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Abstract

Objectives—To demonstrate the feasibility of using chemical exchange saturation transfer 

(CEST) imaging to detect Parkinson’s disease (PD) in patients at 3 Tesla.

Methods—Twenty-seven PD patients (17 men and 10 women; age range, 54–77 years) and 22 

age-matched normal controls (13 men and 9 women; age range, 55–73 years) were examined on a 

3-Tesla MRI system. Magnetization transfer spectra with 31 different frequency offsets (−6 to 6 

ppm) were acquired at two transverse slices of the head, including the basal ganglia and midbrain. 

One-way analysis of variance tests was used to compare the differences in CEST imaging signals 

between PD patients and normal controls.

Results—Total CEST signal between the offsets of 0 and 4 ppm in the substantia nigra was 

significantly lower in PD patients than in normal controls (P=0.006), which could be associated 

with the loss of dopaminergic neurons. Protein-based CEST imaging signals at the offset of 3.5 

ppm in the globus pallidus, putamen and caudate were significantly increased in PD patients, 

compared to normal controls (P<0.001, P=0.003, P<0.001, respectively).

Conclusions—CEST imaging signals could potentially serve as imaging biomarkers to aid in 

the non-invasive molecular diagnosis of PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease, characterized by degenerative 

changes in the dopaminergic neurons in the substantia nigra that result in a decreased 

dopamine level [1]. Currently, the diagnosis of PD is based primarily on the clinical 

manifestations. Unfortunately, clinicopathologic studies have revealed substantial error rates 

for the clinical diagnosis of PD (up to 25 %) even for experienced neurologists [2, 3]. 

Imaging biomarkers in different modalities, such as MRI and PET, for both risk and disease 

progression are crucial to our understanding of the disease and the development of new 

therapies [4–6]. Conventional MRI does not show specific changes in PD. The use of 

advanced MRI techniques, such as diffusion imaging [7–9], susceptibility-weighted imaging 

[10, 11] and magnetization transfer imaging [12–14], may increase the accuracy of PD 

diagnosis. However, none of these methods have been regarded as a gold standard in the 

diagnosis of PD to date.

Chemical exchange saturation transfer (CEST) imaging has recently emerged as an 

important contrast mechanism for MRI in the field of molecular imaging [15, 16]. Currently, 

the CEST approach has several promising applications, including amide proton transfer 

(APT) for mobile proteins and peptides in tissue (such as those in the cytoplasm) [17, 18] 

(unlike the traditional magnetization transfer imaging method that is sensitive to solid-like 

proteins in tissue [19, 20]), gluCEST for glutamates [21, 22], glucoCEST for glucoses [23, 

24], and many others [25, 26]. Of these CEST techniques, APT imaging works well with 

standard clinical 3-T MRI. It has been demonstrated previously that APT imaging is able to 

identify the spatial extent and pathological grade of several kinds of tumours [27–29] due to 

increased mobile protein and peptide content, and detect tissue pH changes in stroke (where 

pH decreases) [30, 31]. However, no study has been published about using CEST imaging 

on PD patients, and whether CEST imaging can provide unique information about PD is still 

unknown.

The purpose of this study was to test the feasibility of CEST imaging of PD patients at 3 

Tesla, and to assess whether the CEST signal has potential for the evaluation of PD. 

Previous studies [1] have confirmed that substantia nigra is the first region involved in PD, 

followed by striatum. Therefore, we focused on these two brain regions in this study. We 

hypothesize that the loss of dopaminergic neurons in the substantia nigra of PD [32, 33] is 

associated with low CEST-MRI signal, while the accumulation of abnormal cytoplasmic 

proteins (such as α-synuclein) in some other areas (such as striatum) [34, 35] is associated 

with high APT-MRI signal.
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Materials and methods

Subjects

This study was approved by the local institutional review board. All subjects gave written, 

informed consent prior to participation in this study. Twenty-seven PD patients (17 men and 

10 women; mean age, 61.0 years; range, 54–77 years; 10.5±3.2 years of education) and 22 

age- and education-matched normal controls (13 men and nine women; mean age, 59.2 

years; 12.6±2.9 years of education) were recruited for this study.

The inclusion criteria for the PD group were as follows: hypokinesia; muscle rigidity; static 

tremor; unilateral onset and a positive response to dopaminergic drugs. Experienced 

neurologists ultimately diagnosed all the patients. Subjects were assessed with the Hoehn 

and Yahr (H&Y) scale and the unified Parkinson’s disease rating scale while off all 

medications. The 27 PD patients were categorized as H&Y stage 1, n=3; stage 1.5, n=4; 

stage 2, n=7; stage 2.5, n=7; stage 3, n=4; and stage 4, n=2. They were asked to take no 

medications during the 12 h before the MR examination.

For both the PD patients and normal controls, exclusion criteria were as follows: a history of 

stroke; head trauma; exposure to anti-dopaminergic drugs; central nervous system infection; 

or other neurologic or psychiatric diseases and a structural lesion or hydrocephalus on brain 

magnetic resonance images.

MRI protocol

All PD patients and normal controls were imaged on a 3-Tesla MRI system (Achieva 3.0 T; 

Philips Medical Systems, Best, the Netherlands), using a dual-channel body coil for 

transmission and an eight-channel sensitivity-encoding coil for reception. Pencil beam 

second-order shimming was employed. Prior to APT imaging, routine images, including 

axial T2-weighted, T1-weighted and fluid-attenuated inversion recovery (FLAIR), were 

acquired to confirm that there was no structural abnormality.

CEST/APT imaging was based on a single-shot, turbospin-echo readout: repetition time, 

3,000 ms; turbo-spinecho factor, 54; field of view, 230 mm×221 mm; matrix, 105×100 

(reconstructed to be 400×400); slice thickness, 6 mm. Two transverse slices of the head, 

including the basal ganglia and midbrain, were acquired. We used a pseudocontinuous wave 

radio frequency (RF) irradiation (saturation duration, 200 ms×4; inter-pulse delay, 10 ms; 

power level, 2 μT) and a multi-offset, multi-acquisition CEST/APT imaging protocol [36]. 

The 31 offsets were 0, ±0.25, ±0.5, ±0.75, ±1 (n=2), ±1.5 (n=2), ±2 (n=2), ±2.5 (n=2), ±3 

(n=2), ±3.25 (n=2), ±3.5 (n=8), ±3.75 (n=2), ±4 (n=2), ±4.5, ±5, ±6 ppm (the values in 

parentheses are the number of acquisitions, which is 1 if not specified). An unsaturated 

image was acquired for the signal normalization. The saturated image at 15.6 ppm was also 

acquired to calculate the MTR value relating to conventional magnetization transfer 

imaging. The acquisition time was about 3 min per slice.
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Data processing

The image analysis was performed using the Interactive Data Language (IDL, ITT Visual 

Information Solutions, Boulder, CO, USA). The measured magnetization transfer spectra 

(Ssat/S0, in which Ssat and S0 are the signal intensities with and without selective RF 

irradiation, respectively, plotted as a function of saturation frequency offset, relative to 

water) were corrected for B0 field heterogeneity effects on a pixel-by-pixel basis. 

CEST/APT imaging was quantified through the magnetization transfer ratio (MTR = 

1−Ssat/S0) asymmetry (MTRasym) analysis with respect to the water resonance. The 

calculated MTRasym(3.5 ppm) images were called APT-weighted images [37, 38]. We 

further defined the total CEST signal intensity, , as the integral of the MTRasym 

spectrum in the range of 0 to 4 ppm.

The quantitative image analysis and comparison between PD patients and normal controls 

were performed by two radiologists (CL and RW, who had 5 and 10 years of experience in 

brain imaging, respectively). The FLAIR image was used as the anatomical reference to 

draw regions of interest (substantia nigra, red nucleus, globus pallidus, putamen and caudate 

of both hemispheres), as shown in Fig. 1. Besides, the normal-appearing white matter 

(NAWM) of the frontal lobe in the basal ganglia and the NAWM of the occipital lobe in the 

midbrain were assessed to determine whether changes in CEST signals existed between PD 

patients and normal controls.

Statistical analysis

All data were analysed using the statistical package SPSS16.0. The average CEST/APT 

imaging intensities [MTRasym(3.5 ppm),  and MTR(15.6 ppm)] and 

corresponding 95 % confidence intervals were calculated for each region. A one-way 

analysis of variance test, followed by the Tukey test, was used to compare the differences in 

MTRasym(3.5 ppm),  and MTR(15.6 ppm) for PD patients and normal controls, as 

well as at different stages (early stage i.e. H&Y stages 1–2 vs. advanced stage i.e. H&Y 

stages ≥2.5). The level of significance was set at P<0.05.

Results

Detection of PD

Figure 2a–e compares the average MTRasym spectra of the substantia nigra, red nucleus, 

globus pallidus, putamen and caudate for all PD patients (n=27) and normal controls 

(n(>=22). The CEST effect was clearly visible in the offset range of 1–4 ppm in the 

MTRasym spectra. In regions of the substantia nigra and red nucleus, the CEST signal 

intensities were reduced in PD patients, compared to normal controls. Notably, the 

decreased MTRasym spectrum in the substantia nigra of PD patients appeared in a wide 

offset range, indicating a possible origin from cell loss that may cause the loss of all 

waterexchanging chemicals. In contrast, in regions of the globus pallidus, putamen and 

caudate, the CEST signal intensities were seemingly increased in PD patients, compared to 

normal controls. The maximal changes appeared at the offset of 3.5 ppm, where the amide 

protons of mobile proteins and peptides resonate.
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Figure 2f quantitatively compares the average APT-weighted signal intensities of the 

substantia nigra, red nucleus, globus pallidus, putamen and caudate for all PD patients and 

normal controls. The MTRasym(3.5 ppm) value of the substantia nigra was significantly 

lower in PD patients than in normal controls (1.0±0.2 % vs. 1.3±0.2 %, P=0.005). The 

MTRasym(3.5 ppm) value of the red nucleus was also lower in PD patients than in normal 

controls, but the difference was not significant (1.0±0.2 % vs. 1.1±0.1 %, P=0.109). In 

contrast, the MTRasym(3.5 ppm) values of the globus pallidus, putamen and caudate were 

significantly higher in PD patients than in normal controls (0.9±0.1 % vs. 0.5±0.2 %, 

P<0.001; 1.0±0.1 % vs. 0.8±0.2 %, P=0.003; 1.1±0.1 % vs. 0.7±0.2 %, P<0.001, 

respectively).

Two examples of the FLAIR images and APT-weighted images for a normal control and a 

PD patient are shown in Figs. 3 and 4. On the basis of Fig. 3, APT-weighted intensities in 

the basal ganglia were higher in PD patients than in normal controls. On the basis of Fig. 4, 

APT-weighted intensities in the midbrain were lower in PD patients than in normal controls.

Figure 5 compares the total CEST signal intensities of the substantia nigra, red nucleus, 

globus pallidus, putamen and caudate for all PD patients and normal controls. The total 

CEST signal intensity of the substantia nigra was significantly lower in PD patients than in 

normal controls (2.6±0.5 % vs. 3.6 ±0.4 %, P=0.006). The total CEST signal intensity of the 

red nucleus was also lower in PD patients than in normal controls (3.0±0.6 % vs. 3.3±0.5 %, 

P=0.439), but the difference was not significant. In contrast, the total CEST signal intensity 

of the globus pallidus was significantly higher in PD patients than in normal controls 

(2.5±0.4 % vs. 2.0±0.3 %, P= 0.029). The total CEST signal intensities of the putamen and 

caudate were also higher in PD patients than in normal controls, but no significant 

differences were found (3.0±0.3 % vs. 2.6± 0.3 %, P=0.064; 2.8±0.3 % vs. 2.8±0.2 %, 

P=0.720).

The results of MTR at the offset of 15.6 ppm are shown in Table 1. No significant 

differences in MTR(15.6 ppm) were found between PD patients and normal controls for 

these five regions.

The MTRasym(3.5 ppm),  and MTR(15.6 ppm) values of the frontal NAWM and 

occipital NAWM are shown in Table 2. It is due to the presence of the confounding factors 

relating to  that the measured MTRasym(3.5 ppm) values in the NAWM areas 

were negative [38]. No significant differences for these three parameters were found 

between PD patients and normal controls.

Characterization of the progression of PD

Table 3 compares the MTRasym(3.5 ppm) values for all five regions for normal controls and 

for early-stage and advanced-stage PD patients. It can be seen that the MTRasym(3.5 ppm) 

intensities of the globus pallidus, putamen and caudate increased significantly from the 

normal controls to the early-stage PD. The results indicated that APT imaging may be used 

to differentiate PD patients, even at the early stage, from healthy people. Table 4 further 

compares the  values for all five regions for normal controls, and early-stage and 
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advanced-stage PD patients. It can be seen that the  of the nigra substantia and red 

nucleus for PD patients showed a significant decrease from the early stage to the advanced 

stage. Therefore, CEST imaging may be used to characterize the progression of PD.

Discussion

PD is caused by the degeneration of the dopaminergic neurons in the substantia nigra and 

other brain structures [1]. It was reported previously that approximately 50 % of the 

dopaminergic cells of the substantia nigra are lost at the point of clinical expression of 

advanced-stage PD [32, 33]. The diagnosis of PD, especially at the early stage of this 

disease, remains challenging. Molecular pathology studies have shown that most 

neurodegenerative diseases are associated with accumulations of abnormal proteins in the 

central nervous system [39, 40]. In PD, the pathological hallmarks are Lewy bodies and 

Lewy neuritis, in which the accumulated misfolded α-synuclein, a neuronal cytoplasmic 

protein, is the major component [34, 35]. These molecular results indicate the potential 

clinical utility of methods that can non-invasively visualize the protein content of PD in 

vivo.

CEST imaging is a novel molecular MRI technique that can detect endogenous, low-

concentration chemicals in tissue non-invasively. The present study evaluated PD patients 

with CEST imaging for the first time. Our quantitative analysis focused on both the CEST 

signal at the offset of 3.5 ppm from water [MTRasym(3.5 ppm)] and the total CEST signal 

( ). MTRasym(3.5 ppm) is more specific for quantifying the protein-based CEST 

effect at 3.5 ppm (i.e. APT for mobile proteins and peptides in tissue), while 

would better quantify CEST effects appearing at a wide offset range. We added the total 

CEST signal ( ) here because we wanted to find out the total tendency of MTR in 

PD patients. The preliminary results seem very promising. The fact that the MTRasym(3.5 

ppm) signal intensities of the globus pallidus, putamen and caudate were higher in PD 

patients than in normal controls (Fig. 2f) may be associated with increased cytosolic proteins 

and peptides, as expected [34, 35]. In contrast, the substantia nigra showed significantly 

lower total CEST signal intensities in PD patients than in normal controls (Fig. 5). 

Moreover, the decreased MTRasym spectrum of the substantia nigra for PD patients appeared 

at a wide offset range (Fig. 2a). These results suggest that the changes could be attributed to 

the loss of dopaminergic neurons that may lead to the loss of all water-exchanging 

chemicals. The depletion of some chemicals with fast-exchanging protons, such as 

dopamine, may also reduce the whole MTRasym spectrum as a result of the wide saturation 

width. However, the detection of the chemicals with fast-exchanging protons is not 

favourable at 3 Tesla. Therefore, the loss of dopaminergic neurons would be the more likely 

explanation for a decline in the whole MTRasym spectrum.

The differences in MTRasym(3.5 ppm) and  among normal controls, early-stage 

PD patients and advanced-stage PD patients also seem quite important. The MTRasym(3.5 

ppm) and  values decreased in all five regions of interest from the early stage to 

advanced stage of disease (Tables 3 and 4), although some changes did not reach 
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significance. Notably, the MTRasym and  in the substantia nigra showed a 

consistently decreasing trend from normal controls to early-stage PD, to advanced-stage PD. 

This is consistent with the pathologic features of PD progression: a progressive neuronal 

loss in the nigrostriatal system and other neuronal networks. However, we also found that 

the MTRasym(3.5 ppm) and  values of the globus pallidus, putamen, caudate and 

even the red nucleus increased in PD patients at the early stage of disease, compared to 

normal controls, although these values seemed to decrease in the progression. Therefore, the 

MTRasym(3.5 ppm) changes in these four regions were not simply monotonic during the 

progression of PD, which may be associated with medicine intervention. The exact 

mechanisms for these non-monotonic changes still require further study in the future.

Besides the five regions which are supposed to be related with PD, we also assessed two 

more regions which are probably not affected by PD, including the frontal NAWM and the 

occipital NAWM. This was done to confirm whether the effects of PD on the CEST/APT 

signals are specific for the five regions we focused on or can also be found in other brain 

regions. The results (Table 2) showed that the APT signals are stable in the NAWM in the 

different groups and confirmed the specificity of the observed CEST/APT findings for the 

five regions.

As a kind of neurodegenerative disease, PD demonstrated some potentially interesting 

CEST/APT image features in several regions of interest. Whether these findings are specific 

for PD or common in other neurodegenerative diseases is also an important question. 

However, we suppose that these features may be specific for PD, because different 

neurodegenerative diseases have different pathogenesis and usually affect different brain 

regions. The exact results demand further studies on other kinds of neurodegenerative 

diseases.

Most previous studies [12–14] found that the MTR of the substantia nigra was lower in PD 

patients than in healthy people, and no differences were discovered in the globus pallidus, 

putamen or caudate. The MTR changes in the red nucleus seemed inconsistent on the basis 

of previous results. Both Tambasco et al. [12] and Anik et al. [13] found a lower MTR value 

in PD patients, while Morgen et al. [14] found no difference between PD patients and 

controls. However, we did not find any significant differences for the MTR(15.6 ppm) in 

any of the regions between normal controls and PD patients (Table 1), and this inconsistency 

may be due to the lower RF saturation power (2 μT) used in our protocol.

There were some limitations to this study. First, only two slices were obtained because of 

the limitation of the single-slice acquisition protocol. Thus, the MRI signal changes in other 

regions could not be evaluated in the present study. A novel, highly sensitive parallel 

transmission-based CEST technology, incorporated in the 3D imaging acquisition sequence 

[29], has been reported recently [41]. Second, it was a little difficult to select these five 

small regions exactly for the quantitative analysis, because of the limited resolution of 

CEST/APT imaging, even though we used FLAIR images as references. This may have 

influenced the accuracy of our results to some extent.
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In conclusion, the CEST MRI methodology may be able to generate image contrasts that are 

based on the neuronal loss, as well as the changes in cytoplasmic proteins and peptides in 

several specific brain regions in PD patients. The CEST signals show great potential as 

imaging biomarkers that could detect disease and predict the progression. CEST MRI is a 

safe, completely non-invasive technology, and the results can be easily translated into the 

clinic for the molecular diagnosis of the disease.
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APT amide proton transfer
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FLAIR fluid-attenuated inversion recovery

H&Y Hoehn and Yahr

MTRasym magnetization transfer ratio asymmetry
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Key Points

• Total CEST signal in substantia nigra decreased in PD patients

• Protein-based CEST signals in basal ganglia increased in PD patients

• CEST could assist with the non-invasive molecular diagnosis for PD patients
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Fig. 1. 
Examples of the definition of the regions of interest for quantitative analysis. MTRasym(3.5 

ppm),  and MTR(15.6 ppm) were measured for each region. The values of each 

side were recorded as separate samples. The median voxel numbers of the substantia nigra 

(blue), red nucleus (pink), globus pallidus (yellow), putamen (green) and caudate (red) were 

84 (range, 64–101), 61 (range, 49–80), 165 (range, 130–197), 211 (range, 165–240) and 105 

(range, 80–138), respectively. The median voxel numbers of the frontal NAWM (solid 

black) and the occipital NAWM (dashed black) were 167 (range, 133–198) and 75 (range, 

62–91), respectively
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Fig. 2. 
Comparison of average MTRasym spectra of the substantia nigra, red nucleus, globus 

pallidus, putamen and caudate for Parkinson’s disease (PD) patients (n=27) and normal 

controls (n=22). In regions of the substantia nigra (a) and red nucleus (b), the CEST effects 

were reduced in PD patients, compared to normal controls. In regions of the globus pallidus 

(c), putamen (d) and caudate (e), the CEST effects, particularly at the offset of 3.5 ppm, 

were increased in PD patients, compared to normal controls. The presence of the nuclear 

Overhauser enhancement effect in the brain upfield from the water resonance caused the 

negative CEST signals observed in the offset range >4.5 ppm in the MTRasym spectra for 

most brain regions [37, 38]. f Comparison of the corresponding average MTRasym(3.5 ppm) 

signal intensities. ** P<0.01, *** P<0.001
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Fig. 3 a. 
FLAIR image and b APT-weighted image of a typical normal control (female; 69 years old). 

c FLAIR image and d APT image of a PD patient (female; 76 years old; H&Y stage 1.5; 

unified Parkinson’s disease rating scale 48). The CEST/APT imaging acquisition protocol 

provided B0 inhomogeneity-corrected, APT-weighted images with sufficient signal-to-noise 

ratios. The APT-weighted intensities in regions of the basal ganglia (white arrow) were 

higher in PD patients than in normal controls. Note the presence of CSF artefacts (black thin 

arrows)
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Fig. 4 a. 
FLAIR image and b APT-weighted image of a typical normal control (female; 59 years old). 

c FLAIR image and d APT image of a PD patient (female; 61 years old; H&Y stage 1.5; 

unified Parkinson’s disease rating scale 53). The APT-weighted intensities in regions of the 

midbrain (white arrow) were lower in PD patients than in normal controls. Note the 

presence of CSF artefacts (black thin arrow)
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Fig. 5. 
Comparison of average total CEST signal intensities (integral of MTRasym spectrum, 

) of the substantia nigra, red nucleus, globus pallidus, putamen and caudate for 

PD patients (n=27) and normal controls (n=22). * P<0.05, ** P<0.01
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Table 1

MTR(15.6 ppm) values (mean±95 % CI) for the substantia nigra, red nucleus, globus pallidus, putamen and 

caudate for PD patients (n=27) and normal controls (n=22)

Substantia nigra Red nucleus Globus pallidus Putamen Caudate

PD 37.4±2.4 37.8±2.6 33.6±2.4 28.3±2.2 27.1±1.8

Normal 37.6±1.4 38.4±1.4 33.3±1.6 27.9±0.8 26.9±1.0

P value 0.514 0.159 0.495 0.179 0.465

MTR(15.6 ppm) was quantified by % water signal intensity
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Table 2

MTRasym(3.5 ppm),  and MTR(15.6 ppm) values (mean±95 % CI) of the frontal NAWM and the 

occipital NAWM for PD patients (n=27) and normal controls (n=22)

Frontal NAWM Occipital NAWM

MTRasym(3.5 ppm) MTRasym
total MTR(15.6 ppm) MTRasym(3.5 ppm) MTRasym

total MTR(15.6 ppm)

PD −0.3±0.1 0.8±0.2 32.9±1.3 −0.1±0.1 1.0±0.2 31.0±0.8

Normal −0.3±0.1 0.5±0.2 33.5±0.4 −0.1±0.1 1.0±0.1 31.5±0.7

P value 0.587 0.091 0.455 0.890 0.493 0.361

 was defined as the integral of the MTRasym spectrum in the range of 0 to 4 ppm. All were quantified by % water signal intensity
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Table 3

Measured MTRasym(3.5 ppm) values (mean±95 % CI) for the substantia nigra, red nucleus, globus pallidus, 

putamen and caudate for normal controls and PD patients at different stages

Normal (n=22) Early stage PD (n=14) Advanced stage PD (n=13) P values

Substantia nigra 1.3±0.2 1.1±0.2 0.8±0.2 0.165, 0.061, 0.001*

Red nucleus 1.1±0.1 1.2±0.2 0.7±0.2 0.587, <0.001*, 0.001*

Globus pallidus 0.5±0.2 1.0±0.1 0.8±0.2 <0.001*, 0.238, 0.021*

Putamen 0.8±0.2 1.1±0.1 1.0±0.2 0.001*, 0.179, 0.087

Caudate 0.7±0.2 1.3±0.1 0.9±0.2 <0.001*, 0.003*, 0.113

MTRasym(3.5 ppm) was quantified by % water signal intensity. The three P values correspond to results between normal controls and early-stage 

PD patients, between early-stage and advanced-stage PD patients, as well as between normal controls and advanced-stage PD patients, respectively

*
Significant change
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Table 4

Measured  values (mean±95%CI) for the substantia nigra, red nucleus, globus pallidus, putamen 

and caudate for normal controls and PD patients at different stages

Normal (n=22) Early stage PD (n=14) Advanced stage PD (n=13) P values

Substantia nigra 3.6±0.4 3.1±0.6 2.0±0.9 0.224, 0.030*, 0.001*

Red nucleus 3.3±0.5 3.7±0.8 2.3±0.8 0.431, 0.008*, 0.030*

Globus pallidus 2.0±0.3 2.6±0.6 2.4±0.5 0.028*, 0.490, 0.158

Putamen 2.6±0.3 3.1±0.4 2.9±0.5 0.044*, 0.392, 0.297

Caudate 2.8±0.2 3.0±0.4 2.7±0.5 0.323, 0.198, 0.648

 was defined as the integral of the MTRasym spectrum in the range of 0 to 4 ppm. The three P values correspond to the results 

between normal controls and early-stage PD patients, between early-stage and advanced-stage PD patients, as well as between normal controls and 
advanced-stage PD patients, respectively

*
Significant change
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