intermediate stage (Supplemental Table 1).

CONCLUSION

In summary, we found that an extensive loss of cortex (Cortical volume reduction, thickness thinning, surface enlargement, or shrinkage) in the intermediate sPD patients from HPCM resulted in the dysfunction of the corresponding brain regions, generating a series of complex clinical manifestations being consistent with the clinical characteristics of sPD (Supplemental Table 1, Table 1). In addition, this study also provided some neuroimage evidences for in vivo observing the distributed features of abnormal cortical alteration in sPD, and might provide a further understand of the association between the brain morphological abnormalities and the clinical manifestations in sPD, as well as some potential pathological lesion of sPD, and some objective evidences for the diagnosis of sPD.
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UPDRS Part ll- motor examination 3411220 NA

UPDRS Part IV- medication complications 1157138 NA

Total UPDRS score (sum of Parts V) 83.17:£6.34 NA

Symptom-dominant side (ight/left/double) 16/44/7 NA

Tremor subscoree off (¢) 337£074 NA

Tremor subscoref on () 2264064 NA

Webster 15674298 NA

MMSE 15004247 295408 953 -43.86 4.62719E-62
HDS-R 16.8043.82 2964235 264 ~20.88 3.07271E-38
OF 581561 92421 1.93 76.49 -85 1.66129E-11
08 384144 65421 213 2872 -6815  9.76169E-09
SVFT 14.25:£4.40 17.3£28 247 -4.26 4.66304E-05
sDs 6620£7.16 282434 443 3633 8.48488E-60
HAMD 17 34.2045.63 26424 55 39.67 1.38241E-62
HAMD 24 466280 30426 116 198 1.49963€-90
cot 2254026 39403 133 4.18693E-50
COR 049034 038033 133 005160411
LEDD 568.97 +306.63 NA

PDSI 122369 NA

Tremor, 67 NA

Rigiaity 67 NA

Bradykinesia o7 NA

Postural instabilty 67 NA

Abbreviation: MMSE, mini mental state examination; HDS-R, Hasegawa dementia scale revised; DF; the forward digit span task; DB, the backward digit span task; SVFT, semantic
verbal fluency test; SDS, self-rating depression scale; HAMD, Hamilton depression scale; CDT, clock drawing task; COR, ciinical dementia rating; LEDD, Levodopa (--dopa) equivalent
daily doses; PDSI, the PD screening instrument scores. N/A, not applicable.

Comment, HAMD17 represents the sum of the previous 17 Hamilton anxiety scale item; HAMD24 represents the sum of the previous 24 Hamiiton anxiety scale item; Tremor subscoree
off e} represents the sum of the following unified Parkinson’s Disease rating scale (1) tem: 20. Tremor subscoref on () represents the sum of the folowing unified Parkinson's Disease
raing scale (1) item: 21. LEDD = flevodiopa (x 1.2 if catechol-O-methyitansferase (COMI) inhibitor) (1.2 if 10mg of selegiine or x 1.1 if 5mg of selegiine)] + [pramipexole x 400] +
IRopinirole x 40] + [Cabergoline x 160]+ foerolide x 200] + [bromocritine x 10] + fisuride x 160), all doses are in mg.
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