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Abstract

Objective: Accurate diagnosis is particularly challenging in Parkinson’s disease (PD), multiple 

system atrophy (MSAp), and progressive supranuclear palsy (PSP). We compare the utility of 3 

promising biomarkers to differentiate disease state and explain disease severity in parkinsonism: 
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the Automated Imaging Differentiation in Parkinsonism (AID-P), the Magnetic Resonance 

Parkinsonism Index (MRPI), and plasma-based neurofilament light chain protein (NfL).

Methods: For each biomarker, the area under the curve (AUC) of receiver operating 

characteristic curves were quantified for PD versus MSAp/PSP and MSAp versus PSP and 

statistically compared. Unique combinations of variables were also assessed. Furthermore, each 

measures association with disease severity was determined using stepwise multiple regression.

Results: For PD versus MSAp/PSP, AID-P (AUC, 0.900) measures had higher AUC compared 

with NfL (AUC, 0.747) and MRPI (AUC, 0.669), P < 0.05. For MSAp versus PSP, AID-P (AUC, 

0.889), and MRPI (AUC, 0.824) measures were greater than NfL (AUC, 0.537), P < 0.05. We then 

combined measures to determine if any unique combination provided enhanced accuracy and 

found that no combination performed better than the AID-P alone in differentiating parkinsonisms. 

Furthermore, we found that the AID-P demonstrated the highest association with the MDS-

UPDRS (Radj
2–AID-P, 26.58%; NfL,15.12%; MRPI, 12.90%).

Conclusions: Compared with MRPI and NfL, AID-P provides the best overall differentiation of 

PD versus MSAp/PSP. Both AID-P and MRPI are effective in differentiating MSAp versus PSP. 

Furthermore, combining biomarkers did not improve classification of disease state compared with 

using AID-P alone. The findings demonstrate in the current sample that the AID-P and MRPI are 

robust biomarkers for PD, MSAp, and PSP.
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Parkinson’s disease (PD), multiple system atrophy parkinsonian variant (MSAp), and 

progressive supranuclear palsy (PSP) are difficult to distinguish in the early stages because 

of their shared clinical manifestations.1-3 Diagnostic accuracy in early PD (< 5 years 

duration) has been estimated at only 58%, and more than half of the misdiagnosed patients 

have either multiple system atrophy (MSA) or PSP.1,2 These 3 parkinsonisms initially 

present with similar motor and nonmotor features and all share nigrostriatal degeneration; 

however, MSAp and PSP have more widespread neuropathology and neurodegeneration.3,4 

Moreover, accurate diagnosis has important implications for correct prognosis and inclusion 

in clinical trials, and a biomarker to differentiate these parkinsonisms is critical.

Ongoing efforts to directly compare promising biomarkers to assist with diagnosis among 

these neurode-generative parkinsonisms have so far been limited. Plasma-based 

neurofilament light chain (NfL) protein is a potential biomarker for distinguishing PD from 

MSAp and PSP with good diagnostic accuracy, but it has performed poorly when 

distinguishing MSAp from PSP.5 In comparison, the Magnetic Resonance Parkinsonism 

Index (MRPI) is a magnetic resonance imaging (MRI)–based measure incorporating pons, 

midbrain, and cerebellar peduncle ratios to distinguish PSP from other forms of 

parkinsonism; however, it cannot distinguish PD from MSA.6-8 It is possible that combining 

NfL and MRPI could provide a stepwise biomarker for PD, MSAp, and PSP. Recently, the 

Automated Imaging Differentiation in Parkinsonism (AID-P) has been developed and uses 

diffusion MRI across numerous tracts and regions to distinguish PD from MSAp/PSP and 
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MSAp from PSP and could therefore address the limitations of NfL and MRPI measures.9 

To date no study has ever combined or compared these potentially useful biomarkers in the 

same cohort. Thus, the purpose of this study was to evaluate the AID-P, MRPI, and NfL 

measures in differentiating PD from atypical parkinsonism as well as between MSAp and 

PSP in the same cohort and to determine how well these measures associate with disease 

severity. Furthermore, we sought to determine if any combination of these measures was 

robust at differentiating between parkinsonisms.

Methods

Participants

Participants included 39 PD, 17 MSAp, and 16 PSP patients (Table 1). All participants were 

referred from the University of Florida Normal Fixel Institute for Neurological Disease and 

were diagnosed by a movement disorder specialist according to established criteria.10-12 

Disease severity was assessed using Part III of the Movement Disorders Society Unified 

Parkinson’s Disease Rating Scale (MDS-UPDRS III).13 All patients with MSA had the 

parkinsonian subtype. Patients with PSP were also evaluated using the 2017 MDS crtieria to 

determine subtype, and 11 patients with PSP had the Richardson’s syndrome subtype and 

the remaining 5 had parkinsonian PSP.14 We grouped patients with PSP with the 

Richardson’s syndrome subtype and patients with parkinsonian PSP as one group. The 

Montreal Cognitive Assessment was used to assess cognitive function.15 Disease duration 

was defined as the time since the current diagnosis was stable for 36 months on average for 

all groups (Table 1). Although most patients were taking medication, all testing was 

performed 12 to 14 hours after overnight withdrawal of antiparkinsonian medication. The 

total levodopa equivalent daily dose16 and other clinical measures are shown for each group 

in Table 1. The study was approved by the institutional review board at the University of 

Florida, and participant informed consent was obtained.

Structural T1 Acquisition and Preprocessing

T1-weighted images (resolution: 1 mm isotropic, repetition time = 8.2 milliseconds, echo 

time = 3.7 mm, flip angle = 8°, field of view = 240 mm × 240 mm) were acquired in 170 

axial slices using a 3T magnetic resonance scanner (Philips Achieva; Philips Healthcare, 

Andover, MA) and a 32-channel quadrature volume head coil. The MRPI was calculated in 

an automated manner by incorporating the pons (P), midbrain (M), middle cerebellar 

peduncle (MCP), and superior cerebellar peduncle (SCP) areas into a single metric: (P/M)* 

(MCP/SCP).17

Biochemical Collection and Analysis

Plasma NfL concentrations were measured with ultrasensitive single molecule array 

technology. Samples were measured using the commercially available NF-light digital 

immunoassay kit (Quanterix, Lexington, MA). Prior to analyses, plasma samples were 

thawed at room temperature (1 cycle), mixed thoroughly, and centrifuged at 14,000g for 3 

minutes. The supernatant was loaded onto a Quanterix HD-1 Analyzer with a 1:4 specified 

dilution. Measures were completed in duplicate, and the technician was blinded to the 

clinical information.
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Diffusion MRI Acquisition and Preprocessing

Diffusion MRI images (64 directions; b values = 0/1000 s/mm2; resolution: 2 × 2 × 2 mm) 

were collected using the 3T magnetic resonance (Philips Achieva) and a 32-channel 

quadrature volume head coil. Data were preprocessed to obtain free-water (FW) and FW-

corrected fractional anisotropy (FAT) maps and transferred to Montreal Neurological 

Institute space using the Automated Imaging Differentiation in Parkinsonism (AID-P).9 This 

pipeline calculates the FW and FAT in 17 regions of interest and 43 tracts of interest and 

inputs these values into PD versus MSAp/PSP and MSAp versus PSP machine-learning 

models to output a diagnostic probability for each patient. The training dataset for the AID-P 

is the cohort from the original publication, which includes 406 PD, 70 MSAp, and 103 PSP 

patients from 17 international sites.18

Statistical Analysis

All statistical analyses were performed in R (version 3.5.1; R Foundation for Statistical 
Computing, Vienna, Austria). Patient demographics, clinical variables, MRPI, and NfL 

concentrations were compared with an analysis of variance or Welch’s analysis of variance 

in the case of nonparametric variables as determined by Levene’s test. First, we conducted 

receiver operating characteristic (ROC) analyses to determine the diagnostic accuracy of the 

AID-P, MRPI, and NfL measures. For the AID-P, the current sample served as a test sample 

using model weights already established in prior work.18 PD versus MSAp/PSP and MSAp 

versus PSP diagnostic probabilities were obtained by inputting the subject space diffusion 

MRI maps into the AID-P algorithm. We used the outputted probabilities from these 

analyses as inputs into the ROC analysis to determine area under the curve (AUC). For 

MRPI and NfL, the measure of interest as well as age and sex were entered into a binary 

logistic regression analysis to obtain probabilities for each individual, and thus the models 

were fit in the current study sample. The AUC for each combination of variables was 

statistically compared using Delong’s test.19 Next, AID-P, MRPI, and NfL probabilities 

were assessed to determine if they predict the MDS-UPDRS III using forward stepwise 

multiple regression analysis. For the AID-P, measures that are the top 10 measures in both 

the PD versus MSAp/PSP and MSAp versus PSP machine-learning models were included 

(superior cerebellar peduncle FW, dentate nucleus FW, subthalamo-pallidal tract FW, 

descending supplemental motor area tract FW, ventral premotor cortex transcallosal tract 

FW).9 Age and sex covariates were entered into the AID-P model. For NfL and MRPI, the 

variable of interest was inputted in addition to age and sex covariates. Finally, we 

determined if different multimodal combinations of variables (AID-P, MRPI, NfL) were 

superior than unimodal metrics in differentiating PD versus MSAp/PSP and MSAp versus 

PSP. There were 4 different combinations tested: (1) AID-P + NfL + MRPI, (2) AID-P + 

NfL, (3) AID-P + MRPI, and (4) NfL + MRPI. These multimodal models were compared 

with the most significant unimodal models using Delong’s test.

Results

Between-Group Differences

There were no between-group differences in age (P = 0.07), sex distribution (P = 0.06), or 

disease duration (P = 0.21) (Table 1). Total levodopa equivalent daily dose was significantly 
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different between groups (P = 0.023), in which the MSAp and PSP groups had a higher 

levodopa equivalent daily dose than the PD group. There was a significant between-group 

difference in the Hoehn & Yahr stage (P < 0.001), in which the MSAp and PSP groups had 

higher scores than the PD group, and the MSAp group also exhibited higher scores 

compared with the PSP group. The MSAp and PSP groups had higher MDS-UPDRS III (P < 

0.001) than the PD group. Furthermore, the MSAp and PSP groups had lower Montreal 

Cognitive Assessment scores compared with the PD group (P < 0.001). Between-group 

differences were also evaluated in the NfL and MRPI measures, and both measures 

demonstrated a significant effect (P < 0.001). For NfL, the PD group had lower values 

compared with MSAp and PSP. For the MRPI, the PSP group had higher values compared 

with PD and MSAp.

Diagnostic Accuracy of the AID-P, MRPI, and NfL

To evaluate the ability of AID-P, MRPI, and NfL to differentiate different forms of 

parkinsonism, 2 disease-specific models (PD vs. MSAp/PSP and MSAp vs. PSP) were used. 

For the AID-P, FAT and FW values were directly input into previously developed machine-

learning models to obtain group probabilities for each individual. For MRPI and NfL, binary 

logistic regression was conducted (with age and sex covariates) to obtain group probabilities 

for each individual. These probabilities were entered into ROC curve analyses to obtain 

AUCs. For PD versus MSAp/PSP, the AID-P (AUC, 0.900; 95% CI, 0.830–0.971) measures 

were higher (P < 0.05) than the MRPI (AUC, 0.689; 95% CI, 0.537–0.842) and NfL (AUC, 

0.747; 95% CI, 0.626–0.869) measures. For MSAp versus PSP, the AID-P (AUC, 0.889; 

95% CI, 0.765–1.00) and MRPI (AUC, 0.824; 95% CI, 0.664–0.985) measures were higher 

(P < 0.05) than the NfL (AUC, 0.537; 95% CI, 0.326–0.747) measures. All AUC, sensitivity, 

and specificity values are reported in Table 2. The ROC curves for each biomarker (AID-P, 

MRPI, NfL) for each analysis are shown in Figure 1A,D with the corresponding AUC values 

and Delong’s test shown in Figure 1B,E. The FAT and FW differences in the AID-P are 

shown for PD versus MSAp/PSP and MSAp versus PSP in Figure 1C,F, respectively. As the 

MRPI is particularly accurate in distinguishing PSP from PD/MSAp, we conducted AID-P, 

MRPI, and NfL ROC analyses for this comparison. The AID-P (AUC, 0.864; 95% CI, 

0.720–1), MRPI (AUC, 0.886; 95% CI, 0.786–0.987), and NfL (AUC, 0.761; 95% CI, 

0.629–0.894) measures all performed with similar accuracies (all P > 0.05).

AID-P, MRPI, and NfL Association with Disease Severity

The AID-P, MRPI, and NfL measures were used in a forward stepwise multiple regression 

analysis to determine their association with the MDS-UPDRS III in patients with 

parkinsonism. All measures were significantly associated with disease severity. The final 

AID-P model included dentate nucleus FW, subthalamo-pallidal tract FW, descending 

supplemental motor area tract FW, and age. For the MRPI and NfL models, age and sex 

covariates were included in the final models. Figure 1G-I shows the predicted versus actual 

MDS-UPDRS III plots for the AID-P, MRPI, and NfL measures.

Multimodal Diagnostic Accuracy in Parkinsonism

The most significant unimodal diagnostic models were compared to all possible multimodal 

models to determine if the use of several metrics was useful in differentiating between 
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subtypes of parkinsonism. There was a total of 4 different multimodal models that were built 

for the PD versus MSAp/PSP and MSAp versus PSP comparisons: (1) AID-P + NfL + 

MRPI, (2) AID-P + NfL, (3) AID-P + MRPI, and (4) NfL + MRPI. These multimodal 

comparisons were compared with the highest performing unimodal models. For PD versus 

MSAp/PSP, the best performing model (ie, AID-P) was compared with the 4 multimodal 

models. The ROC curves and AUCs with 95% confidence intervals for these models are 

shown in Table 2 and presented graphically in Figure 2A,B. No multimodal model 

performed better than the AID-P model; however, the model with all 3 metrics (Fig. 2B, 

yellow) performed better (P < 0.05) than the model with only MRPI and NfL (ie, “no AID-

P”; Fig. 2B, green). For MSAp versus PSP, the AID-P and MRPI models performed 

similarly and were therefore compared with the multimodal models. All multimodal models 

performed similarly to the unimodal models (all P > 0.05).

Discussion

We assessed the AID-P, MRPI, and NfL in their ability to associate with parkinsonian state. 

The findings indicate that AID-P outperformed both the MRPI and NfL in differentiating PD 

from atypical parkinsonism (MSAp/PSP) and was better than NfL for differentiating 

between MSAp and PSP. Furthermore, the MRPI differentiated MSAp from PSP equally 

well, but did poorly for PD versus atypical parkinsonism. When comparing these unimodal 

models to predict parkinsonian state with models that combined biomarkers, we found that 

overall, there were no differences between the AID-P and any multimodal model in 

differentiating parkinsonisms. In other words, combining NfL and MRPI measures did not 

improve diagnostic accuracy compared with AID-P. In addition, although all biomarkers 

were predictive of disease severity, this study found that the AID-P is more strongly 

associated with the MDS-UPDRS III. This is the first study to compare these 3 biomarkers 

of parkinsonism in the same cohort.

A major benefit of neuroimaging measures is that they allow for the examination of 

pathologically relevant regions of interest in the brain and therefore allow us to target 

vulnerable networks in specific forms of parkinsonism. Although blood-based biomarkers 

that can index neurodegeneration may be easily accessible and less expensive compared with 

neuroimaging biomarkers, they are less specific to these brain networks. In this case, NfL in 

the neuronal cytoplasm plays a particularly vital role in maintaining neuronal structure20 and 

is consequently elevated in disorders with neuronal damage that result in the leaking of NfL 

into cerebrospinal fluid and plasma.21 Moreover, NfL is elevated in the presence of 

neurodegeneration in general, and does not allow us to probe specific networks. Several 

studies have measured cerebrospinal fluid and plasma-based NfL and determined its 

relationship with disease severity in parkinsonism.5,22,23 Here, we replicate these findings by 

showing that the MDS-UPDRS III is associated with plasma-based NfL in this parkinsonism 

cohort. Studies have also sought to determine if NfL is capable of differentiating disease 

state in parkinsonism, and both cerebrospinal fluid and plasma-based NfL have shown some 

promise in differentiating PD from MSAp/PSP. However, NfL has a low to moderate AUC 

when differentiating MSAp from PSP,5,20,22,23 and these findings confirm this prior 

observation.
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An established neuroimaging metric is the MRPI, which is calculated using T1-weighted 

imaging to obtain spatial information from the middle cerebellar peduncle, superior 

cerebellar peduncle, midbrain, and pons to calculate an overall index. This metric has shown 

a strong ability to differentiate PSP from other parkinsonisms, but there has yet to be 

evidence that this metric can differentiate PD from MSA.6-8 In contrast, recent research has 

used advanced diffusion MRI metrics, in conjunction with machine learning, to create the 

AID-P.9 Specifically, advanced neuroimaging techniques were used to partition each voxel 

into a fluid component (ie, FW) and tissue component (ie, FAT) within 17 regions of interest 

and 43 neuronal tracts of interest. The AID-P was developed using a robust machine-

learning algorithm in hundreds of patients from 17 different international sites. AID-P was 

capable of differentiating PD from MSA/PSP and MSA from PSP with high diagnostic 

accuracy (PD vs. MSA/PSP AUC, 0.955; MSA vs. PSP AUC, 0.926).9 In the present study, 

AID-P, MRPI, and NfL were directly compared in their ability to distinguish between 

different forms of parkinsonism. AID-P was found to have higher AUC compared with 

MRPI and NfL measures for differentiating PD from MSAp/PSP. AID-P and MRPI both had 

higher AUC compared with NfL in differentiating MSAp from PSP. Furthermore, we found 

that the AID-P had stronger associations with parkinsonism disease severity than NfL and 

MRPI. A potential reason that the AID-P had a higher AUC for PD versus MSAp/PSP is that 

it captures a more widespread window of neurodegeneration across multiple vulnerable 

brain networks associated with parkinsonism and thus may be more sensitive to disease 

state.

Although the current study directly compared these biomarkers for the first time, there are 

clear limitations in this article. First, these comparisons were conducted in a single cohort, 

and it is possible that not all findings would translate to other cohorts. Second, the sample 

size is a limiting factor for both the imaging and biofluid markers in this study, particularly 

for the PSP and MSAp cohorts. Third, although age and sex differences were not statistically 

significant between groups, they did approach significance and thus were added as 

covariates in the models. Fourth, although we demonstrate that the AID-P, MRPI, and NfL 

measures are associated with disease severity, this was a cross-sectional study and results 

should not be interpreted as longitudinal. Finally, although patients were tested following 

overnight withdrawal from antiparkinson medication, it is possible that medications with a 

longer half-life could have still influenced motor symptoms assessed by the MDS-UPDRS.

Conclusion

In conclusion, the present study evaluated 3 promising biomarkers, the AID-P, MRPI, and 

NfL, in a cohort of patients who were diagnosed by movement disorders specialists and 

followed over time. At the time of imaging, the patients on average had a disease duration of 

3 years or more, suggesting that the clinical diagnosis was stable. The findings show that 

AID-P provides the best overall differentiation of PD versus MSAp/PSP, and both AID-P 

and MRPI are effective in differentiating MSAp versus PSP. Furthermore, no combination of 

these biomarkers performed better than the AID-P alone in differentiating PD from atypical 

parkinsonism. This is the first study to directly compare these 3 biomarkers, and the findings 

in the current sample demonstrate that the AID-P, using non-invasive diffusion MRI, 

provides diagnostic utility in parkinsonism.
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FIG. 1. 
Unimodal prediction of disease state and disease severity using AID-P, MRPI, and NfL. 

ROC curves were created for the AID-P (red), MRPI (orange), and NFL (yellow) measures 

for PD versus MSAp/PSP (A), and the AUC value for each curve was quantified (B). The 

FW (green) and FAT (purple) difference between MSAp/PSP and PD was quantified for the 

top 10 contributors to the AID-P PD versus MSAp/PSP machine-learning model (C). The 

same analyses were repeated for MSAp versus PSP (D–F). Stepwise regression was 

conducted to determine the best set of variables to predict disease severity for AID-P (G, 

red), MRPI (H, orange), and NfL (I, yellow).*Significance at P < 0.05 and error bars 

represent 95% confidence intervals. AID-P, Automated Imaging Differentiation in 

Parkinsonism; aSN, anterior substantia nigra; AUCs, areas under the curve; FAT, FW-

corrected fractional anisotropy; FW, free-water; IFG, inferior frontal gyrus; MSAp, multiple 

system atrophy; MDS-UPDRS III, Part III of the Movement Disorders Society Unified 

Parkinson’s Disease Rating Scale; MRPI, Magnetic Resonance Parkinsonism Index; MSAp, 

multiple system atrophy parkinsonian variant; NfL, neurofilament light chain protein; PD, 

Parkinson’s disease; pSN, posterior substantia nigra; PSP, progressive supranuclear palsy; 

ROCs, receiver operating characteristics; SMA, supplementary motor area; SMATT, 
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sensorimotor area tract template; STN-GP, subthalamic nucleus-globus pallidus; TCATT, 

transcallosal tract template; TPR, true positive rate.
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FIG. 2. 
Multimodal classification of disease state using AID-P, MRPI, and NfL. The best-

performing models from the unimodal analyses were compared to multimodal classification. 

For PD versus MSAp/PSP (A,B), the best unimodal performance was found for the AID-P 

(red). The AID-P measure was compared with a model with all metrics (yellow, AID-P, 

MRPI, and NfL). Each measure was then iteratively removed from the “All” model to create 

3 different bimodal models (green, no AIDP; blue, no NfL; green-yellow, no MRPI). This 

was repeated for the MSAp versus PSP (C,D) comparison in which the unimodal MRPI 

model was included as it performed similarly to the AID-P model. *Significance at P < 0.05 

and error bars represent 95% confidence intervals. AID-P, Automated Imaging 

Differentiation in Parkinsonism; AUCs, areas under the curve; FPR, false positive rate; 

MRPI, Magnetic Resonance Parkinsonism Index; MSAp, multiple system atrophy 

parkinsonian variant; NfL, neurofilament light chain protein; PD, Parkinson’s disease; PSP, 

progressive supranuclear palsy; ROCs, receiver operating characteristics; TPR, true positive 

rate.
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TABLE 1.

Demographics and clinical data

PD MSAp PSP

Sample size 38 17 16

Age, y 64.84 (9.03) 67.71 (9.12) 70.94 (7.77)

Sex, male/female 29/9 12/5 7/9

Disease duration, mos. 48.13 (29.44) 55.47 (35.39) 35.94 (32.14)

Total LEDD
693.32 (259.09)

b,c
448.82 (570.93)

a
429.69 (364.83)

a

Hoehn & Yahr stage
1.92 (0.49)

b,c
3.35 (1.00)

a,c
3.06 (1.18)

a,b

MDS-UPDRS III
28.13 (11.88)

b,c
44.53 (14.45)

a
41.81 (13.87)

a

MoCA
25.50 (2.87)

b,c
21.18 (4.73)

a
21.19 (5.38)

a

NfL
13.30 (6.29)

b,c
27.08 (17.81)

a
26.05 (14.88)

a

MRPI
10.66 (2.60)

c
10.85 (4.90)

c
18.77 (7.01)

a,b

Abbreviations: PD, Parkinson’s disease; MSAp, multiple system atrophy parkinsonian variant; PSP, progressive supranuclear palsy; LEDD, 
levodopa equivalent daily dose; MDS-UPDRS III, Part III of the Movement Disorders Society Unified Parkinson’s Disease Rating Scale; MoCA, 
Montreal Cognitive Assessment; NfL, neurofilament light chain protein; MRPI, Magnetic Resonance Parkinsonism Index.

a
P < 0.05 versus PD.

b
P < 0.05 versus MSAp.

c
P < 0.05 versus PSP.
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