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Background: The diagnosis of Parkinson’s disease (PD) is challenging because the clinical symptoms
overlap with other neurodegenerative diseases. The discovery of reliable biomarkers is highly expected to
facilitate clinical diagnosis. Through the analysis of the 'H magnetic resonance spectroscopy (‘H-MRS)
in the putamen, the purpose of the study was to discuss the possibility of the difference in metabolite
concentrations between the left and right putamen as biomarkers for patients with severe PD.

Methods: We collected '"H-MRS of unilateral or bilateral putamen from 41 patients and used the
independent sample #-test and paired 7-test to analyze 4 metabolite concentrations, including choline (Cho),
total N-acetyl aspartate (tNAA), total creatine (tCr), and combined glutamate and glutamine; Bonferroni
correction was used to correct P values for multiple comparisons. We designed 4 controlled experiments as
follows: (I) PD patients versus healthy controls (HCs) in the left putamen; (I) PD patients versus HCs in the
right putamen; (III) the left putamen versus the right putamen for PD patients; and (IV) the left putamen
versus the right putamen for HCs.

Results: No statistically significant differences (P>0.05) were detected among 4 metabolites in the
ipsilateral and bilateral putamen for the PD and HCs groups, except for tCr in the left putamen (PD
6.426+0.557, HCs 6.026+0.460, P=0.046) for ipsilateral comparisons.

Conclusions: In the bilateral putamen of severe PD patients, there was no statistically significant
difference in the 4 metabolites. The difference (P<0.05) in tCr in the left putamen might be a potential
biomarker to distinguish HCs from severe patients in clinic. This might provide a reference for the clinical
diagnosis and acquisition strategy of 1H-MRS in severe PD.
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Introduction

Parkinson’s disease (PD), which often develops after the
age of 50, is a common neurodegenerative disease (1-4).
PD is regarded as a movement disorder (5), with bradykinesia,
tremor, rigidity, and postural instability as early symptoms,
as well as some non-motor symptoms such as hyposmia,
constipation, memory loss, and sleep disturbances which can
worsen conditions at a later stage (2,6-8). When it comes to
pathological mechanisms, the former mainly results from
the loss of dopaminergic neurons in the substantia nigra
pars compacta (9); however, the latter is associated with the
central and autonomic nervous systems (10). The putamen,
a round structure located at the bottom of the forebrain
(telencephalon), functions well in PD, regulating movements
at different phases (e.g., preparation and execution) and
influencing different forms of learning. Specifically, patients
with PD exhibit dopaminergic neuron degeneration in the
substantia nigra and concurrent reductions in dopamine
levels in the striatum, notably the putamen (11). Although
age as the strongest risk factor for PD (9), followed by other
environmental factors, such as tobacco (12) and pesticides (10),
and even genetic variants have been discussed (13), the cause
of PD remains unclear. Additionally, the diagnosis of PD
faces challenges since PD’s clinical symptoms overlap with
those of other neurodegenerative diseases, and tests and
biomarkers limit the reliable diagnosis at the early stage (2).
Clinicopathological studies using brain bank material from
the UK and Canada suggest that clinicians misdiagnose
approximately 25% of patients (14).

Measuring the metabolic concentrations for PD
with non-invasive and in vivo 'H magnetic resonance
spectroscopy (‘H-MRS) is a valuable way (15,16).
Particularly, 'H-MRS can reflect the conditions of neurons,
myelin integrity, energy metabolism, and metabolically
active neuro-biochemicals (17), showing great potential
in PD diagnosis. Some common metabolites measured by
MRS include the following: (I) choline (Cho). Composed of
glycerophosphorylcholine (GPC) and phosphatidylcholine
(PCh), Cho’s peak shows a disorderly specific increase
or decrease (18,19), by which membrane synthesis and
degradation (20,21) are shown; (II) total NAA (tNAA).
tNAA consists of N-acetyl aspartate (NAA) and N-Acetyl-
aspartyl-glutamate (NAAG). Synthesized in neuronal
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mitochondria (18), NAA is deemed a neuronal marker
of which reduction is associated with neuronal loss and
reduced metabolic activity (18-20,22,23). NAA reduction
has been observed in some brain diseases such as brain
tumor. As a peptide neurotransmitter, NAAG is used in the
nervous system (20); (III) total creatine (tCr). tCr, including
creatine (Cr) and phosphocreatine (PCr), plays a role in
buffering and shuttling energy (20); (IV) Glx [combined
glutamate (Glu) and glutamine (Gln)]. Glx is an important
neurometabolite (18,21,24), the concentration of which can
tend to increase in stroke, epilepsy, and neurodegenerative
diseases (20). According to a study of blood biomarkers for
PD, increased serum metabolic profiles such as Gln indicate
abnormalities in metabolites and the tricarboxylic acid
(TCA) cycle (25).

Earlier studies made great achievements in the diagnosis
of PD with MRS. Some typical work has focused on
distinguishing PD from healthy controls (HCs) in the same
region, with the following findings: (I) A decline in striatal
tCr in the striatal thalamic in patients with PD compared
to HC (26); (II) Significantly low Cr in left basal ganglia
in tremor-dominant PD compared with PD with postural
instability and gait difficulty (27); and (III) It has been found
that the NAA/Cr ratio and Cho/Cr ratio can decrease in
tremor-dominant PD in the bilateral thalamus (28). Other
studies have emphasized different regions: (I) A 'H-MRS
(7T) study on mild to moderate PD studied metabolite
GABA+ in the pons, putamen, and substantia nigra, and
found significance in the pons and putamen (24); (II) The
medulla oblongata, substantia nigra, putamen, and motor
cortex have also been studied before, where only NAA/Cr
in substantia nigra showed significant a difference (29); (ILI)
Another "H-MRS (1.57T) study found significantly different
reductions in NAA/Cr in the putamen (30). However, the
differences between the left and right putamen for patients
with severe PD have remained unclear, which is the main
focus of this work.

Methods
Participants and experimental design

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
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Figure 1 'H-MRS data collection flowchart of the study. The left and right putamen were used as regions of interest and represented by

white boxes to obtain metabolite concentrations of Cho, tCr, Glx, and tNAA of participants. PET, positron emission tomography; MR,

magnetic resonance; MRS, magnetic resonance spectroscopy; Cho, choline; tCr, total creatine; Glx, combined glutamate and glutamine;

tINAA, total N-acetyl aspartate.

approved by the Medical Ethics Committee of the Nanjing
First Hospital, and informed consent was provided by all
participants. We collected 'H-MRS data from April 2021
to May 2022. A flowchart of the single-voxel '"H-MRS
collection process is shown in Figure 1. A radiologist with
10 years of experience placed the region of interest (ROI) in
the participants’ related brain areas to obtain the metabolite
concentrations of Cho, tNAA, tCr, and Glx. The actual
concentration of metabolites was adopted to conduct a
comparative analysis in the study; all data were presented
as mean = standard deviation (SD) in control experiments.
The study involved 41 participants, including 22 patients
with severe PD (12 males and 10 females, age range:
69.36+13.38 years) and 19 HCs (12 males and 7 females,
age range, 42.68+19.15 years). A total of 13 patients with
PD were tested on the bilateral putamen, 5 patients with
PD were tested on the left putamen, and 4 patients with PD
were tested on the right putamen, and 8 HCs were tested
on the bilateral putamen and 11 HCs were tested on the left
putamen with a hybrid 3.0T positron emission tomography
and magnetic resonance (PET/MR) imaging scanner
produced by United Imaging (Shanghai, China).

The specific procedure for PD comprised 2 steps:
(I) The neurologist ascertained whether the patient was
afflicted with Parkinson’s syndrome, namely, bradykinesia
and at least 1 of 2 principal signs which are static tremor
and rigidity. Then, all the core principal signs were
examined using the procedures outlined in the MDS-
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS).
(II) When Parkinson’s syndrome was identified, these
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criteria were used to make a definite diagnosis of PD: (i)
not meeting absolute exclusion criteria; (ii) having at least
2 supportive criteria; and (iii) no red flags such as severe
autonomic dysfunction within 5 years of development.
Reference was made to the Diagnostic Criteria for
Parkinson’s Disease in China (2016) (31), specifically, the
following exclusion criteria: (I) unequivocal cerebellar
abnormalities, such as cerebellar gait, limb ataxia, or
cerebellar oculomotor abnormalities; (II) downward vertical
supranuclear gaze palsy, or selective saccade slowing in
the downward direction; (III) Parkinsonian symptoms
limited to the lower limbs had been present for 3 years or
longer; (IV) unequivocal cortical sensory loss, unmistakable
limb ideomotor apraxia, or progressive aphasia; (V) usual
functional neuroimaging of the presynaptic dopaminergic
system. Supportive criteria included the following: (I) clear
and dramatic positive response to dopaminergic therapy; (II)
existence of levodopa-induced dyskinesia; (III) limb resting
tremor recorded on clinical examination; (IV) the existence
of either olfactory loss or cardiac sympathetic denervation
on metaiodobenzylguanidine scintigraphy. Patients with
clinical disability at Hoehn-Yahr (32) stage III and above
were classified as having severe PD.

Data preprocessing was applied first, and the specific
process was as follows: raw data processing channels
merger, motion correction, phase and frequency alignment,
and eddy current correction. LCmodel (Provencher;
http://s-provencher.com/lcmodel.shtml) was used to
quantify metabolites, and the basis set uses press_te30_3t_
v3, which is generated from measured data and provided
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Figure 2 'H-MRS of bilateral putamen for healthy volunteers and patients. (A,B) The "H-MRS of a volunteer’ left and right putamen,

respectively. (C,D) The "H-MRS of left and right putamen of a PD patient, respectively. MRS, magnetic resonance spectroscopy; PD,

Parkinson’s disease; Cho, choline; tCr, total creatine; Glx, combined glutamate and glutamine; tNAA, total N-acetyl aspartate.

by Provencher (source: http://s-provencher.com/lcm-
basis.shtml). The unsuppressed water spectrum was
used to estimate metabolite concentrations (28), and the
quantification results obtained by LCModel are shown in
Figure 2.

The following 4 control experiments were designed:
(I) PD versus HCs in the left putamen: 18 PD (10 males
and 8 females) and 19 HC (12 males and 7 females); (I)
PD versus HCs in the right putamen: 17 PD (10 males
and 7 females) and 8 HC (4 males and 4 females); (I11)
the left putamen versus the right putamen for PD: 13 PD
(8 males and 5 females); and (IV) the left putamen versus
the right putamen for HCs: 8 HCs (4 males and 4 females).
It should be noted that the final 2 experiments compared
bilateral putamen metabolite concentrations from the same
participant.

'H-MRS parameter setting
'H-MRS was acquired on a hybrid 3.0T PET/MR scanner
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(uPMR790; United-Imaging Healthcare) with a 32-channel
head/neck coil using svs_press sequence, with the following
parameters: repetition time (TR) =2,000 ms; echo time (TE)
=30 ms; flip angle =90°; chemical shift=2.0 ppm; bandwidth
=4,000 Hz/px; orientation=transversal (T); number of
signal-averaged (NSA) =128; volume of interest (VOI)
=10x10x15 mm® (Tuble 1).

Statistical methods

The metabolite concentrations (Cho, tNAA, tCr, and
Glx) determined by 'H-MRS were analyzed using SPSS
statistical software (version 22.0; IBM Corp., Armonk,
NY, USA). Independent sample #-test and the paired #-test
were used to analyze the metabolite concentrations, and
Bonferroni correction was used to correct P values for
multiple comparisons. The independent samples #-test was
employed in the PD versus HCs group in the left and right
putamen. On account of the data pairing, the paired #-test
was used to compare the left and right putamen of the PD
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Table 1 Imaging parameters of 3.0T PET/MR scanner

Parameters Values

TR (ms) 2,000

TE (ms) 30

Flip angle (°) 90
Chemical shift (ppm) 2.0
Bandwidth (Hz/px) 4,000
Orientation Transversal (T)
Number of signal averaged 128

VOI (mm?) 10x10x15
Coil number 32

PET, positron emission tomography; MR, magnetic resonance;
TR, repetition time; TE, echo time; VOI, volume of interest.

and HCs groups. Statistical significance was considered
if P<0.05.

Results

The 4 controlled experiments were designed as follows: (I)
PD versus HCs in the left putamen; (II) PD versus HCs in
the right putamen; (III) the left putamen versus the right
putamen for PD; and (IV) the left putamen versus the right
putamen for HCs. The quantitative results of MRS are
shown in Figure 3.

In the left putamen: PD versus HCs

Compared with the HCs (Table 2), 4 metabolite
concentrations (Cho, tNAA, tCr, and Glx) were higher in
the PD group in the left putamen. As shown in Figure 34
and Table 2, 3 metabolite concentrations (Cho, tNAA, and
Glx) were not statistically different in the PD and HCs
groups. The only metabolite with a statistically significant
difference (P<0.05) was tCr (PD 6.426+0.557, HCs
6.026+0.460, P=0.046).

In the right putamen: PD versus HCs

The results (Table 3) indicated that 2 metabolite
concentrations including Cho and tNAA in the PD group
were lower than those in HCs in the right putamen. As
Table 3 and Figure 3B depict, all metabolite concentrations
were not statistically different in the PD group as well as in

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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HCs (Cho: PD 1.894+0.295, HCs 2.063x0.333, P=0.486;
tNAA: PD 7.049:0.674, HCs 7.198+1.330, P=0.999; tCr:
PD 6.509+0.737, HCs 6.411x0.775, P=0.999; Glx: PD
11.140+2.213, FICs 11.00021.634, P=0.999).

PD: the left putamen versus the right putamen

When it referred to PD’s bilateral putamen, some
distinctions between the left and right putamen were
observed, as displayed in 7able 4 and Figure 3C. Cho and
Glx were higher in the left putamen than those in the
right putamen. However, tCr was found to be lower in
the left putamen than that in the right putamen. All of the
metabolite concentrations were not statistically different
between the left putamen and the right putamen for
PD (Cho: left 2.087+0.248, right 1.868+0.309, P=0.062;
tNAA: left 6.925+0.756, right 6.978+0.607, P=0.999; tCr:
left 6.546+0.528, right 6.459+0.619, P=0.999; Glx: left
12.302+1.710, right 11.122+2.511, P=0.404).

HCs: the left putamen versus the right putamen

Table 5 illustrates that Cho was higher in the left putamen
than it was in the right putamen in the HC group. Besides,
all metabolite concentrations, including Cho, tNAA, tCr,
and Glx, showed no statistical difference in Figure 3D
(Cho: left 2.116+0.226, right 2.063+0.118, P=0.999;
INAA: left 6.699+0.721, right 7.1981.330, P=0.557; tCr:
left 6.078:0.492, right 6.411:0.775; P=0.523; Glx: left
11.431+1.040, right 11.001£1.634, P=0.999).

Discussion

In this study, 4 four metabolites, including Cho, tNAA,
tCr, and Glx, were analyzed using MRS. Compared
with HCs, all metabolite concentrations increased in
the left putamen for the PD group (7uzble 2, Cho: PD
2.026+0.236, HCs 1.834+0.311; tNAA: PD 6.951+0.646,
HCs 6.478+0.831; tCr: PD 6.426+0.557, HCs 6.026+0.460;
Glx: PD 12.087+1.683, HCs 11.250+1.359). Contrastingly,
Cho (Table 3, PD: 1.894+0.295, HCs: 2.063+0.333) and
tNAA (PD: 7.049+0.674, HCs: 7.198+1.330) decreased in
the right putamen in the PD group. These findings were
consistent with those of previous investigations (28,33). In
particular, reduced tNAA might be caused by neuronal loss
or degeneration in PD patients, as well as mitochondrial
dysfunction in the brain. The decreased Cho might be
explained by a relationship between the neurodegenerative
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Figure 3 Box plots of four metabolite concentrations in control experiments. (A) The comparisons in metabolite concentrations between

PD and HCs in the left putamen. (B) The comparisons in metabolite concentrations between PD and HCs in the right putamen. (C) The

comparisons in metabolite concentrations between the left and the right putamen for PD. (D) The comparisons in metabolite concentrations
between the left and the right putamen for HCs. HCs, healthy controls; PD, Parkinson’s disease; Cho, choline; tINAA, total N-acetyl

aspartate; tCr, total creatine; Glx, combined glutamate and glutamine.

Table 2 Comparisons between PD and HC:s in the left putamen

Table 3 Comparisons between PD and HCs in the right putamen

Metabolite ratio PD HCs P value Metabolite ratio PD HCs P value
Cho 2.026+0.236 1.834+0.311 0.083 Cho 1.894+0.295 2.063+0.333 0.486
tNAA 6.951+0.646 6.478+0.831 0.086 tNAA 7.049+0.674 7.198+1.330 0.999
tCr 6.426+0.557 6.026+0.460 0.046* tCr 6.509+0.737 6.411£0.775 0.999
Glx 12.087+1.683  11.250+1.359  0.214 Glx 11.140£2.213  11.000+1.634  0.999

The data were presented as mean + standard deviation. *,
P<0.05 is statistically significant. PD, Parkinson’s disease; HCs,
healthy controls; Cho, choline; tNAA, total N-acetyl aspartate;
tCr, total creatine; Glx, combined glutamate and glutamine.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The data were presented as mean + standard deviation. PD,
Parkinson’s disease; HCs, healthy controls; Cho, choline; tNAA,
total N-acetyl aspartate; tCr, total creatine; Glx, combined
glutamate and glutamine.
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Table 4 Comparisons between the left and the right putamen for PD

Metabolite ratio Left Right P value
Cho 2.087+0.248 1.868+0.309 0.062
tNAA 6.925+0.756 6.978+0.607 0.999
tCr 6.546+0.528 6.459+0.619 0.999
Glx 12.302+£1.710  11.122+2.511 0.404

The data were presented as mean + standard deviation.
PD, Parkinson’s disease; Cho, choline; tNAA, total N-acetyl
aspartate; tCr, total creatine; Glx, combined glutamate and
glutamine.

Table 5 Comparisons between the left and the right putamen for
HCs

Metabolite ratio Left Right P value
Cho 2.116+0.226 2.063+0.118 0.999
tNAA 6.699+0.721 7.198+1.330 0.557
tCr 6.078+0.492 6.411x0.775 0.523
Glx 11.431£1.040  11.001+£1.634  0.999

The data were presented as mean + standard deviation. HCs,
healthy controls; Cho, choline; tCr, total creatine; tNAA, total
N-acetyl aspartate; Glx, combined glutamate and glutamine.

process and defects of cholesterol metabolism in the
plasma membranes of neurons and glial cells and the
myelin membranes (34). We found different trends in the
concentrations of metabolites in the left and right putamen,
which may be due to the asymmetry of the bilateral
putamen (30).

The independent samples z-test was used to compare
the differences in metabolite concentrations in the
ipsilateral putamen between the PD and HC groups.
The results indicated that both Cho and tNAA increased
in the left putamen whereas they decreased in the right
putamen, showing opposite trends in the PD and HCs
groups, and 3 metabolites concentrations (Cho, tNAA,
and Glx) had no significant difference (7Table 2 and Tuble 3).
There was 1 metabolite concentration tCr that was
statistically significant in the left putamen (Table 2, tCr:
PD 6.426+0.557, HCs 6.026+0.460, P=0.046) between
the PD group and HCs rather than in the right putamen
(Table 3, tCr: PD 6.509+0.737, HCs 6.411+0.775, P=0.999).
Opverall, when comparing the PD and HCs groups, both
left and right putamen showed approximately the same
statistical regularity, namely, no significant difference for

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Qu et al. Comparative study of bilateral putamen for PD by 'H-MRS

3 metabolites (Cho, tNAA, and Glx). The tCr may be a
potential biomarker when MRS is used to identify patients
with severe PD.

As shown in Tuble 4 and Table 5, the paired z-test was
adopted to test whether some metabolite concentrations
might exist in statistical differences in the bilateral putamen
between the PD and HCs groups. When it comes to
metabolite concentrations in the bilateral putamen, higher
metabolite concentrations including Cho, tNAA, and Glx
in the left putamen for the PD group (7able 4, Cho: left
2.087£0.248, right 1.868+0.309; tNAA: left 6.925£0.756,
right 6.978+0.607; Glx: left 12.302+1.710, right
11.122+2.511) were observed, whereas the sole metabolite
Cho was elevated in the left putamen for the HCs group
(Table 5, Cho: left 2.116+0.226, right 2.063+0.118). tNAA
was used as a potential biomarker for the diagnosis of PD,
and its concentration was similar in bilateral putamen in the
PD group (1able 4, left: 6.925£0.756 right: 6.978+0.607),
suggesting that the acquisition of either the left or right
putamen might not result in significant changes in
tNAA (35). Besides, for the PD group, 4 concentrations
including Cho, tNAA, tCr, and Glx showed no significant
difference in the bilateral putamen (7able 4, Cho: P=0.062;
{NAA: P=0.999; tCr: P=0.999; Glx: P=0.404), which was
consistent with the findings of the bilateral lentiform
nucleus, midbrain, white matter of frontal lobe, and
hippocampus without significant changes (35). This may
be due to bilateral striatal neuronal damage in patients with
severe PD, which manifests as bilateral limb movement
involvement (32,36). Similarly, the HCs group showed
the same results, for which all metabolite concentrations
had no statistically significant difference (7able 5, Cho:
P=0.999; tNAA: P=0.557; tCr: P=0.523; Glx: P=0.999). The
conclusions indicated that there was no statistical difference
in bilateral putamen in patients with severe PD.

There were some highlights distinguishing our work
from earlier studies. First, unlike most previous studies
that used stable Cr as the denominator of metabolite
ratios (21), our work adopted actual concentrations for
control experiments since tCr was found to be variable in
PD (Table 2 and Table 3, left putamen: 6.426+0.557, right
putamen: 6.509+0.737), which might reduce the analysis
error. This might also provide an effective analysis strategy
for the diagnosis of PD using MRS on the putamen
in the future. Additionally, we studied the metabolite
concentration differences in bilateral putamen of PD
patients whereas others had focused on single or multiple
regions where the putamen was seldomly analyzed between
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the PD and HC groups. Although there existed some
bilateral studies, the regions were substantia nigra, thalamus,
and so on, rather than putamen. To our knowledge, no
other work has involved studies of bilateral differences in
the concentration of metabolites in the putamen.

Some limitations were noted in the study. First, some
advanced MRS quantification techniques which might
increase the accuracy of MRS analysis were not adopted.
Specifically, previous research has recommended the semi-
adiabatic LASER sequence, which can overcome some
limitations such as localization error (37). Besides, the
built-in macromolecule was used instead of the measured
macromolecule, which might have led to minor bias in some
metabolites. In future work, one could try to use measured
mobile macromolecules, which not only reduce bias but
also serve as biomarkers for certain diseases (38). Finally,
the sample size of HCs should be increased to statistically
match that of PD.

Conclusions

To discuss the possibility of the difference in metabolite
concentrations between the bilateral putamen as biomarkers
in severe PD patients, 4 controlled experiments were
designed. The results showed that no statistically significant
differences existed among all metabolite concentrations
(Cho, tNAA, tCr, and Glx) in the ipsilateral and bilateral
putamen for the PD and HCs group (P>0.05), except for
tCr (P<0.05) in the left putamen for ipsilateral comparisons.
Therefore, in the bilateral putamen of severe PD patients,
there was no statistically significant difference in the
4 metabolites (Cho, tNAA, tCr, and Glx). The difference in
tCr in the left putamen might be a potential biomarker to
distinguish HCs from severe patients clinically. This might
provide a reference for the clinical diagnosis and acquisition
strategy of 'H-MRS in severe PD.
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