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Editorial on the Research Topic
 Measurement Tools for Clinical Assessment, Characterization and Neurorehabilitation of Parkinson's Disease




INTRODUCTION

As editors of this Research Topic on Measurement Tools for Clinical Assessment, Characterization and Neurorehabilitation of Parkinson's Disease, we are delighted to introduce the final collection of papers featured in this Research Topic.

In recent years, a wide variety of measurement tools have been developed for assessing motor and non-motor manifestations of Parkinson's disease (PD). Rater-based interviews and patient self-assessments provide an approximation to subjective and non-observable aspects of PD. The goal of this Research Topic is to offer a review on the recent advances in subjective and objective measurement tools for clinical assessment, characterization and neurorehabilitation of PD.

The topic is divided into four broad categories. The first one covers methodological studies on the psychometric properties of rating scales and questionnaires for clinical assessment, characterization and neurorehabilitation of PD. The second category comprises studied on validation of digital endpoints for clinical assessment, characterization, and neurorehabilitation of PD. The third category included studies on new developments and application of subjective and objective tools. Lastly, the fourth category is related to studies about the responsiveness and interpretation of change of measurement tools.

The final collection is comprised of 20 high-quality papers including 11 original research manuscripts, four systematic reviews, one review, and four brief research reports.



STUDIES ON METHODOLOGICAL ISSUES

Concerning non-motor aspects of PD, Fleury et al. presented a new scale to assess embarrassment and shame of people with PD. The SPARK scale, validated in a sample of 102 PD patients, provides valid and reliable data that may be of great usefulness to assess the social impact of PD.

Cognitive impairment is a common disabilitating non-motor PD, and two Spanish teams presented results from their research that can guide diagnosis and treatment. Specifically, the study by Horta-Barba et al. shows that, in a sample of 114 PD patients and 41 healthy controls, encoding and retrieval deficits are an important characteristic of mild cognitive impairment in PD patients, and it is associated with damage in specific brain areas. According to the study by Simon-Gozalbo et al., cognitive impairment in PD is associated with a more advanced disease stage and impact in psychosocial and quality of life outcomes.

Smell deficits and anosmia is one of the most common non-motor symptoms in PD, and could precede the onset of the motor symptoms. Zhao et al. explored the discriminatory power of the olfactory tests for the early diagnosis of PD, using Sniffin' Sticks test. The use of the identification domain test alone for assessing olfactory deficits in PD has great implications for clinical practice and research.

Gan et al. have studied the prevalence and clinical features of freezing of gait (FOG) in a sample of 838 PD patients. This study highlights the need of regularly assess gait and balance in PD patients, optimize the pharmacological treatment and implement early gait rehabilitation training.



STUDIES ON DIGITAL ENDPOINTS

In 16 consecutive patients, Béreau et al. showed that the software model was of limited use and results favored the clinical testing to select stimulation parameters. A review of technology-enabled care in PD presents it as a field with a lot of potential to provide comprehensive care and reduce health inequalities, although it also faces some challenges, such as the lack of standards of validation (Luis-Martínez et al.). An example of telerehabilitation intervention is provided by Isernia et al. with promising results.

A study by Wang et al. indicates that PD developed from essential tremor has specific characteristics, such as the presence of hyposmia and electrophysiological biomarkers, including postural tremor frequencies and amplitudes. In the treatment of PD, subthalamic nucleus deep brain stimulation requires determination of thresholds that can be clinically or software-guided.



STUDIES ON NEW DEVELOPMENTS

The issue contains studies on new developments and application of subjective and objective tools. Temporiti et al. shares a systematic review on the Action Observation Therapy (AOT) based on the mirror neuron system. Overall, seven studies were included revealing that AOT is effective in improving walking ability, freezing of gait and bradykinesia. Nevertheless, study heterogeneity should be considered.

Sanderson et al. address the use of goal-directed tablet-based task to characterize the motor features of PD. The authors developed a touchscreen tablet-based motor task with continuously-moving target designed to capture goal-directed movement. Their tablet-based task and analysis protocol correlated strongly with expert clinical assessments using the MDS-UPDRS-III.

Knudson et al. provide a study aimed at comparing objective and subjective measures using the tool Parkinson's KinetiGraph (PKG). They included 34 patients who wore the PKG for 6 days during the normal daily activities and then used the data collected to build a regression model to predict the MDS-UPDRS II score achieving a significant correlation.

This section includes three papers on potential biomarkers. Ohmichi et al. assessed caffeine concentrations in serum and plasma as a potential blood-based biomarker for PD. They included persons with PD, persons with other parkinsonism, and healthy controls. They found decreased blood concentrations of caffeine in PD compared to controls with a similar trend in the multiple system atrophy group, which warrants further study.

Maycas-Cepeda et al. assessed the role of amimia as a potential marker of other motor and non-motor features of the disease. They included 75 persons with PD and correlated their UPDRS sub scores. They report that amimia correlates with axial symptoms and cognitive situations in PD.

Ramezani et al. analyzed the association between the p.Val66Met, a polymorphism in the BDNF gene, and mild behavioral impairment. Met carriers had a 2-fold likelihood of having mild behavioral impairment than Val carriers suggesting this allele is associated with a higher neuropsychiatric burden in PD.



STUDIES ON RESPONSIVENESS AND INTERPRETATION OF CHANGE

Finally, a group of papers focused on studies about the usefulness, responsiveness, and interpretation of change, due to either time or treatment, of measurement tools used in clinical assessment and characterization and neurorehabilitation of PD.

Wang et al. analyzed how deep brain stimulation (DBS) modulates the intraoperative neuromuscular pattern of resting tremor in 39 PD patients. They identified three intraoperative biomarkers that allow to quantify and predict the efficacy of DBS in PD patients with resting tremor in a quick and efficient way.

Balance dysfunction in PD is usually not respondent to pharmacological or surgical treatment. Hasegawa et al. have assessed the efficacy of a specific intervention for balance deficits, using objective (wearable sensors) and clinical and subjective measures. The authors recommend the use of the objective measures for assessing the efficacy of exercise in improving the balance deficits.

The study of the changes in echogenicity in brainstem raphe (BR) detected by transcranial parenchymal sonography (TCS) and their association with motor and non-motor symptoms in PD patients is the aim of the work by Bei et al. Their findings support the hypothesis of a pathogenetic link between depression and, combined with substantia nigra hyperechogenicity, might be useful to detect individuals at risk for developing PD.

The ability of neurovestibular laboratory tests to predict future falls in patients with PD or atypical parkinsonism (AP) was explored by Venhovens et al. Accurate determination of the risk factor of falls could reduce their incidence and the associated disease burden. Cervical and ocular vestibular evoked myogenic potentials (VEMP) combined with clinical tests for postural imbalance predicted future fall incidents in both PD and AP groups with a sensitivity of 100%.

Bouça-Machado et al. paper aimed at identifying which kinematic and clinical outcomes changes predict functional mobility (FM) changes in PD patients as a result of a specialized multidisciplinary program. These findings support the use of kinematic outcome measures to evaluate the efficacy of multidisciplinary interventions for FM in PD patients.



CONCLUSIONS

In this collection of articles, authors have presented important developments and applications in objective and subjective measurement tools for PD. The development of new treatments for PD requires reliable and sensitive measurements of patients' health status and abilities of daily living. Validated rating scales and questionnaires are being adapted to digital devices that allow a constant monitoring of the clinical condition. Mobile or residential technology is implemented for remote assessment of health-related parameters or for rehabilitation purposes, and digital endpoints are being used in clinical trials. This field of research is constantly evolving and we will see further advances in the future.
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Introduction: Deep brain stimulation (DBS) is an effective therapy for resting tremor in Parkinson's disease (PD). However, quick and objective biomarkers for quantifying the efficacy of DBS intraoperatively are lacking. Therefore, we aimed to study how DBS modulates the intraoperative neuromuscular pattern of resting tremor in PD patients and to find predictive surface electromyography (sEMG) biomarkers for quantifying the intraoperative efficacy of DBS.

Methods: Intraoperative sEMG of 39 PD patients with resting tremor was measured with the DBS on and off, respectively, during the intraoperative DBS testing stage. Twelve signal features (time and frequency domains) were extracted from the intraoperative sEMG data. These sEMG features were associated with the clinical outcome to evaluate the efficacy of intraoperative DBS. Also, an sEMG-based prediction model was established to predict the clinical improvement rate (IR) of resting tremor with DBS therapy.

Results: A typical resting tremor with a peak frequency of 4.93 ± 0.98 Hz (mean ± SD) was measured. Compared to the baseline, DBS modulated significant neuromuscular pattern changes in most features except for the peak frequency, by decreasing the motor unit firing rate, amplitude, or power and by changing the regularity pattern. Three sEMG features were detected with significant associations with the clinical improvement rate (IR) of the tremor scale: peak frequency power (R = 0.37, p = 0.03), weighted root mean square (R = 0.42, p = 0.01), and modified mean amplitude power (R = 0.48, p = 0.003). These were adopted to train a Gaussian process regression model with a leave-one-out cross-validation procedure. The prediction values from the trained sEMG prediction model (1,000 permutations, p = 0.003) showed a good correlation (r = 0.47, p = 0.0043) with the true IR of the tremor scale.

Conclusion: DBS acutely modulated the intraoperative resting tremor, mainly by suppressing the amplitude and motor unit firing rate and by changing the regularity pattern, but not by modifying the frequency pattern. Three features showed strong robustness and could be used as quick intraoperative biomarkers to quantify and predict the efficacy of DBS in PD patients with resting tremor.

Keywords: Parkinson, DBS, efficacy quantifying, resting tremor, EMG


INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by certain typical motor symptoms: resting tremor, rigidity, and bradykinesia (1–3). In recent years, deep brain stimulation (DBS) has been established as an effective treatment for PD, especially for the motor symptoms. DBS modulates the basal ganglia circuits through high-frequency electrical stimulation (4). The most commonly used and approved targets for PD-DBS include the subthalamic nucleus (STN), the globus pallidus internus (GPi) and the ventral intermediate (VIM). Other DBS experimental targets include the pedunculopontine nucleus (PPN), nucleus of the thalamus, the caudal zona incerta (cZI), centromedian, and parafascicular nuclei (CMPf) (5, 6). Neurosurgeons and the neurologist together choose the optimal targets according to the symptoms that primarily affect the patient's life and how the patient responded to DBS therapy. To achieve optimal stimulation efficacy, the targets for some patients would be changed one, two, or even more times with rescue or replacement operations or with repeat multiple-pass mapping through the use of microelectrode recording during the DBS testing stage (7–9). Furthermore, the currently established evaluation methods for DBS efficacy mostly depend on the neurosurgeon's or neurologist's experience, intraoperative patients' self-response, and post-operative assessment of a clinical scale (UPDRS, Unified Parkinson's Disease Rating Scale) (10, 11). Two major weak points of this evaluation system are the subjectivity of symptom assessment and the time delay before the surgery for target replacement (7, 12). Therefore, an intraoperative and objective evaluation method is crucial for determining the efficacy of DBS in PD patients with resting tremor.

More and more studies have indicated that PD patients show aberrant kinetic functioning patterns of discharge in motor units (MUs), which can be measured by surface electromyography (sEMG) (13–17). sEMG signals are usually considered as an accumulation effect of activated MUs under the electrodes and are often used to evaluate the activity of the neuromuscular system. Therefore, sEMG enables the objective quantification of neuromuscular function and movement and could be adopted as a biomarker to assess the disrupted neuromuscular system in PD patients and even the treatment effect of DBS and drugs (14). As previous studies have reported, DBS might exert its therapeutic action through altering sEMG characteristics like amplitude, duration, domain tremor frequency of muscular burst, rhythmicity or regularity, and tremor-electromyogram coherence (18, 19). However, all of these quantitative metrics are measured a long time after DBS operation and not during the operation. Therefore, no intraoperative biomarker for quantifying and predicting the efficacy of DBS in PD patients with resting tremor is available.

The purpose of the current study is to investigate how and to what extent the neuromuscular pattern of resting tremor in PD patients could be modulated by intraoperative DBS through measuring sEMG characteristics. Furthermore, given the lack of quick biomarkers, we also aimed to explore robust sEMG biomarkers for quantifying and predicting intraoperative DBS efficacy.



SUBJECTS AND METHODS


Study Subjects

As one of the three cardinal clinical symptoms in PD, resting tremor is the most common symptom and the easiest to observe. It is also the symptom that responds the most rapidly to DBS treatment and is easy to observe, usually within several seconds to a few minutes. In contrast, the effects of DBS treatment on rigidity and bradykinesia are more difficult to observe. Both should be evaluated over the long term with regular DBS programming and are not easy to assess quickly during the operation (17, 20). Therefore, resting tremor could be a suitable clinical symptom for measuring the acute effects of the intraoperative DBS treatment. Furthermore, good tremor control is also the minimum aim for DBS in PD patients.

In the current study, we included PD patients with visible resting tremor as study subjects. Thirty-nine patients (22 male and 17 female; aged 60.51 ± 8.96 years, mean ± SD) with visible resting tremor were enrolled in the study. The patients were evaluated by a multidisciplinary team at Beijing Tiantan Hospital, as shown in Table 1. The diagnosis of advanced PD was based on clinical criteria (21, 22). Informed written consent was obtained from all patients, and all procedures were approved by the ethics committee and the neuromodulation committee at Beijing Tiantan Hospital.


Table 1. Demographic and clinical information of patients.

[image: Table 1]

The DBS surgical procedures were performed in three stages (23): the (i) electrode implantation stage, (ii) quick testing stage, and (iii) implantable pulse generator (IPG) implantation stage. For the first stage (i), the electrodes were implanted under local anesthesia using the Leksell Stereotactic System (Elekta Instrument AB, Sweden). Intraoperative single-unit recordings were used to localize the motor subregion of the chosen target. Permanent quadripolar electrodes (3,387 Medtronic, Minneapolis, MN, USA for the GPi and 3,389 Medtronic, Minneapolis, MN, USA for the STN) were positioned in the motor subregions of the respective stimulation targets. We then performed the intraoperative quick testing stage (ii) to examine the efficacy of DBS treatment. Usually, we adopted an initial DBS programming setting of voltage (0.5 V), frequency (130 Hz), and pulse width (PW 90 μs). The frequency and the pulse width were fixed, and the voltage was increased to 5 V with a step size of 0.1 V until the optimal balance between symptom control and side effects was achieved. Two DBS-experienced neurologists evaluated the quick intraoperative clinical efficacy of DBS stimulation. Once satisfactory efficacy was achieved, the third stage (iii) was started. Otherwise, the stimulation coordinates of the targets were modified (or other targets were tested). For the third stage, the electrodes were connected to an IPG implanted in the subclavicular area under general anesthesia. After that, post-operative CT was performed to exclude intracranial hemorrhage and to verify the exact location of the electrodes through the fusing of the CT images with the preoperative MR images. The IPG was turned on 1 month after the operation, and DBS programming was followed. All post-operative adjustments of DBS parameter settings were performed while subjects were in an off-medication state.



sEMG and Clinical Outcome Measurements

During the second stage (ii) of intraoperative testing, the sEMG was recorded using a Nicolet multiparameter electrophysiological instrument (Nicolet Corporation, Madison, Wisconsin, USA) with a sampling rate of 512 Hz. Bipolar electrodes (one over the belly of the muscle and one for the tendon with an at least 3 cm inter-electrode spacing) were attached to the limbs with obvious tremor symptoms using disposable Ag/AgCl electrodes as described in previous studies (12, 17): the extensor digitorum and the flexor digitorum superficialis for the forearms and the tibialis anterior muscle and the gastrocnemius muscle for the lower legs.

During all phases of sEMG recording, the patients' extremities with tremor were kept in an absolutely relaxed and resting position, fully supported against gravity. Continuous sEMG data were measured at two time-points during the quick testing stage (ii). The first one was the baseline (DBS-off state, after DBS lead implantation) sEMG data and was recorded before the DBS was turned on, when the lead reached the pre-planning stimulation position. The second time point was the stimulation-on (DBS-on) sEMG data. The patient's symptoms changed when the stimulation voltage was increased. Once a satisfactory therapeutic effect was achieved and reported via the intraoperative patient's self-response and observation, rapid motion activity, or the neurologists' experience and when resting tremor could not be evoked by limb movements, the programming parameter setting was fixed. Then the patient's second sEMG was recorded. At least 60 s of stable sEMG was recorded for each trial.

The patients' clinical outcomes were assessed using the motor section (part III) of the Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) (10) and the tremor subscale (item 15–18) of the MDS-UPDRS 1 month after the DBS surgery when the stimulator was turned on. All the clinical outcomes were evaluated in the off-medication state.



Pre-processing of Signals and Feature Analysis

The sEMG data were pre-processed before feature computations. Briefly, all sEMG signals of PD patients were first visually inspected by two experienced sEMG experts to remove non-resting motor-related signals with high peaked artifacts. Second, the sEMG signal was band-pass filtered between 20 and 200 Hz with a self-adapting-order Butterworth filter. As recommended in previous studies (24), the sEMG signals were segmented into small 1 s segments and the features were averaged across all segments, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. sEMG signal pre-processing diagram. (A) sEMG data recording with DBS-on and DBS-off. (B) Filtered signals between 20 and 200 Hz. With respect to the resting tremor (RT) burst detection, the filtered signals were full-wave rectified (C) and enveloped (D). (E) Twelve features were analyzed based on pre-processed sEMG signals.


For the tremor burst detection, the pre-processed sEMG signals were full-wave rectified to increase the signal-to-noise ratio (24). Since tremor was driven by rhythmic MU spike firing, the traditional Fourier-transform based methods were limited to extracting the burst signals directly (25, 26). Here, we adopted the Matlab built-in envelop function to detect the tremor burst, which searched for the root-mean-square envelopes of input signals, as shown in Figures 1, 2.


[image: Figure 2]
FIGURE 2. Example dynamic changes in the sEMG signal during DBS operation. (A) Raw sEMG data during the DBS-off, DBS-on, and DBS-shutdown phases. (B) Time-frequency analysis of the pre-processed sEMG signal. (C) Resting tremor (RT) burst detection, showing a peak frequency of 4.88 Hz and peak frequency power [Peak(f)PSD] of 32.76 dB. As shown, this case has a typical resting tremor frequency of 4.88 Hz. With intraoperative DBS on, time-frequency analysis demonstrated that the amplitude or power of resting tremor was obviously decreased.


The following time-domain and frequency-domain features were measured from the pre-processed sEMG signals [the feature formulae have been described in detail in previous studies (27, 28)]. All signal analyses were performed using MATLAB (Math Works, Natick, MA, USA).

Time domain:

• Weighted Root Mean Square (wRMS): RMS value for each second (segment)

• Modified Mean Absolute Value (MMAV1 and MMAV2): estimated the mean absolute value of the sEMG

• Waveform Length (WL): measured the cumulative length of the waveform over the segment

• Zero Crossings (ZC): measured the times the waveform crosses zero, namely the number of times when the waveform changes its sign

• Slope Sign Changes (SSC): also measured the number of times the slope changed its sign

• Sample Entropy (SampEn) (14): measured the degree of rhythmicity or regularity of the sEMG signal, a measure of the time-dependent structure of the signal.

Frequency domain:

• Peak Frequency [Peak(f)]: measured the dominant peak frequency of the tremor burst based on P-welch estimation

• Peak Frequency Power [Peak(f)PSD]: measured the power spectral density of the Peak frequency based on P-welch estimation

• Median Amplitude Power (MDP): measured the median amplitude spectrum in each segment

• Mean Amplitude Power (MNP): measured the mean amplitude spectrum in each segment

• Frequency Ratio (FR): the ratio of the lowest frequency in a segment to the highest frequency in the segment.

The above-described 12 features (27) can be divided into three categories; those that measured the frequency [Peak(f), MU firing rate (FR, ZC, SSC)], the amplitude or power [wRMS, MMAV1, MMAV2, Peak(f)PSD, WL, MDP, MNP], or the regularity (SampEn) of the sEMG signal.



Statistical Analysis

The basic characteristics and clinical outcome scores of PD patients were described as mean ± standard deviation (SD). The improvement rate (IR) was calculated between pre-operative scores and each post-operative follow-up as [100 [post-operative scores—pre-operative scores]/pre-operative scores]. Paired-T-tests were used to determine whether there was a significant difference between the clinical scale scores and sEMG features at baseline and stimulation-on. The robustness and inter-relationship between features were evaluated by co-correlation analysis based on Spearman correlation. Spearman correlation analysis was also employed to identify sEMG features associated with the tremor sub-scale of MDS-UPDRS.

The selected features that showed significant association with the tremor sub-scale of MDS-UPDRS were then used to create a machine-learning-based prediction model to predict the clinical tremor improvement with acute DBS stimulation. In general, datasets were divided into training sets and testing sets, which were optimized by a cross-validation algorithm using a leave-one-out cross-validation (LOOCV) iteration procedure to protect against model overfitting through partitioning of the data into folds (29–31). We then correlated the predicted values to the real IR of UPDRS-t and examined the correlation coefficient (r-value) and its significance. Furthermore, the significance of the prediction model established was tested through permutation testing (1,000 times). In brief, the PD patients' IR values of UPDRS-t were randomly permuted 1,000 times, and we compared the obtained r-value at each iteration with the true predictive r-value (true r-value). The number of permutations achieving a greater value than the true r-value was used to derive a P-value.

The statistical significance threshold was fixed at p < 0.05. Statistical analysis was performed with IBM SPSS (version 20.0; SPSS Inc, Chicago, IL, USA) and MATLAB (Math Works, Natick, MA, USA).




RESULTS


Demographic Results

The demographic characteristics of the PD patients are described in Table 1. The course of the patients' disease was 8.26 ± 6.17 years, and most patients were in Hoehn-Yahr stage 2.5 (14/39) or 3 (19/39). At the time of the surgery, patients were 60.51 ± 8.96 years old. Thirty-five patients were stimulated at the STN and four patients at the GPi, as described in Table 1.



Clinical Outcome

As measured by MDS-UPDRS (part III), the total motor score (off-medication UPDRS-III) was 63.42 ± 17.85 before the DBS stimulation, and the DBS-off sub-scale of the tremor part (off-medication UPDRS-t, items 15–18) was 15.60 ± 5.13 (mean ± SD). With stimulation on, the scores were significantly reduced to 31.19 ± 14.35 (UPDRS-III) and 3.71 ± 2.18 (UPDRS-t), respectively. For UPDRS-III, the improvement rate was 0.52 ± 0.15 (p < 0.0001), and for UPDRS-t, the improvement rate was 0.76 ± 0.15 (p < 0.0001), as described in detail in Table 2.


Table 2. Clinical scores and EMG features between intraoperative DBS-off and DBS-on in PD patients.

[image: Table 2]



sEMG Features

Except for peak frequency (p = 0.7064), the intraoperative sEMG features were significantly changed during intraoperative DBS-on, as shown in Table 2 and Figure 3. Compared to the baseline, as to the amplitude or power-related features, wRMS, MMAV1, MMAV2, Peak(f)PSD, WL, MDP, and MNP all showed decreased values after DBS stimulation, indicating that DBS stimulation controlled the resting tremor through suppressing the aberrant tremor amplitude. For the regularity analysis, SampEn was significantly (p < 0.01) increased from 0.64 ± 0.30 (DBS-off) to 1.12 ± 0.40 (DBS-on), which demonstrated that the DBS-off regular (pathological) signals were restored to more random (normal) signals after intraoperative DBS stimulation.


[image: Figure 3]
FIGURE 3. sEMG signal feature analysis between intraoperative DBS-off and DBS-on. (A) Features of the frequency domain and (B) features of the time domain. As shown, except for the feature of peak frequency (p = 0.7064), the features changed significantly with intraoperative DBS-on. Compared to the baseline (DBS-off), in the frequency domain, Peak(f)PSD, MDP, MNP, and FR all showed significantly decreased values after DBS stimulation. In the time domain, wRMS, MMAV1, MMAV2, WL, ZC, and SSC were significantly decreased as well. For the regularity analysis, the SampEn value was significantly increased with DBS-on.


For the features measuring the frequency characteristics (Peak(f), FR, ZC, and SSC), Peak(f) was used to assess the resting tremor frequency. The remaining features (FR, ZC, and SSC) were adopted to examine the related characteristics of the MU firing rate. Here, the detected resting tremor Peak(f) was 4.93 ± 0.98 Hz at the baseline (DBS-off) with a non-significant change with DBS stimulation (4.77 ± 2.81 Hz, p = 0.71). However, the features of FR, ZC, and SSC were significantly changed by DBS treatment. Tremor results from the accumulation effects of activated MUs. Therefore our results indicate that DBS only reduced the firing rate of the MUs but could not totally disrupt the pathological synchronization of the resting tremor in the MUs (i.e., DBS could not change the resting tremor frequency immediately or during the operation time without enough programming and stimulation time).



Correlation Analysis of sEMG Features and Clinical Scales

To test the robustness or reduce the redundancy or overlapping effects of sEMG features and find inter-relationships between features, we performed a co-correlation analysis between sEMG features. Briefly, 11 significant features were correlated “feature to feature” through Spearman correlation, as described in Figure 4. The feature of wRMS significantly correlated with all of the remaining 10 features. As described in Figure 4, Peak(f)PSD, WL, and ZC had nine correlated features. However, FR only significantly correlated with three features. The features wRMS, Peak(f)PSD, WL, and ZC might contain more components of other features and might contribute a higher accuracy as EMG biomarkers, as they could be interpreted as more comprehensive. In contrast, FR, MNP, and the other features correlated with fewer remaining features, which might reflect more “specific” roles in the sEMG characteristics, which cannot be explained and replaced by the “comprehensive” features.


[image: Figure 4]
FIGURE 4. Co-correlation analysis between significant sEMG signal features. (A) Combined correlation R-map under the threshold of p < 0.05 (without multiple correction). The value in the matrix indicates the significant correlation R-value with inter-feature Spearman correlation. (B) Example co-correlation analysis between feature ZC and Peak(f)PSD. (C) The upper triangular matrix represents the raw correlation R map, and the lower triangular matrix demonstrates the raw correlation P map. As shown, wRMS has 10 co-correlated features. Peak(f)PSD, WL, and ZC have three co-correlated features. SSC, MMAV1, MMAV2, and MDP have eight co-correlated features. SampEn, MNP, and FR have seven, five, and three co-correlated features, respectively.


It is well-established that feature reduction and selection is a very important procedure of model estimation for machine learning (32). To further explore the validity of all 12 sEMG features and find the most effective intraoperative biomarkers for quantifying the efficacy of DBS, we also performed correlation analysis between the improvement rate of the 12 sEMG features and the improvement rate of UPDRS-t. As described in Figure 5, Peak(f)PSD (R = 0.37, p = 0.03), wRMS (R = 0.42, p = 0.01), and MNP (R = 0.48, p = 0.003) showed a significant association with UPDRS-t.


[image: Figure 5]
FIGURE 5. Association analysis between sEMG signal features and UPDRS-t. All changing 12 sEMG features were correlated with the clinical improvement rate (IR) of UPDRS-t. (A) Three important sEMG features were detected to have significant correlation with the IR of UPDRS-t, including Peak(f)PSD (R = 0.37, p = 0.03), wRMS (R = 0.42, p = 0.01), and MNP (R = 0.48, p = 0.003). All raw correlation analyses are shown in (B) R map and (C) P map. *Indicates significant changes. **, ***Indicates p-values.


Co-correlation analysis divided the 11 features into “specific” ones and “comprehensive” ones, and the association estimation between sEMG features and UPDRS-t detected three useful features among them for quantifying the intraoperative efficacy of DBS, namely Peak(f)PSD, wRMS, and MNP.



sEMG Prediction Model and Prediction Results

The three selected sEMG features (Peak(f)PSD, wRMS, and MNP) were inputted into the Gaussian process regression (GPR) model (using the Regression Learner App built-in to Matlab) to train the sEMG prediction model with the cross-validation algorithm of LOOCV. The predictive IR value showed a significant positive correlation with the true IR of UPDRS-t (r = 0.47, p = 0.0043). With 1,000 iterations of permutation testing, the sEMG prediction model with three robust features achieved a significant p-value of 0.003. The sEMG prediction model and prediction results are described in Figure 6. The Matlab codes for the sEMG prediction model in the current study have been made publicly available: https://github.com/kailiang-wang/sEMG-model-for-DBS-PD.


[image: Figure 6]
FIGURE 6. An sEMG feature (Peak(f)PSD, wRMS and MNP)-based prediction model was established with a leave-one-out cross-validation procedure. The model was trained with the Gaussian process regression (GPR) model (1,000 iterations of permutation testing, p = 0.003). The predictive IR value showed a significantly positive correlation with the real IR of UPDRS-t (r = 0.47, p = 0.0043).





DISCUSSION

The purpose of the current study was (i) to explore the underlying mechanism by which DBS modulates the intraoperative neuromuscular pattern of resting tremor in PD patients with resting tremor and (ii) to find effective sEMG biomarkers for quantifying and predicting the intraoperative efficacy of DBS. Using sEMG data of DBS-on and -off states from PD patients with resting tremor during the intraoperative testing stage, we analyzed 12 sEMG features measuring the frequency or MU firing rate (4/12), amplitude or power (7/12), and regularity (1/12) of the sEMG signal. We revealed three important findings regarding intraoperative DBS. First, DBS exerts its intraoperative therapeutic effect mainly by suppressing neuromuscular amplitude and regularity patterns but not frequency. Second, DBS did not change the resting tremor frequency immediately but reduced the MU firing rate. Third, three useful and quantitative sEMG biomarkers were detected; Peak(f)PSD, wRMS, and MNP showed a significant association with the clinical scale and could be considered as predictive biomarkers for detecting the intraoperative efficacy of DBS for resting tremor. Our results provide new evidence of quantifying and predicting the intraoperative efficacy of DBS by exploring sEMG biomarkers that could be used to aid clinical DBS treatment.


sEMG Biomarkers for DBS

The assessment of the effectiveness of intraoperative DBS has always been challenging for DBS experts, although it is critical for surgical decision-making. Traditional subjective evaluation methods of repetitive passive movements or patient self-response are not sufficiently sensitive and precise to assess the real therapeutic effects in a variety of clinical settings (12). Therefore, biomarkers to represent and quantify the expected response need to be defined. In the past few years, sEMG has been proposed to discriminate patients from normal controls (14, 33). It was also used to distinguish between essential tremor and tremor of PD through spectrally based methods, such as amplitude analysis (14), wavelet-based approaches (34, 35), linear and non-linear parameters (33, 36), EMG-burst shape analysis (36, 37), and a principal component approach (12).

However, to our knowledge, only five studies have investigated sEMG biomarkers for quantifying the efficacy of DBS, as described in previous studies (12, 17, 36, 38). In line with previous studies, our results confirmed that sEMG features were sufficiently robust and sensitive to quantify the efficacy of DBS via three sEMG biomarkers: Peak(f)PSD, wRMS, and MNP. In addition, the present study includes the largest sample size for an sEMG study in DBS patients to date. On the other hand, the previous sEMG studies on DBS did not focus on the intraoperative assessment of the effects of DBS but tested the effects in post-operative patients, who might have been stimulated for a long time with proper programming and some of whom even showed a stable therapeutic effect. Our study, however, was designed to study DBS intraoperatively in a clinical setting. Compared to long-term DBS PD patients, the efficacy of DBS in intraoperative patients would be more challenging to evaluate because these patients were receiving DBS stimulation for the first time. The therapeutic effect of intraoperative DBS might not be stable, especially for rigidity, bradykinesia, gait problems, and non-motor symptoms, which depend on the long-term application of DBS, and even show a long time delay effect (4). The clinical manifestation of a rapid response that is easy to observe and addresses the main symptoms patients complain about is vital for capturing the immediate effectiveness of DBS treatment in the environment of the operating theater. The remaining symptoms can be treated gradually with the optimal and long-term DBS programming settings (20). For this reason, here, we chose PD patients with obvious resting tremor and used resting tremor as the main metric to measure the efficacy of intraoperative DBS. Our study showed that the sEMG features of resting tremor are the first preliminary biomarkers to evaluate and predict the efficacy of intraoperative DBS, including Peak(f)PSD, wRMS, and MNP, especially for the prediction effects of these sEMG biomarkers, which have been rarely reported in previous studies.



Mechanism of Intraoperative DBS Treatment for Resting Tremor

In the current study, our patients achieved a clinical improvement of 0.52 ± 0.15 UPDRS-III when the stimulation was on for the first time after the operation, which could be used to mimic the intraoperative stimulation. Our result was in line with the report in Kleiner-Fisman et al. (39) that an improvement of 52% was achieved based on 37 cohort studies. Hence, the intraoperative effectiveness of DBS in our study is as effective as in other studies (33–35). We also used items 15–18 of UPDRS-III to define the sub-scale of tremor and measured a tremor improvement of 0.76 ± 0.15 (p < 0.001). Although we only recorded and assessed the sEMG data based on the resting tremor, the total motor and tremor symptoms were both controlled well in our patients. Thus, the benefit of using intraoperative sEMG biomarkers for quantifying the efficacy of DBS for resting tremor is also supported by the correlation analysis between sEMG features (Peak(f)PSD, wRMS, and MNP) and the tremor sub-scale of UPDRS-III (UPDRS-t).

The mechanisms responsible for the modulation of resting tremor by DBS remain unclear (2). Circuit models of the basal ganglia might provide a possible explanation (5). STN and GPi are both important nodes of this model, and stimulating both targets would change the neural activity, which is correlated with tremor, as suggested by animal models (40, 41) and functional connectome analysis (42–44). In the current study, three sEMG features were detected that were correlated to tremor modulation, namely Peak(f)PSD, wRMS, and MNP, which all measured the amplitude or power of tremor. The Peak(f)PSD measured the power of the typical resting tremor of 4.93 ± 0.98 Hz (45, 46), while wRMS and MNP evaluated the muscular power of the whole frequency band. Although the MU firing rate and regularity of resting tremor also changed, neither was found to be significantly associated with the UPDRS-t improvement rate. One reason for this could be that intraoperative DBS has an immediate effect but that long-term (chronic) stimulation would produce a positive and significant effect on muscular activity and resting tremor. Thus, our study showed that only the amplitude or power feature could be considered as sEMG biomarkers for quantifying the intraoperative efficacy of DBS in PD patients with resting tremor.

There are several limitations to the present study. First, we did not include normal healthy people (NHP) as a control group to explore differences between PD patients and NHP or DBS-on patients and NHP. Furthermore, only intraoperative PD patients were studied. However, this was related to the purpose of our research, which was aimed at finding individual intraoperative sEMG biomarkers for quantifying the intraoperative efficacy of DBS instead of identifying PD patients from the normal population (33). In the future, an NHP group could be enrolled to study whether DBS restored the pathologic PD neuromuscular state to a normal state. Second, we only focused on the symptom of resting tremor to simplify the study design and find quick sEMG biomarkers, as mentioned above. However, as the results of UPDRS-III show, other symptoms were also controlled well in the current study. Future work will aim to find more sEMG biomarkers for quantifying and predicting the symptoms of rigidity, bradykinesia, and even non-motor symptoms for DBS-PD patients with chronic stimulation. Thirdly, although we recorded the sEMG data after the microlesioning effect had occurred, the clinical improvement of sEMG features with DBS-on might still mix with the microlesioning effect (47). However, it is still valid because the microlesioning effect could be considered a “stimulation” effect of intraoperative DBS, which often showed a “stimulation” effect with transient microhemorrhage, edema, gliosis proliferation, and synaptic plasticity from the stimulation tissue, which has already been proved to help predict motor benefit from DBS (47, 48).




CONCLUSION

In summary, for the first time, intraoperative sEMG biomarkers were studied for quantifying and predicting the intraoperative efficacy of DBS in PD patients with resting tremor. Three important sEMG biomarkers were reported: Peak(f)PSD, wRMS, and MNP. On the other hand, DBS played an acute role in modulating the intraoperative resting tremor, mainly through suppressing the amplitude, regularity, and MU firing rate pattern rather than the frequency pattern. The current study provides new evidence to elucidate a potential mechanism of DBS treatment for intraoperative PD and found three useful sEMG biomarkers for quantifying the clinical success of DBS.
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Introduction: Memory alterations are common in Parkinson's disease (PD) patients but the mechanisms involved in these deficits remain poorly understood. The study aims to explore the profile of episodic memory deficits in non-demented early PD patients.

Methods: We obtained neurological, cognitive and behavioral data from 114 PD patients and 41 healthy controls (HC). PD participants were grouped as normal cognition (PD-NC) and mild cognitive impairment (PD-MCI) according to the Level II criteria of the Movement Disorders Society Task Force (MDS-TF). We evaluate the performance amongst groups on an episodic memory task using the Free and Cued Selective Reminding Test (FCSRT). Additionally, gray matter volume (GMV) voxel based morphometry, and mean diffusivity (MD) analyses were conducted in a subset of patients to explore the structural brain correlates of FCSRT performance.

Results: Performance on all subscores of the FCSRT was significantly worse in PD-MCI than in PD-NC and HC. Delayed total recall (DTR) subscore was the best at differentiating PD-NC from PD-MCI. Using crosstabulation, DTR allowed identification of PD-MCI patients with an accuracy of 80%. Delayed free and cued recall was associated with decreased GMV and increased MD in multiple fronto-temporal and parietal areas.

Conclusion: Encoding and retrieval deficits are a main characteristic of PD-MCI and are associated with structural damage in temporal, parietal and prefrontal areas.

Keywords: PD-MCI, Free and Cued Selective Reminding Rest, Parkinson's disease, memory, episodic memory


INTRODUCTION

At the time Parkinson's disease (PD) diagnosis, up to 30% of patients meet diagnostic criteria for mild cognitive impairment (PD-MCI) (1–3). The rate of progression of PD-MCI is heterogeneous, with up to 36% of patients fulfilling diagnostic criteria for PD dementia (PDD) after 4 years after diagnosis, with cumulative PDD prevalence of 80% in 20 years long-term survivors (4–6). Thus, despite dementia is not an inevitable consequence of PD, it affects a significant proportion of patients for which treatments to ameliorate this entity are lacking.

Identifying early cognitive indicators suggestive of progression to dementia is a major need to stratify patients in different groups of risk and also to design interventions before PDD onset. In this sense, the addition of posterior-cortical type deficits -to the prototypical frontal-executive alterations seen in most PD patients- seem to characterize the transition from PD-MCI to PDD in this population. Accordingly, the development of language, memory and visuospatial/visuoperceptive alterations are indicative of a more aggressive progression of cognitive deterioration in PD (7, 8).

Episodic memory alterations are also found in PD and affects up to 45% of de novo PD patients. However, its role in the delineation of progression from PD-MCI to PDD and the mechanisms participating in these deficits has been scarcely studied (9). Attention and retrieval deficits -rather than storage and retention alterations- has been pointed to sub-serve episodic memory difficulties in PD (10). This is supported by the benefit commonly observed in retrieval when semantic or recognition cues are presented to PD patients. Accordingly, decreased performance in memory tasks in PD have been attributed to frontal-executive deficits rather than to hippocampal or medial temporal lobe alterations. However, difficulties in retrieving information even during recognition and cued-facilitated recall have also been described in PD (11). This suggests that in some patients amnestic difficulties may be associated to hippocampal alterations rather than been restricted to frontal-executive alterations. The role that this kind of deficits might play in PD-MCI and in the conversion to PDD is mostly unknown. However, exploring differences in episodic memory performance in non-demented PD patients with and without PD-MCI may help to delineate early cognitive changes with significant prognostic implications in terms of cognitive progression.

In the present study, we aimed to explore the profile of episodic memory deficits in non-demented early PD patients with normal cognition (PD-NC) and PD-MCI. To explore the extent of structural brain differences accompanying these deficits, we also conducted voxel based morphometry (VBM) and mean diffusivity (MD) analyses in a subset of participants. Gray matter volume (GMV) analyses through VBM is a macrostructural neuroimaging technique that has been widely used to characterize brain atrophy. In recent years, increases in MD both in white-matter and gray-matter tissues have been suggested to infer microstructural brain damage.



METHODS


Participants

We prospectively recruited 114 PD patients who fulfilled the UK Brain Bank Diagnostic Criteria for PD and regularly attending the Movement Disorders Unit at our center and a group of 41 age-matched and education-matched healthy controls. The study procedures included a neurological examination and the administration of a comprehensive neuropsychological assessment battery which was done to all participants, including patients and healthy controls. Presence of PDD according to consensus guidelines (12); having undergone deep brain stimulation surgery; brain abnormalities evidenced in imaging studies performed in the previous year; major depression; treatment with anticholinergic drugs; and any known causes of cognitive impairment other than PD defined exclusion criteria. Written informed consent was obtained from all participants and all procedures were performed in accordance with the standards of the local Ethic Review Board of the Sant Pau hospital in Barcelona, and with the 1964 Helsinki declaration and its later amendments.



Procedures

Data was collected during two separate visits. Data at screening included: age, educational level, current medications with dopaminergic drugs converted to levodopa equivalent daily dose (LEDD), formal application of the MDS criteria to exclude PDD, the MDS-Unified Parkinson's Disease Rating Scale part III (UPDRS-III) motor subscale, Hoehn, and Yahr (H&Y), and the Parkinson's Disease-Cognitive Rating Scale (PD-CRS), which is a screening instrument that addresses global cognition. On the second visit, a comprehensive neuropsychological examination that fulfilled the standards proposed by the MDS Task Force for the diagnosis of PD-MCI was completed (2).


Neuropsychological Assessment and Group Classification

PD participants were grouped as PD-NC and PD-MCI according to the Level II criteria of the Movement Disorders Society Task Force (MDS-TF) for the diagnosis of PD-MCI (1, 2). Thus, five cognitive domains (attention, language, memory, visuospatial skills, and executive functions) were examined using a comprehensive battery composed of two tests per domain. We applied cut-offs of 1.5 SD below normative values and PD-MCI was confirmed when any two (or more) impaired neuropsychological test were present (2, 13). The following standardized and recommended neuropsychological measures were used: Parkinson's Cognitive dementia rating scale (PD-CRS), forward and backward Corsi's block-tapping task, forward digit span task, phonetic and semantic verbal fluency, the Rey-Osterrieth complex figure test, the Boston Naming test, the Judgment of Line Orientation, and the number location subtest of the Visual Object and Space Perception Battery.

Episodic memory was assessed using the Free and Cued Selective Reminding Test (FCSRT). The FCSRT is a widely used episodic memory test which assesses immediate and delayed free-recall and cued-facilitated immediate and delayed recall. In studies assessing memory performance in MCI in the general population, the FCSRT has shown to reflect hippocampal-mediated consolidation memory defects better than free-list learning tests. Moreover, the FCSRT performance predicts progression to dementia in close relationship with progressive atrophy of the medial temporal lobe and other neocortical temporal and parietal regions (10, 14–19). The FCSRT was administered using standard procedures as described by Grober and Buschke (20). Participants were shown a card with four words, and were asked to determine which one of the four corresponds to a particular category (e.g., cue; clothing, and the word “vest”). The participant should learn the four items on the four cards (total 16 words). Three recall trials were conducted, each one preceded by 20 s of counting backwards used as interference. For each trial, participants were asked to freely recall as many items as possible and category cues were provided for items not retrieved by total free recall. The same procedure of recalling (freely and cued) was done after a 30 min interval. Subjects were required to freely remember the words and category cues were provided for items not retrieved freely. The measures evaluated here were: total free recall-TFR (cumulative sum of free recall from the three trials; range 0–48), total recall-TR (cumulative sum of free recall + cued recall from the three trails, range 0–48), delayed free recall-DFR (free delayed recall, range 0–16), and delayed total recall-DTR (free delayed recall + cued delayed recall, range 0–16).

Both patients and healthy controls followed the same assessment.



Neuroimaging Acquisition

A subsample of 56 patients underwent 3-Tescla Magnetic Resonance Imaging (MRI) (Philips Achieva). T1-weighted MRI acquisition was performed using a dedicated axial T13D-MPRAGE MRI (TR/TE, 500/50 ms; flip angle, 8, field of view [FOV], 23 cm; with in-plane resolution of 256 × 256 and 1-mm slice thickness). Diffusion Tensor Imaging (DTI) scans were also obtained (FOV 220 mm, voxel size 2 mm, TR 8,000 ms, TE 80 ms, flip angle 90°, 32 directions, b-factor 1000). The neuropsychological and MRI scans were performed within a maximum of 3 months between procedures.




Statistical Analysis

Data are expressed as means ± standard deviation (SD) for the continuous variables and as mean range for the ordinal variables. Differences between groups were analyzed with independent two-tailed t-tests and analyses of variance (ANOVA) for continuous variables, the Mann-Whitney test for ordinal data, and the χ2 test for categorical variables. Comparison of clinical, demographic, and neuropsychological data between groups were done using One-Way ANOVA between the three groups, with additional Tukey post-hoc tests for more direct comparisons between each pair of groups.

Binary logistic regression analysis was performed to test the independent classification capacity of the different FCSRT subscores.To calculate the effect size of the differences observed between cognitive groups we used Cohen's d coefficient (d values: 0–0.3, small effect size; 0.3–0.6, moderate effect size; >0.6, large effect size). Receiver operator characteristic (ROC) curves were generated to explore the discriminative capacity of each FCSRT subscore. We used cross-tabulation to calculate diagnostic accuracy. Associations between demographic, clinical and cognitive variables were studied using Pearson's correlations. Significance was set at p < 0.05. All the statistical procedures were performed using the SPSS v16.0 statistical software package.


Neuroimaging Analysis

A voxel-based morphometry (VBM) analysis of gray matter volume (GMV) was performed using the Statistical Parametrical Mapping (SPM12) software (http://www.fil.ion.ucl.ac.uk/spm/). T1-MRI images were segmented to obtain GMV probability maps, which were then normalized to the Montreal Neurological Institute (MNI) stereotactic space using DARTEL. The resulting images were smoothed using a Gaussian kernel of 8 mm full width at half maximum (FWHM).

DTI images were preprocessed using FSL 5.0 software (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). First, non-brain tissue was removed using the Brain Extractor Tool (BET). Second, motion and eddy current correction was performed using the FMRIB's Diffusion Toolbox (FDT). Diffusion tensors were then computed and mean diffusivity (MD) maps were obtained for each patient. These maps were then normalized to MNI space and smoothed using an isotropic filter of 6 mm FWHM.

The normalized GMV and MD images were entered into a voxel-wise multiple regression analysis to explore the brain correlates of the DFR and DTR scores in both modalities. Age, sex, education and total intracranial volume were used as covariates of no interest. Voxelwise imaging results showing p < 0.005 (uncorrected) and a minimum cluster extent size of k = 100 voxels was considered significant (21–23). Clusters surviving family-wise error (FWE) correction for multiple comparisons are reported in the corresponding cluster description table (Table 4). The MRIcron software tool (https://www.nitrc.org/projects/mricron) was used to represent the statistical voxelwise maps.





RESULTS

One hundred and fourteen PD patients (68.0 ± 8.3 years) and 41 healthy controls (HC; 66.3 ± 7.4 years) were included in the study. PD patients were in the early to mid-stages of the disease (disease duration 5.3 ± 3 years; H&Y stage 2.0 ± 0.2; UPDRS-III 25.2 ± 8.1). As seen in Table 1, PD patients and HC were matched for age, gender and education.


Table 1. Clinic and sociodemographic characteristics of the sample.
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According to MDS-TF level II criteria for PD-MCI, using a detection threshold of −1.5 SD, 22 of the 114 patients (19.0%) were classified as having PD-MCI and all HC were classified in the range of normal cognition, following this same criteria. Looking at the different cognitive groups, those in the PD-MCI group were significantly older than PD-NC [t(113) = 3.174; p < 0.01] and HC [t(63) = 3.78; p < 0.01], have lower educational level than PD-NC [t(113) = −4.18; p < 0.01] and HC [t(63) = −3.66; p < 0.01], and had higher UPDRS-III score than PD-NC [t(63) = 3.10; p < 0.05].

As depicted in Table 2, between-group comparisons showed significant differences in all the cognitive measures with the exception of the number location subtest of the VOSP. Post-hoc comparisons showed no significant differences in cognitive performance between PD-NC and controls. Conversely, PD-MCI performed significantly worse than PD-NC in all cognitive measures with the exception of the number location subtest of the VOSP.


Table 2. Level I and Level II assessment scores.
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Looking at the FCSRT test performance, no differences were found between PD-NC and HC in any of the obtained FCSRT subscores. Conversely, performance of the patients in the PD-MCI group was significantly worse than performance of the HC and the PD-NC in all the subscores (p < 0.001). As reflected by Cohen's d, large effect sizes were found for TFR (d = 1.09), TR (d =1.23), DFR (d = 1.03), and DTR (d = 1.60) when comparing PD-MCI with PD-NC. Large effects were also found when comparing PD-MCI with HC in all FCSRT subscores: TFR (d = 1.31), TR (d = 0.94), DFR (d = 1.05), and DTR (d = 1.14). When comparing PD-NC with HC with Cohen's d, we found small effects in all FCSRT subscores: TFR (d = 0.29); TR (d = 0.11); DFR (d = 0.06); and DTR (d = 0.10). We used stepwise logistic regression analysis (forward; conditional) to determine FCSRT subscores that independently differentiated PD-NC from PD-MCI. The variables found to be significantly different between cognitive groups in the one-way ANOVA were included in the analysis to assess their contribution to group discrimination. From all the variables included in the model, the DTR (r = 549; p < 0.001) was the best differentiating PD-NC from PD-MCI independently on age, education or UPDRS-III score (see Table 3).


Table 3. Comparative FCSRT performance between PD-MCI, PD-NC and HC.
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Discriminative Capacity of the FCSRT

Receiver operating characteristics (ROC) curves to discriminate between PD-MCI and PD-NC indicated that a cut-off of ≤ 20/21 points on the TFR score yielded sensitivity, 73%; specificity, 77% (AUC = 0.770; 95% confidence interval, 0.663–0.878, p < 0.005). A cut-off score ≤ 38/39 points on the TR score showed sensitivity, 80%; specificity, 69% (AUC = 0.803; 95% confidence interval, 0.704–0.902, p < 0.001). A cut-off score ≤ 6/7 on the DFR score showed sensitivity, 80%; specificity, 70% (AUC = 0.760; 95% confidence interval 0.647–0.874, p < 0.005). The DTR score showed the best discriminative properties to differentiate PD-MCI from PD-NC using a cut-off ≤ 12/13 points, achieving sensitivity, 86%; specificity, 81% (AUC = 0.870; 95% confidence interval 0.804–0.936, p < 0.001). Using crosstabulation, we found DTR scores identified PD-MCI patients with 80% accuracy (see Figure 1).


[image: Figure 1]
FIGURE 1. Receiver operating characteristic (ROC) curves illustrating the discriminative properties of the FCSRT.




Neuroimaging Data

Voxel-wise multiple regression analysis between GMV and DFR and DTR respectively showed significant positive associations between FCSRT performance and GMV in multiple fronto-temporal and parietal areas. Specifically, poorer DFR scores were associated with decreased GMV in the left mid temporal gyrus (BA 21), the paracentral gyrus and the superior temporal gyrus (BA 41) (FWE corrected p < 0.05). Less restrictive criteria (uncorrected p < 0.005; k = 100) showed positive associations with the right mid temporal gyrus, the right superior frontal gyrus and the left inferior parietal gyrus (BA 40). Performance in the DTR was significantly associated with GMV in the right supplementary motor area (SMA), in the right superior frontal gyrus (BA 6) (FWE corrected p < 0.05) and in the left mid temporal gyrus (BA 21) (see Table 4, Figure 2 and Supplementary Table 1).


Table 4. Results of the GMV voxel-based morphometry and MD-DTI analysis.
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FIGURE 2. Results of the VBM analysis. The slices show regions with significant GMV decreases in association with poorer FCSRT performance. Section (A) (top) depicts GMV associated with DFR performance; section (B) (bottom) depicts GMV associated with DTR performance. For depiction purposes results are showed with a p < 0.005 (uncorrected) and k = 100.


Voxel-wise MD multiple regression analysis with DFR and DTR showed a significant association between performance and MD in multiple fronto-temporal and parietal clusters predominantly located in the left hemisphere. Specifically, associations were found between worse DFR and increased MD in the left superior temporal gyrus (BA 22), the left inferior frontal gyrus (BA 47), the left hippocampus, the left mid temporal and the left middle temporal gyrus. Performance in the DTR was significantly associated with MD in the left inferior frontal (FWE corrected p < 0.05), the left postcentral, the left superior temporal gyrus, the left superior temporal pole, and the left inferior temporal gyrus (see Table 4 and Figure 3).


[image: Figure 3]
FIGURE 3. Results of the voxelwise MD analysis. The slices show regions with significant MD increases in association with poorer FCSRT performance. For depiction purposes results are showed with a p < 0.005 (uncorrected) and k = 100.


Voxel-wise multiple regression analysis between GMV and MD with both IFR and ITR scores did not show any significant association surviving FWE correction.




DISCUSSION

In the present study we assessed performance in the FCSRT in non-demented PD and compared the performance in this task between PD-MCI and PD-NC. We also explored the discriminative properties of different subscores of the FCSRT and, in a subset of patients; we addressed the structural neuroimaging correlates of FCSRT performance by means of GMV-VBM and MD.

Our results show that, among other neuropsychological measures, PD-MCI patients perform significantly worse than PD-NC and healthy controls in the FCSRT. No significant differences were seen between PD-NC and healthy controls in this respect.

The FCSRT performance in the PD-MCI group was worse than that in PD-NC patients and controls in all the free and cued immediate and delayed recall conditions, suggesting difficulties at level of encoding, consolidation and retrieval. Interestingly, multiple measures of memory performance and specifically a single measure of episodic memory (DTR) correctly classified as PD-MCI up to 80% of the cases. These results emphasize the notion that beyond the prototypical frontal-executive deficits characterizing cognitive impairment in PD, amnestic difficulties are also inherent features of the cognitive changes observed in PD. Accordingly, this indicates that early to mid in the course of PD-MCI, not just frontal-executive, but also amnestic difficulties are present.

Neuroimaging data showed an association between widespread cortical (temporal, parietal and prefrontal) areas and FCSRT performance. Less GMV in mid temporal (BA 21), the superior temporal, the supramarginal, the inferior parietal and the superior frontal gyrus was clearly associated with delayed free recall. Conversely, a more selective involvement of superior frontal regions was found for delayed total recall. All these areas have complex connections that can be grouped into (a) temporal and parietal areas more specialized in storage processes, and (b) prefrontal areas more specialized in retrieval processes (5, 24). Altogether, our results suggest that episodic memory deficits in PD-MCI are sub-served by dysfunction of parieto-temporal and prefrontal-related encoding, consolidation and retrieval processes. Similarly, MD-DTI analyses delineated the involvement of a set of fronto-temporal regions including the temporal pole and the hippocampus. All these regions are connected through the parahippocampal cingulum bundle, which extends along the parahippocampal gyrus, running from the anteromedial temporal lobe to the inferior parietal and occipital lobes (25). The parahippocampal cingulum bundle is closely linked to learning and episodic memory (26–28). Furthermore, microstructural white matter changes in this region have been consistently associated with episodic and recognition memory deficits in amnestic MCI and early AD patients (29–31).

In the only previous study that has analyzed the performance of FCSRT in PD patients with amnestic mild cognitive impairment, PD patients performed worse than healthy controls on delayed free recall, but no differences were found regarding delayed cued recall scores (10). This discrepancy could be explained by both the smaller sample size and the lack of comparison between PD patients with and without MCI, as the study focused on comparing amnestic mild cognitive impairment with healthy controls and patients with amnestic mild cognitive impairment without PD. Although memory deficits in PD-MCI patients are widely considered to be caused by retrieval problems, studies using comprehensive neuropsychological batteries have shown that memory impairment in pre-dementia stages is also the consequence of encoding and storage failure (32). The ability of a memory test, such as the FCSRT, to assess both encoding and retrieval deficits would explain its appropriateness for screening PD-MCI accurately.

Recent studies in newly diagnosed and non-demented PD patients have also underlined the relevance and early development of cortical gray matter changes and DTI-MD alterations in hippocampal and parahippocampal structures as predictors of worsening cognition (33, 34).

This study has several limitations. First, there were fewer PD-MCI patients than PD-NC patients. However, the prevalence of PD-MCI is representative of the one observed in PD patients in the early to mid-stages of the disease. Second, we did not include in the study the measure “trial 1 free recall of the FCSRT” which would have given us more information about encoding. Third, the fact that we did not include patients with dementia limits our ability to see how this population performs on FCSRT. Fourth, not all the participants underwent neuroimaging, and although the number of PD patients with available neuroimaging was comparable to other VBM and DTI studies, imaging data was lacking for the healthy control group used in this study. And fifth, only a small subset of the clusters described in the neuroimaging analyses survived FWE correction.

To our knowledge, this is the first study to look for FCSRT cut-off scores in the screening of PD-MCI by using currently accepted MDS-TF criteria, providing evidence that this test is highly accurate for this purpose. Furthermore, we observed that FCSRT impairment correlates with structural changes in crucial areas of the semantic network and memory storage. The combination of these clinical and imaging findings supports the use of this test as an appropriate neuropsychological tool to detect PD-MCI patients with widespread cortical alterations.
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Background and Purpose: Olfactory dysfunction is one of the most common non-motor symptoms in Parkinson's disease (PD) preceding the motor symptoms for years. This study aimed to evaluate different olfactory domains in PD patients in comparison with healthy controls and to explore the relationships among olfactory deficit and other clinical manifestations in patients with PD.

Methods: Sniffin' Sticks test, which detects olfactory threshold, discrimination, and identification (TDI), were conducted in 500 PD patients and 115 controls. Furthermore, demographic and clinical data including motor and other non-motor symptoms were collected.

Results: In the single olfactory model, the identification test showed the area under the receiver operating characteristic (ROC) curve (AUC = 0.818), followed by threshold test (AUC = 0.731) and discrimination test (AUC = 0.723). Specifically, the identification test has a similar discriminative power as the TDI score (0.818 and 0.828, respectively, p = 0.481). In the integrated olfactory model involved with other non-motor manifestations, identification test scores performed as good as the TDI score in differentiating PD patients from controls (0.916 and 0.918, respectively, p = 0.797). In PD patients, age and cognition together explained 7.5% of the variance of the threshold score, while age, cognition, and gender accounted for the 15.2% explained variance of the discrimination score, while cognition, age, the ability of daily living, and gender together interpreted 11.1% of the variance of the identification score.

Conclusion: Our results indicated that the identification domain was the most practical olfactory factor in differentiating PD patients, and the combination of several different manifestations was better than a single symptom. Furthermore, the olfactory identification score may be associated with the ability of daily living.

Keywords: Parkinson's disease, Sniffin' sticks, olfactory dysfunction, Chinese population, olfactory domains


INTRODUCTION

The olfactory deficit is one of the most important non-motor symptoms that could appear to precede motor symptoms in Parkinson's disease (PD) (1–4). Olfactory dysfunction has been incorporated both in Movement Disorder Society clinical diagnostic criteria for PD and research criteria for prodromal PD, demonstrating its role in the diagnosis and prediction of PD (5–7). PD-associated smell dysfunction involves several domains of odor perception, i.e., detection threshold, identification, discrimination, and memory (8–10). The structural changes in the olfactory bulb, neurotransmitter system dysfunction, and inflammatory activity in the brain are all possible mechanisms of olfactory impairment in PD (11).

In terms of differentiating PD from control subjects, some studies have shown that the sensitivity and specificity of olfactory testing are better than other biomarkers, including single-photon emission computed tomography (SPECT) and positron-emission tomography (PET) imaging of the dopamine (DA) transporter (12). In PD patients, different odor domains have relatively uniform impairment (13–15); however, data on the magnitude of different odor domains impairment and its ability in distinguishing PD from healthy control remains insufficient. Mahlknecht and colleagues investigated the power of olfactory function in distinguishing PD with a proper sample size, but the olfactory test was limited to the identification domain (16). Krismer and colleagues researched different olfactory domains, but the sample size is relatively small (17). Studies have indicated that combining olfactory tests and other prodromal non-motor features could recognize the risk of PD more efficiently (18); however, similar studies have never been conducted in Chinese PD populations.

In some studies, considered as an independent feature of PD, the olfactory deficit was not found to have significant associations with other symptoms of the disease (19). However, Mahlknecht and colleagues suggested that olfactory dysfunction may facilitate the development of PD from associated with rapid eye movement sleep behavior disorder (RBD) (20). There were still inconsistent conclusions about the relationship between olfactory function and other clinical manifestations in PD (21, 22).

In this study, we comprehensively evaluated the discriminative power of different olfactory domains, as well as in condition of combining other non-motor symptoms for early diagnosis of Chinese PD patients, and explored the potential relationship between olfactory deficit and other motor or non-motor features in Chinese PD patients. The aim was to identify the specific olfactory domain that has the best discriminative power and to ascertain if the olfactory deficits were independent features of PD.



METHODS


Participants

All the PD patients were recruited from the inpatients and outpatients of the Department of Neurology of Xiangya Hospital, Central South University, Hunan, China, between September 2014 and July 2017 at Parkinson's Disease & Movement Disorders Multicenter Database and Collaborative Network in China (PD-MDCNC, http://pd-mdcnc.com:3111/). Patients with idiopathic PD were diagnosed by no less than two experienced neurologists according to the United Kingdom Parkinson's Disease Brain Bank criteria (23). Healthy controls without neurological diseases were recruited from Health Management Centers of Xiangya Hospital. Participants with a history of respiratory system diseases, nasal or sinonasal diseases, and neurological or sinonasal surgery were excluded. The Medical Ethics Committee of Xiangya Hospital approved the study, and the participants gave informed consent for the investigation.



Assessments

Demographic data of all subjects were collected including gender, age, years of education, smoking status, and family history of PD. Seven domains of non-motor symptoms were evaluated by the Non-Motor Symptom Scale (NMSS) (24, 25), including cardiovascular, sleep/fatigue (26), mood, perceptual problems, gastrointestinal, urinary, and sexual issues. Cognitive functions were evaluated by the Mini-Mental State Examination (MMSE) (27, 28). Olfactory function was evaluated by the Sniffin' Sticks test.

In addition, age at onset, course of disease, and anti-PD medication were recorded for patients. Motor functions were evaluated by the Unified Parkinson's Disease Rating Scale (UPDRS) and Hoehn Yahr Scale (H-Y). In addition, tremor score was measured by adding up scores of tremors at rest and action and postural tremor of hands from the UPDRS score, while bradykinesia score was calculated by score on finger taps, hand movements, rapid alternating movements of hands, and leg agility. Rigidity score was added up by the scores on rigidity of the neck, hands, and feet (29). Disease motor subtype (30) was classified as tremor-dominant (TD) phenotype when the ratio of tremor score and postural instability and gait difficulty (PIGD) score was no <1.5, whereas patients with a ratio of no more than 1.0 were defined to PIGD phenotype, and rest of patients belonged to the indeterminate phenotype. UPDRS is made up of four sections. Of them, UPDRS part II is characterized by questionnaires about self-evaluation of the activities of daily life, including speech, swallowing, handwriting, dressing, hygiene, falling, salivating, turning in bed, walking, and cutting food. UPDRS part III was used to assess motor ability. A higher UPDRS score means more severe symptoms. A higher MMSE score means better cognitive condition. A higher NMSS score means more severe non-motor symptoms. Dyskinesia was affirmed by experienced neurologists (31).



Sniffin' Sticks

Sniffin' Sticks test consist of three parts, and they were tests for olfactory threshold, discrimination, and identification domain. Threshold and discrimination tests were conducted in the condition of subjects' eyes closed or blindfolded to prevent them from recognizing through the color of pen caps.

Both threshold and discrimination tests comprised 16 triplets' pens (total of 48 pens) numbered from 1 to 16. The color of three pen caps differed from each other, which are red, blue, and green. Identification tests were comprised of 16 common odors, each of which presented 4 alternative odors to choose from. Odor threshold test could evaluate the ability to perceive the lowest concentration of an odorant by the subject, odor discrimination test measured the ability to differentiate two different odors, and odor identification test measured the ability to perceive and name the presented odor out of four alternative answers (32). The threshold score (T-score) equals the mean of the last four of seven scores, while the discrimination score (D-score) and identification score (I-score) equals the numbers of correct responses, respectively (33). The threshold, discrimination, and identification (TDI) score equals to the total score of three tests. The cutoff of the TDI score was 30.3 for ages from 16 to 35 years, 27.3 for ages from 36 to 55 years, and 19.6 for subjects older than 55 years, according to the standard of Hummel et al. (34). A higher score means better olfactory perception.



Statistics

All data were not normally distributed by the Kolmogorov–Smirnov test. All continuous variables were described as median and interquartile range (IQR), such as age, years of education, disease duration, UPDRS II, UPDRS III, MMSE, NMSS scores, and so on, while the categorical variables were described as a percentage, such as a gender, smoking status, dyskinesia status, and so on.

To establish which of the olfactory test is of service for differentiating PD patients from healthy controls, we calculated the receiver operating characteristic (ROC) curves for each of the olfactory tests separately and for any two or three tests combined. The single binary logistic regression models were developed with diagnosis as the dependent variable: using age, years of education with threshold score; then age, years of education with discrimination score; next age, years of education with identification score; and then age, years of education with any two or three of olfactory domain score added together. Afterward, integrated binary logistic regression models were developed with diagnosis as the dependent variable: using the above variable with each model combining other non-motor features, including MMSE and NMSS (cardiovascular, sleep/fatigue, mood, perceptual problems, gastrointestinal, urinary, and sexual issues). We graphed ROC curves with sensitivity and specificity estimates and corresponding area under the ROC curve (AUC), as well as positive likelihood ratios (LR+), negative likelihood ratios (LR–), positive predictive values (PPV), and negative predictive values (NPV). The ROC cutoffs were chosen when Youden's Index to get the maximum value. We compared AUC between TDI score single model and other single models by MedCalc software, as well as in the integrated models.

To compare demographic information and clinical features between PD with hyposmia and PD with normosmia, we used the analysis of chi-square tests for measurement data and non-parametric tests for continuous data.

To explore the contribution of different variables to the olfactory score, we used four stepwise multiple linear regression analyses (methods = stepwise, F-to-enter = 0.05, F-to-remove = 0.1). In the multiple linear regression analysis, independent variables include demographic factors (age, sex, educational years, smoking status), motor clinical symptoms (disease duration, UPDRS II points, UPDRS III points, dyskinesia), and other clinical symptoms (MMSE, NMSS). We did stepwise multiple linear regression analyses with threshold score, differentiation score, identification score, and TDI score as dependent variables, respectively.

Data were analyzed using SPSS version 18. p < 0.05 were considered significant.




RESULTS


Demographic and Clinical Characteristics

In total, we recruited 500 patients (male, 269, 53.8%) with a median age at assessments of 60 years and a median age at onset of 55 years. The 115 healthy controls (male, 50, 43.5%) have a median age of 55 years. Median disease duration of PD was 3 years, whereas the median UPDRS II and UPDRS III scores were 12 and 26, respectively (Table 1).


Table 1. Basic information and motor features in patients with Parkinson's disease (PD) and controls.
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Olfactory Test Alone

Of the 500 included patients, 343 patients had hyposmia, whereas 157 patients had a normal sense of smell, according to the standard of Hummel's (34). The median TDI score of PD patients was 19.50 and that of the control subjects was 28.25. Median threshold, discrimination, and identification scores of PD patients were 4.75, 7, and 7, respectively, while control subjects were 7.50, 10, and 10, respectively. After age and years of education correction, every single olfactory score of PD patients were significantly lower than controls subjects (all p ≤ 0.001), as well as the total TDI score (Table 2).


Table 2. Olfaction function in patients with Parkinson's disease (PD) and controls.
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ROC curves of the TDI and I scores were drawn by SPSS (Figure 1). Every model had diagnostic value between these two groups (all p < 0.05). AUC of different olfactory domains and their sensitivity, specificity, LR+, LR–, PPV, and NPV in single olfactory models and integrated models were reported (Table 3).


[image: Figure 1]
FIGURE 1. Receiver operating characteristic (ROC) curves. (A) Relating sensitivity and specificity for olfactory threshold, discrimination, and identification (TDI) and I scores in differentiating Parkinson's disease (PD) patients from healthy controls. (B) Relating sensitivity and specificity for olfactory TDI and I scores combining Mini-Mental State Examination (MMSE) and Non-Motor Symptom Scale (NMSS) in differentiating PD patients from healthy controls.



Table 3. Area under the receiver operating characteristic curve (AUC) of different olfactory domains and their sensitivity, specificity, LR+, LR–, PPV, and NPV in single olfactory models and integrated models.
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In single models, the TDI score (AUC = 0.828) and identification score (AUC = 0.818) were better than threshold score (AUC = 0.731) and discrimination score (AUC = 0.723) at differentiating PD patients from controls. By comparing AUC between identification score with TDI score in single models, there was no significant difference of discriminative power between TDI and identification scores (difference between areas = 0.01, z statistic = 0.706, p = 0.481).



Olfactory Test Combining Other Non-motor Features

Compared to control subjects, PD patients had poorer performance on other non-motor features, including cognitive, cardiovascular, sleep/fatigue, emotional, perceptual problems, gastrointestinal, and urinary and sexual dysfunction. These integrated models were much better than the corresponding single olfactory models (Figure 1; Table 3). Similarly, with a combination of other non-motor features mentioned above, the TDI score (AUC = 0.918) and the identification test score (AUC = 0.916) were slightly better than threshold score (AUC = 0.890) and discrimination score (AUC = 0.886) at differentiating PD patients from controls. Identification and TDI scores have no significant difference of discriminative power (difference between areas = 0.002, z statistic = 0.257, p = 0.797).



Olfaction in PD Patients

Of the 500 included PD patients, 343 (68.6%) patients had hyposmia. The median TDI scores for the hyposmia and normosmia groups were 16.50 and 24.75 points, respectively. Median threshold, median discrimination, and median identification scores of the normosmia group were 7.25, 9, and 9. By contrast, those of the hyposmia group were 3.50, 6.5, and 6 (Table S1).

Compared with the normosmia group, we observed that patients in the hyposmia group were significantly more often men, with fewer educational years, more severe rigidity symptom, and more severe cognitive problems (p < 0.05).

Finally, stepwise multiple linear regression analysis removed confounding factors whose p ≥ 0.05. By multiple regression analysis, the final models interpreted 16.0% of variance in TDI score (p < 0.001, R2 = 0.160, Table S2a), 7.5% of the variance in threshold score (p < 0.001, R2 = 0.075, Table S2b), 15.2% of the variance in discrimination score (p < 0.001, R2 = 0.152, Table S2c), 11.1% of the variance in identification score (p < 0.001, R2 = 0.111, Table S2d). The variance inflation factor (VIF) showed no evidence of a multicollinearity problem among the independent variables. Older age, lower MMSE scores, and male sex were significantly associated with lower TDI scores. Older age and lower MMSE scores were associated with lower threshold scores. Older age, lower MMSE scores, and male sex were significantly associated with lower discrimination scores. Lower MMSE, older age, higher UPDRS II score, and male sex were associated with lower identification scores.




DISCUSSION

In our study, first of all, we confirmed olfactory deficit in PD, including the impairment of olfactory threshold, discrimination, and identification ability. Meanwhile, the olfactory identification test distinguished best between PD patients and control subjects among three olfactory tests in the single or integrated models.

Previous studies have compared different olfactory domains in discriminating patients with PD and control subjects, as well as other neurodegenerative diseases. For instance, Berendse et al. (35) supported that odor identification was better in differentiating patients with PD from control subjects than the odor discrimination task. Then, the same group (14) supported that a combination of an olfactory threshold test and a 16-item olfactory identification test scored the best in sensitivity and specificity in discriminating between PD patients and controls. A meta-analysis (36) once concluded that the olfactory threshold test should be included in the test for subclinical patients with PD. Hummel et al. (37) reported that PD patients performed relatively well in the olfactory threshold task, while they perform poorly in olfactory discrimination and identification compared to other diseases, such as sinonasal disease, postinfectious and posttraumatic status, and so on.

In the background of these published studies, our current study had resembled but more detailed implications. In our study, a combination of olfactory identification and discrimination tests could not improve the diagnostic accuracy of a single olfactory identification test, which was partly in accordance with other studies (14, 35). However, combining three olfactory tests did slightly improve the diagnostic value, which still supported that olfactory deficit was based on the dysfunction of multiple olfactory domains (38).

However, besides PD, the olfactory deficit was also the feature of other causes (39). Therefore, we usually combine other non-motor manifestations to distinguish between PD patients and controls. In our integrated model of differentiation, no matter which single or combined odor tests were chosen to represent for olfactory function, olfactory dysfunction was always included in the model. In summary, we may believe that the olfactory test was an essential part of the PD clinical studies, especially in a large scale of screening of PD or in PD modeling establishment. It was consistent with the study of Antje et al. (40) that the combination of olfactory tests and other tests may constitute a screening tool for PD.

When the entire three olfactory tasks represented olfactory function, its corresponding integrated model had the highest AUC based on the corresponding ROC curve, whereas the AUC of an integrated model constructed by odor identification was not significantly lower. Therefore, in large scales of studies containing an olfactory evaluation of patients with PD, we may believe that the olfactory identification test was sufficient enough to represent olfactory function in an integrated model to differentiated PD patients from controls subjects. After all, the entire olfactory test was more time and energy consuming. In large-scale studies, it can save researchers' and patients' time and energy to accomplish other necessary non-motor manifestations in the integrated model.

According to the standard of olfactory dysfunction (34), patients with olfactory deficit were more often men, had fewer educational years, and presented more severe cognitive problems. Liu et al. (41) also supported that male patients had significantly more deficits in olfaction than female patients. It may also suggest that not only the age of subjects but also gender and educational years should be considered into the future standard of olfactory deficits.

Moreover, in the olfactory threshold and discrimination domains, other clinical manifestations did not remain in their corresponding regression models. It indicated that olfactory threshold and discrimination domains were independent features of PD, just like tremors (42), which were not clearly related to other PD manifestations. We found a lack of relationship between dyskinesia and olfactory function in PD, which was consistent with the conclusion of Stephenson et al. (43) that there was no significant effect of olfactory performance on the risk of motor complications, such as falls and dyskinesia. This result indicated that olfactory threshold and discrimination deficit developed and progressed before the development of motor symptoms and maintained throughout the process of the disease (44). However, in the olfactory identification domain, the UPDRS II score was included in its regression model except for age, gender, and MMSE score, which partly resembled the observations in other studies that disease stage explained part of the variance in olfactory discrimination score of PD patients (13, 35). The lesser UPDRS II scores were associated with higher identification scores, which indicated that the odor identification task is associated with the activities of daily living. As previous studies pointed out, the performance of daily activities can be limited and conditioned by non-motor symptoms (45). An alternative explanation for the association between the odor identification and daily activities, but not UPDRS III, is methodological, since the former section is mainly based on a patient/caregiver self-completed questionnaire, whereas UPDRS III is based on professional rating (46). Therefore, it deserves further replication in larger cohorts in the future.

In conclusion, our study showed that the odor identification domain can basically represent olfactory functions in discriminating PD patients from controls, suggesting a specific aspect of one symptom may be an adequate representation of this certain symptom, which was energy and time saving especially in data collection of a large cohort study. Our data also indicated that the combination of different kinds of symptoms would be better in discriminating PD than a single symptom. Furthermore, the olfactory threshold and discrimination domains were independent features of PD, while worse daily living ability was associated with lower olfactory identification scores.
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Background: Modeling of deep brain stimulation electric fields and anatomy-based software might improve post-operative management of patients with Parkinson's disease (PD) who have benefitted from subthalamic nucleus deep brain stimulation (STN-DBS).

Objective: We compared clinical and software-guided determination of the thresholds for current diffusion to the pyramidal tract, the most frequent limiting side effect in post-operative management of STN-DBS PD patients.

Methods: We assessed monopolar reviews in 16 consecutive STN-DBS PD patients and retrospectively compared clinical capsular thresholds, which had been assessed according to standard clinical practice, to those predicted by volume of tissue activated (VTA) model software. All the modeling steps were performed blinded from patients' clinical evaluations.

Results: At the group level, we found a significant correlation (p = 0.0001) when performing statistical analysis on the z-scored capsular thresholds, but with a low regression coefficient (r = 0.2445). When considering intra-patient analysis, we found significant correlations (p < 0.05) between capsular threshold as modeled with the software and capsular threshold as determined clinically in five patients (31.2%).

Conclusions: In this pilot study, the VTA model software was of limited assistance in identifying capsular thresholds for the whole cohort due to a large inter-patient variability. Clinical testing remains the gold standard in selecting stimulation parameters for STN-DBS in PD.

Keywords: Parkinson's disease, deep brain stimulation, subthalamic nucleus, capsular prediction, volume of tissue activated


INTRODUCTION

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a well-established treatment for advanced Parkinson's disease (PD) (1). Numerous prospective and open-label studies have demonstrated benefits of DBS for motor and non-motor signs, as well as improved quality of life in PD (2–6). Initial DBS programming is based on establishing and ranking contacts that exhibit the larger therapeutic window, calculated as the difference between stimulation amplitudes at persistent side effects and meaningful improvement of rigidity (7). Side effects are either related to stimulation of the sensorimotor part of the STN on its own, or to current diffusion to neighboring structures including limbic or cognitive parts of the STN, internal capsule (IC), pallidothalamic tract, as well as the cerebellothalamic tract (8–10). Thus, outcome greatly depends on the electrode position and precise knowledge of the surrounding anatomy (11, 12). The most prominent side effect is linked to current diffusion to the corticospinal and corticonuclear tracts (CSNT) within the IC [see Figure 1, adapted from Hamani et al. (13)]. Current diffusion to the CSNT induces tonic muscle contractions, mainly in the face area and fine muscles of the hand, and less frequently in the lower limbs (14), likely reflecting somatotopic arrangement of CSNT fibers in the vicinity of the STN. Dysarthria is related to current diffusion to corticonuclear fibers that innervate muscles involved in speech, i.e., lips, tongue, pharynx, and larynx muscles (8, 14, 15). Although basic algorithms for programming and troubleshooting sessions have been continuously refined, computational modeling of DBS electric fields may potentially provide new information that could be of further aid in DBS programming sessions (16). These models allow calculation of the volume of tissue activated (VTA), for instance, using a diffusion tensor-based finite element neurostimulation model (17). Recently, new directional electrodes have been developed according to multiple independent current source control technology (18, 19). As opposed to conventional electrodes, directional electrodes are characterized by the ability to steer current toward three distinct directions, not only along the Z-axis (Z), but also in the horizontal plane (X, Y) (18, 19). While conventional electrodes generate a spherical electrical field that encompasses all adjacent structures equally, directional contacts produce a limited and adaptable electrical field biased toward the active contact (18, 19). Few studies have outlined the potential interest of directional electrodes for patient management (7, 20, 21). Importantly, the number of individual stimulation parameter combinations increases substantially with the use of directional electrodes, making post-operative management more challenging and time-consuming. Thus, clinical tools including VTA models could be helpful in identifying effective parameter settings for each patient more easily. The goal of this pilot study was to evaluate the usefulness of a new software designed for clinical practice in the refinement of DBS parameters.


[image: Figure 1]
FIGURE 1. Anatomical relations between electrode position within the STN, volume of tissue activated (VTA) illustrated by the red bubble, and surrounding structures. STN, subthalamic nucleus; VTA, volume of tissue activated; GPi, globus pallidus internus; GPe, globus pallidus externus; Put, putamen; SN, substantia nigra; Thal, thalamus; IC, internal capsule; SF, subthalamic fasciculus; AL, ansa lenticularis; LF, lenticularis fasciculus; ZI, zona incerta; ML, medial lemniscus; FF, fields of Forel; H1, H1 field of Forel; H2, H2 field of Forel. Adapted from Hamani et al. (13).




MATERIALS AND METHODS


Population

We enrolled 16 STN-DBS PD patients. All patients were implanted with Cartesia directional devices (Boston Scientific, Valencia, CA) (20, 22) that each contained one ventral and one dorsal non-segmented ring (rings 1, 8 and 9, 16 for left and right STN, respectively), and two segmented rings in between (one ventral and one dorsal segmented ring), each containing three contacts (contacts 2, 3, 4 and 5, 6, 7 for left STN ventral and dorsal segmented rings, and contacts 10, 11, 12 and 13, 14, 15 for right STN ventral and dorsal segmented rings, respectively).



Clinical Evaluation

We assessed monopolar reviews according to standard clinical practice during one session after a 12-h overnight withdrawal from dopaminergic medication as described previously (23). We tested each electrode separately and kept the contralateral STN-DBS ON for the patient's comfort. We predefined a frequency of 130 Hz and pulse width of 60 μs for all sessions. We determined the capsular threshold amplitude (CTA) by testing for each side the two non-segmented rings, the two segmented rings in between on omnidirectional stimulation (vertical steering), as well as the six directional contacts from the two segmented rings (horizontal steering), which added up to a total of 10 measures per electrode. We gradually increased current amplitude by steps of 0.5 mA until the appearance of a visible facial or limb contraction. Then, we decreased the current amplitude in steps of 0.1 mA until the exact contraction threshold was reached (23).



Capsular Threshold Modeling

We used the Guide™ XT software for all steps detailed in this section. MB performed manual refinement of the IC volume and AK performed capsular threshold determination on the images using the VTA. We carried out all the modeling procedures blinded from patients' clinical evaluations, with anonymization of the patient's name on the MRI images. We first performed coregistration of the preoperative 3D T1, specific STN visualization T2 MRI sequences (3D T2 SPACE in sagittal orientation, FOV 450 mm, TR/TE 2400/225 ms, flip angle 120°), and the post-operative CT scan. Then, an automatic anatomical segmentation of the STN and the IC was computed. For each patient, we manually refined the IC using both the T2 image and the Schaltenbrand atlas (24), in order to extend IC boundaries to the cerebral peduncles in the midbrain, a process that enables visualization of the CSNT in the vicinity of the STN. Manual refinement of the IC was the longest step of the process, and took 10–15 min per patient. Lead trajectories were automatically reconstructed from the CT scans. We subsequently adjusted the lead orientations determined from the post-operative sagittal and coronal topograms using the radiopaque marker embedded in each lead. Finally, we sequentially built VTAs by increasing the current amplitude virtually for each contact tested until the VTA border touched the capsule border. We labeled the corresponding amplitude as the CTA of the VTA model (VTA-CTA).



Statistics

For each patient, we computed statistical analysis on the data to test the correlation between the clinical thresholds and the modeled capsular threshold. We used the corrcoef function of the Matlab (Mathworks, Natick, MA) statistical toolbox. We also performed a correlation analysis on the whole group and normalized the data to compare patients by using the z-scores. We then reported the resulting p and correlation coefficients r for each patient. Lastly, we refined the analysis for the patients who did not show any significant effect by separating the analysis for the left and right hemispheres to see if the effect had been hidden by one side where the modeling predicted the capsular threshold poorly.




RESULTS


Population

We tested 29/32 STNs from 16 consecutive patients (6 women and 10 men). Three STNs were ruled out given that no capsular side effects were observed between 0 and 6 mA, and CTA was not determined. Mean patient age was 60.1 ± 2.0 years, and mean PD duration was 10.5 ± 1.2 years. Mean presurgical MDS-UPDRS part III scores in off and on drug conditions were 47.1 ± 4.0 and 14.3 ± 2.0, respectively, corresponding to a mean improvement of 70.2 ± 3.5%. Monopolar reviews took place between 2.5 and 6 months after surgery (mean, 3.7 ± 0.2), and mean levodopa equivalent daily dose (LEDD) before and after DBS were 1182.8 ± 115.8 mg and 452.6 ± 88.4 mg, respectively, corresponding to a mean reduction of dopaminergic therapy dosage of 60.9 ± 7.5% (25).



Clinical Threshold vs. Capsular Threshold

At the group level, when performing statistical analysis on the z-scored capsular thresholds, we found a significant correlation (p = 0.0001), with a relatively low regression coefficient (r = 0.2445). When considering intra-patient analysis, we found significant (p < 0.05) correlations between capsular threshold as modeled with the software and capsular threshold as determined clinically in five patients (see Figure 2). In these five patients, the resulting mean correlation coefficient was 0.70 (±0.16). Furthermore, in one additional patient, there was a tendency toward significant correlation (p = 0.0746).


[image: Figure 2]
FIGURE 2. Table of correlation coefficients and associated p-values between Guide™ XT predicted capsular threshold and clinically measured threshold. Examples of scatterplots from one good correlation (P4) and one bad correlation result (P13). The number of calculated capsular thresholds per patients is indicated in the first column.




Vertical and Horizontal Virtual Current Steering

We analyzed virtual current steering in patients for whom CTA was correctly predicted by the VTA-CTA model. We arbitrarily chose the constant parameter settings as follows: 3 mA, 60 μs, and 130 Hz. Then, we built a VTA according to the software and successively considered the vertical and horizontal virtual current steering (see Figure 3). Vertical virtual current steering consisted of representing the lead position and overlap between the VTA and STN automatically segmented by the software. Horizontal virtual current steering consisted of representing the lead position and overlap between VTA, STN, and IC in the best ring previously identified, in order to rank its contacts from lowest to highest capsular threshold.


[image: Figure 3]
FIGURE 3. Example of vertical (A) and horizontal (B) virtual current steering with Guide™ XT. Vertical virtual current steering (A) shows that contact 1 is within the ventral part of the STN, and contact 8 is outside the STN. Ventral (2–4) and dorsal (5–7) rings are within the ventromedial and dorsolateral parts of the STN, respectively. According to horizontal virtual current steering (B), modeled VTA of contact 7, “the best contact,” does not touch the CSNT, whereas modeled VTA of either the ring or contact 6, “the worst contact,” shows current diffusion touching the CSNT. VTA (in blue): volume of tissue activated modeled by Guide™ XT, STN (in green): subthalamic nucleus automatically segmented by Guide™ XT, internal capsule (in red) including CSNT manually refined: corticospinal and corticonuclear tracts.





DISCUSSION

In this pilot study, we tested the hypothesis that VTA model software could help clinicians with capsular threshold determination in STN-DBS PD patients during post-operative management. To do this, we retrospectively compared predicted capsular thresholds modeled using the software with clinical capsular thresholds clinically assessed during the monopolar review in 16 STN-DBS PD patients.

At the group level, we found a significant correlation (p = 0.0001), between image-defined and clinically defined capsular thresholds, but the regression coefficient was relatively low (r = 0.2445 points). Intra-patient analyses showed significant (p < 0.05) correlations in only 5/16 patients (31.2%), meaning that for each of these patients, contacts were accurately ranked by the software from the lowest to the highest capsular threshold. The low regression coefficient in analysis at the group level can therefore be explained by some variability of the tool as confirmed in intra-patient analyses, with an excellent matching in some, but not all, of the patients.

Although the small size of this pilot study, a lack of statistical power, and a learning curve effect for both clinical and VTA-modeled capsular threshold measurements must be mentioned first, factors related to the different steps needed for capsular threshold modeling may be considered one by one to explain the discrepancy observed between global and intra-patient analyses.

Coregistration between preoperative 3D T1, specific STN visualization T2 MRI sequences, and the post-operative CT scan was performed automatically by the software. Visual inspection of coregistration quality was systematically performed before anatomical segmentation. Coregistration was correctly done in all cases and does not appear to be a critical factor contributing to the variability observed between patients.

Anatomical segmentation in the software does not include the CSNT per se but the IC, which does not integrate the diencephalic–mesencephalic junction. Thus, in order to determine the VTA-modeled capsular threshold, we manually drew the CSNT in the vicinity of the STN, by extending the automatically segmented IC from the diencephalon to the mesencephalon. Nevertheless, this step, the longest of the capsular threshold modeling, was not highly reproducible, which might broadly explain the variability observed from one patient to another. One would expect that capsular threshold as modeled with the software depends on the distance between the internal border of the CSNT drawn manually and the lead where the VTA is built. In the near future, tractography could be a great help to reduce this bias (24–27).

Determination of the electrode position from the post-operative CT scan and coregistration of the CT with the T1 pre-operative MRI is also associated with some intrinsic limitations of the software, namely, electrode position reconstruction from the CT artifact, brainshift pre- and post-implantation, and T1 image artifacts.

Lead orientations that have been performed manually from the topograms (sagittal and coronal views) may also constitute a source of error in the modeling as they can change the determination of the capsular threshold between the three contacts at each depth of directional contact. Methods such as 3D rotational fluoroscopy and CT scan-based algorithms have been developed to determine orientation automatically with higher precision and less variability, but had not been included in the software at the time of the study (28, 29).

The VTA model used by the software for capsular threshold modeling is a critical point to discuss. The model makes several assumptions that influence its threshold estimates. The first is a simplified electrical medium that represents the brain as a homogenous and isotropic volume conductor. This means that every point in the model has the same electrical conductivity value (homogeneous) and that those conductivity values are the same in every direction (isotropic). Heterogenous and anisotropic estimates of tissue conductivity are an area of ongoing research (30). Furthermore, we do not know the amplitude range for which the model is valid (power dispersion in biological anisotropic tissue). Additionally, all axons in the model are assumed to be equal in diameter, perfectly straight, and running perpendicular to the trajectory of the lead. The diameter of an axon is known to strongly influence its excitability (31), and the IC exhibits axons with a range of diameters (32). Furthermore, the trajectory and orientation of the axons also influence the excitability of the model. These model assumptions were instituted both to simplify the model and to tend toward the side of excitability.

Despite the multiple sources of error and current limitations discussed above, the software could offer the opportunity to obtain a more comprehensive anatomy-based approach for directional DBS and potentially less time-consuming bedside management for a given patient. Although clinical capsular threshold determination remains the gold standard, VTA model software could be a useful tool for the refinement of parameter settings in patients for whom the clinical threshold and VTA modeled threshold are congruent (see Figure 3). Vertical virtual current steering, which consists of arbitrarily choosing constant parameter settings, for instance: 3 mA, 60 μs, 130 Hz, and drawing the VTA for the four electrode levels may help clinicians to visualize the lead position within the STN and the overlap between the VTA and the sensorimotor part of the STN. This virtual approach may help to more rapidly determine the best anatomical match out of four levels for stimulation from ventral to dorsal, targeting the sensorimotor STN for optimal improvement in parkinsonism. Horizontal virtual current steering, which consists of arbitrarily choosing constant parameter settings, for instance: 3 mA, 60 μs, 130 Hz, and drawing the VTA for the three contacts contained in one segmented ring, could illustrate overlap between the VTA, STN, and IC in order to rank contacts from the lowest to the highest capsular threshold. Such information could be valuable in determining visually guided and anatomically based horizontal steering strategies, when stimulation is limited by side effects related to current diffusion to surrounding fiber systems such as the CSNT. This approach could also be extended to other DBS side effects such as paresthesia, which is related to current diffusion to the medial lemniscus.



CONCLUSION

In this pilot study, software that superimposes VTA and anatomy was of limited assistance in the identification of capsular thresholds for the whole cohort due to large inter-patient variability. So far, this new tool allows visualization of the IC, but it has not been designed to identify corticonuclear and corticobulbar tracts inside this very large structure. Integration of fiber tracking tools that can visualize these fiber systems might lead to a better match between visual modeling and clinical testing, which would be an important first step to a more automatized post-operative management of DBS. Currently, clinical testing remains the gold standard in selecting stimulation parameters for STN-DBS in PD. Further studies with larger sample sizes remain mandatory to assess the usefulness of VTA model software for practical management of STN-DBS PD patients.
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Shame and embarrassment related to Parkinson's disease (PD) are rarely addressed in clinical practice nor studied in neuroscience research, partly because no specific tool exists to detect them in PD.

Objective: To develop a self-applied assessment tool of shame and embarrassment specifically related to PD or its treatment, to promptly identify the presence and severity of these two emotions in PD.

Methods: Identification and selection of relevant items were obtained from the collection of PD patients' opinions during support groups and interviews. Several further items were added following a literature review. Subsequently, a two-phase pilot study was performed for identification of ambiguous items and omissions, and to obtain preliminary data on acceptability, reliability, validity and relevance of the new scale (SPARK).

Results: A total of 105 PD patients were enrolled in the study. Embarrassment was reported in 85% of patients, while shame was present in 26%. Fifteen percent of patients did not describe any shame or embarrassment. On average, the intensity of these two emotions was low with a marked floor effect in SPARK items and subscales. However, SPARK total score inter-individual variability was important (range 1–84 out of 99). Acceptability and quality of data were satisfactory with no floor or ceiling effects (2.9% each) or missing data. Internal consistency (Cronbach's alpha) was 0.94 for total score and 0.73–0.87 for subscales. The scale correlated ≥0.60 with instruments measuring related constructs. Content validity was satisfactory. SPARK total score strongly correlated with impaired health-related quality of life (rS = 0.81), the propensity to feel embarrassed or ashamed (rS = 0.68 and 0.66, respectively), and anxiety (rS = 0.72) and depression (rS = 0.63) levels. Moderate to high correlations were observed between SPARK total score and apathy (rS = 0.46) and a more pronounced personality trait directed toward harm avoidance (rS = 0.46). No significant differences in SPARK scores were found by sex, education level, PD duration, Hoehn and Yahr stages or PD phenotype.

Conclusion: Preliminary analysis of psychometric properties suggests that SPARK could be an acceptable and reliable instrument for assessing shame and embarrassment in PD. SPARK could help healthcare professionals to identify and characterize PD-induced shame and embarrassment.

Keywords: parkinson's disease, shame, embarrassment, questionnaire, non-motor symptoms


INTRODUCTION

Patients affected with Parkinson's disease (PD) perceive non-motor symptoms as serious challenges and barriers to a satisfying quality of life (1). PD-related shame and embarrassment are rarely addressed in clinical practice nor studied in neuroscience research (2). The prevalence of shame and embarrassment in PD is unknown and no specific tool exists to detect and measure them in PD.

Shame and embarrassment are two negative self-conscious emotions associated with painful states, where the self (i.e., the affective representation of one's identity) is focal in attention. The individual believes that she/he has failed to meet appropriate standards of conduct, and thinks that she/he has done so in the eyes of others. No consensus has been reached on how shame and embarrassment differ (3). Intuitively, for English speakers at least, shame and embarrassment are members of the same family and the differences between the two are subtle. The establishment of explicit differential criteria to distinguish shame from embarrassment has proven difficult in the literature. Shame is psychologically more challenging than embarrassment, marked by intensely painful negative self-evaluation commonly exhibited by an individual upon realizing that she/he has committed an offense or violated an important (usually social) norm. Shame is more long-lasting and produces more damage to self-esteem. Shame is also associated with a more serious breach of fundamental norms or rules. Upon contemplating the transgression, the individual concludes that she/he is incapable, worthless, fundamentally flawed, reprehensible, and worthy of contempt. Whereas, embarrassment is about minor transgressions or failures in role enactments or failure in one's ability to present her/himself to others in an ideal manner. Embarrassment is associated with a motivational response directed toward the preservation of one's social reputation, rather than a concern for others' well-being and a need to make amends, as in guilt, or with a concern for oneself with a need to hide as in shame (4).

Shame and embarrassment in PD may emerge from different sources: (1) PD symptoms, especially visible motor symptoms but also non-motor symptoms; (2) increasing physical dependence and need for help induced by PD; and (3) deteriorated body image (2). Consequences of PD-related shame on health-related quality of life are probably important but have not been studied in detail. Consequently, shame and embarrassment should be actively explored and addressed in patients affected with PD.

To do so, a specific tool to detect and measure these emotions in PD is needed. We therefore created a self-applied questionnaire rating shame and embarrassment specifically induced by PD or its treatment, to promptly identify the presence and severity of these emotions in PD patients as well as to better understand what clinically promotes these emotions. The objective of this pilot study is to describe the development process of this rating scale, including its conception and the analysis of its relevance and adequateness to the target population as well as its psychometric properties.



MATERIALS AND METHODS

The study was approved by the Geneva Ethics Committee. All participants gave their informed written consent.


Identification and Selection of Items of Interest (Phase 1)

Identification of relevant items was based on a set of opinions and perspectives expressed by 44 PD patients during support groups and informal interview. The inclusion criteria for participants was a diagnosis of PD. The only exclusion criteria was the presence of dementia. The content of the expressed views was subsequently analyzed and reduced to a set of qualitative themes or meaning units. This preliminary phase of the study was from our point of view an essential component, as it allowed us to better understand shame and embarrassment related to the disease in PD patients. In addition, a comprehensive review of the literature on shame and stigmatization in PD was carried out. It revealed that the utterances expressed by patients were, generally, on the mark. Following further understanding obtained from this review process, new items were added to the emerging scale. Extra items were implemented from two scales: 2 items from the PDQ-39 (5) and 6 items from the Stigma Scale for Chronic Illness 8-item version (6). Data obtained during phase 1 provided the construction of a preliminary scale including 26 items. Responses reflected a scale of intensity (from 0 to 3: 0 = not at all, 1 = a little, 2 = moderately, 3 = very much). The scale was called Shame and embarrassment in Parkinson's disease (SPARK).



Construction of the First Draft of the Scale and Pre-testing (Phase 2)

The preliminary SPARK scale was applied to 26 patients with a diagnosis of PD based on the United Kingdom Parkinson's Disease Society Brain Bank criteria (7). Patients were recruited from the Neurology Department of the Geneva University Hospital. PD patients with any kind of dementia (including mild and moderate) defined by a Montreal cognitive assessment (MOCA) score (8) <26/30 were excluded. A cognitive debriefing questionnaire was administered after completion of the SPARK scale, asking patients about their opinions on the relevance of the subject for their medical follow-up, length of the questionnaire, simplicity to respond, embarrassment with any item, omissions and global view. This was done to identify ambiguities, redundancies and omissions as well as to obtain preliminary data of acceptability and relevance of the subject. This questionnaire consists of 8 items with two possible answers (yes or no). A space for text where subjects could express their opinion was also available for each question.



Reformulation and Construction of the Second Version of the Scale

The preliminary scale was adapted after the analysis of the cognitive debriefing questionnaire. The new scale was reviewed by five experts in PD and four experts in questionnaire validation. A second version of the SPARK questionnaire was created, with 33 items grouped into 6 subscales: (1) Shame and embarrassment arising from PD symptoms (items 1–5, 8, 11–16, 20); (2) Shame and embarrassment arising from the increasing physical dependence and need for help induced by PD (items 7, 10, 18); (3) Shame and embarrassment arising from the deteriorated body image (items 6, 9, 17, 19, 21); (4) Consequence of related shame and embarrassment on patient's self-esteem (items 22, 25, 26); (5) Stigmatization (items 23, 24, 27–31); (6) Type of emotion (item 32 for embarrassment, item 33 for shame). A summary score was calculated by adding up all individual item scores, for a maximum of 99 points. The self-assessment SPARK questionnaire takes ~5 min to perform.



Testing of the Second Version of the Scale (Phase 3)

Thirty-five PD patients with no dementia were enrolled. A neurological assessment was performed including a brief medical history aimed to determine PD duration, stage of the disease established by Hoehn and Yahr scale (9), levodopa equivalent daily dose (LEDD) (10) and educational level, as well as a motor assessment including a MDS-UPDRS part 3 (11), the determination of the type of PD phenotype (12) and the level of dyskinesia using the Marconi Dyskinesia Rating Scale (13). The previously described SPARK debriefing questionnaire used during the pretesting phase was applied. Other questionnaires were also administered to assess psychobehavioral symptoms such as depression using the Beck Depression Inventory II (BDI-II) (14), anxiety with the State-Trait Anxiety Inventory for Adults (STAI) (15) and apathy with the Apathy scale (16). Personality dimensions were assessed with the Tridimensional Personality questionnaire (TPQ) (17). The impact on health-related quality of life was studied with a shorter version of the Parkinson's Disease Questionnaire (PDQ)-39, called the PDQ-8 (18, 19). To compare our results with two previously validated scales exploring the propensity to feel embarrassed or ashamed, we used the Personal Feelings Questionnaire (PFQ-2) (20–22) and the Embarrassment scale (21, 23).



Construction of the Final Version of the Scale

Patients' comments provided during the debriefing questionnaire were discussed between the authors. Comments judged relevant were used to create the final version of the SPARK scale (Figure 1 and Supplementary Data 1) that will be used in a future validation study.


[image: Figure 1]
FIGURE 1. The SPARK questionnaire.




Data Analysis

Descriptive statistics of the sample characteristics and the applied rating scales were carried out. SPARK psychometric properties were studied only in the 35 PD patients who took part in phase 3 of the study. The following psychometric properties were analyzed, following the Classical Test Theory (CTT) (24):

- Data quality and acceptability (25, 26): missing data (standard criterion: <10%), fully computable data (criterion: >90%); distribution of scores, floor and ceiling effects (criterion: <15%) and skewness (criterion: between −1 and +1).

- Reliability in terms of internal consistency (27, 28): Cronbach's alpha (standard criterion: >0.70), inter-item correlation (criterion: 0.20–0.75), item homogeneity coefficient (criterion: >0.15) and corrected item-total correlation (criterion: ≥0.30).

- Validity. Three aspects of validity were assessed: convergent and known-groups validity (29), internal validity and content validity. For convergent validity, Spearman rank correlation (rS) was calculated between SPARK (total and subscale scores) and scores obtained with the two previously validated scales measuring shame and embarrassment as well as scores obtained with scales measuring depression, anxiety, apathy, type of personality and quality of life impact, constructs that theoretically should be related with the shame and embarrassment. A high correlation was established if the coefficient value rS was ≥0.60 (30). A moderate to high correlation was considered if rS was between 0.30 and 0.59. A moderate or weak was defined if rS was <0.30. Known-group validity was tested by determining the differences in SPARK total and subscales scores with subgroups based on sex, level of education according to the International Standard Classification of Education, PD duration (by the median), Hoehn and Yahr (9) severity stage, and type of PD phenotype (using MDS-UPDRS scores and applying the formula as explained in Supplementary Table) (12). The Mann-Whitney test was utilized to determine the significance of the differences. Internal validity was assessed by means of the inter-correlation of domains, using Spearman's rank correlation coefficients (criterion, rS = 0.30–0.70). For content validity, in addition to the input from experts opinion and literature review during the construction process, the qualitative evidence from the pre-testing debriefing questionnaire with patients was analyzed, to ensure that items in the scale were representative of the construct being measured (28). For the debriefing questionnaire, the frequency of yes/no responses was reported. The comments of the patients were analyzed descriptively to assess their opinions. All calculations were made using IBM SPSS version 25.0.




RESULTS

A total of 105 patients were enrolled in our study: 44 patients for phase 1, 26 for phase 2 and 35 for phase 3 of the pilot study. Demographic and clinical characteristics are reported in Table 1. Among the 61 patients who participated in phases 2 and 3 of the study, most patients (85%) were experiencing embarrassment, whereas shame concerned fewer patients (26%). When shame was present, embarrassment was always associated with it. Fifteen percent of patients did not describe any shame or embarrassment.


Table 1. Patients demographic and clinical characteristics for the three phases of the study.
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The phase 3 of our study analyzed SPARK's psychometric properties. The SPARK total mean score was 23.97 (standard deviation SD: 18.53; range: 1–84) (Table 2). SPARK total score presented a skewness of 1.50, with no floor or ceiling effects (2.9% each) or missing data. Responses to items covered the full range of scale scores (0–3) except for 3 items. Most subscales and items showed a marked floor effect (Table 2).


Table 2. Data quality and acceptability of SPARK.

[image: Table 2]

Regarding internal consistency (Table 3), Cronbach's alpha ranged from 0.73 (Physical dependence subscale) to 0.87 (subscale Self-esteem), with a value of 0.94 for the total score. Item homogeneity coefficient ranged from 0.29 (PD symptoms subscale) to 0.70 (Self-esteem subscale). Most items (except items 1, 3 and 24) showed an item-total corrected correlation >0.40.


Table 3. Internal consistency of SPARK.

[image: Table 3]

SPARK total score strongly correlated with PDQ-8 (rS = 0.81), PFQ-2 total and Shame subscale (rS = 0.66 and 0.69, respectively), Embarrassment scale (rS=0.68), STAI State and Trait (rS = 0.62 and 0.72, respectively) and BDI-II (rS = 0.63) (Table 4). Moderate to high correlations were observed between SPARK total score and Apathy scale (rS = 0.46) and TPQ Harm avoidance (rS = 0.46). A negative weak to moderate correlation was observed between SPARK total score and age (rS = −0.37). PD duration, LEDD, motor score and type of PD phenotype showed weak to moderate correlations with SPARK. All SPARK subscales significantly correlated with PDQ-8 (rS ≥ 0.60). SPARK subscales PD Symptoms and Body image strongly correlated (rS = 0.68 and 0.73, respectively) with PFQ-2 Shame subscale; and PD Symptoms and Stigma strongly correlated (rS = 0.63 and 0.68, respectively) with the Embarrassment scale. PD duration, LEDD and MDS-UPDRS part 3 showed weak correlations with SPARK.


Table 4. Convergent validity of SPARK scale and subscales.
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Regarding known-groups validity (Supplementary Data 2), SPARK total and subscales scores did not present significant differences by sex, education level, PD duration, Hoehn and Yahr severity stages or PD phenotype.

Regarding internal validity, SPARK subscales correlated from 0.31 to 0.74 between them (Table 5). In terms of content validity, patients' responses to the debriefing questionnaire (Table 6) demonstrated that >85% of the group found the scale to be relevant to their current situation, helpful for their healthcare professionals to understand their current state, understandable and with adequate length. Questions were described as embarrassing or difficult to answer only by 8.6 and 11.4% of the sample, respectively. Thirty-two percent of patients made comments. See Supplementary Data 3 for a summary of patients' comments. Some items were consequently modified and some subitems were added in order to capture the topic as comprehensively as possible. Comments on embarrassment and shame induced by sleep disturbances such as daytime sleepiness and acting out dreams were not included in the final version of the scale because this comment was made by a single patient.


Table 5. Internal validity.
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Table 6. Responses to the debriefing questionnaire about SPARK.
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DISCUSSION

SPARK is a new self-administered questionnaire assessing shame and embarrassment induced by PD. The aim of our study was to show how SPARK was conceived and designed. In addition, some psychometric properties have been tested to orient the developers toward potential problems with the current structure. Preliminary analyses of the psychometric properties suggest that SPARK could be an acceptable and reliable instrument for assessing shame and embarrassment in PD. Higher scores of shame and embarrassment were related to impaired health-related quality of life and higher levels of depression and anxiety. Consequently, PD-related embarrassment and shame probably deserve our attention. SPARK could be a useful tool for healthcare professionals and researchers to identify and rate these two negative emotions, as well as to better understand what clinically promotes these two painful and disruptive emotions.

Regarding the psychometric analysis, SPARK had a satisfactory acceptability and data quality with no missing data, due to good procedures during data collection. Internal consistency and internal validity were acceptable, suggesting that the scores of our instrument were an adequate reflection of the dimensionality of the construct (embarrassment and shame) that we thought to measure. Content validity was very satisfactory, with the vast majority of patients thinking that the questionnaire was relevant to their current situation and could be helpful for their healthcare professional for their follow-up. SPARK was judged by patients as easily understandable and of adequate length, taking about 5 min to complete. The content validity was excellent, probably due to the SPARK construction and testing process which involved a collaborative effort with multiple exchanges between PD patients and healthcare professionals specialized in PD.

In terms of the frequency of shame and embarrassment induced by PD, most of our patients (85%) were experiencing embarrassment whereas shame concerned far fewer patients (26%). When shame was present, it was associated with embarrassment in 100% of cases. Our results argue for the fact that embarrassment and shame are two closely related self-conscious emotions belonging to the same continuum of emotion, varying on a range of factors such as intensity, public exposure and physical reaction (31). To the best of our knowledge, the exact prevalence of the shame and embarrassment in PD is unknown and our percentages would have to be checked in a larger sample. Parkinson's UK, a patients' association, found that 41% of PD patients reported experiencing discrimination because of PD, including some experiences of misinterpretation of symptoms or verbal abuse in public (32).

In terms of the intensity of shame and embarrassment, SPARK total score had a mean of 24 out of 99 with a wide range of scores (1–84) showing that the severity of the shame and embarrassment varied greatly among patients. Floor effect in SPARK items and subscales indicated that most patients showed low levels of shame and embarrassment. However, SPARK scores were associated with a lower level of health-related quality of life, as well as with higher levels of depression and anxiety. Shame and embarrassment may contribute to psychological difficulties such as personal distress, self-identity alteration, social isolation, depression, and social anxiety (33–36). The impact of shame and embarrassment on patients' quality of life might be exacerbated by the fact that patients do not talk about this feeling because it is a taboo subject (37). Many PD patients do not spontaneously discuss these experiences with their relatives or their neurologist because, ironically, they think that it is considered embarrassing or shameful to talk about one's embarrassment or the sources of one's shame (2).

The wide range of SPARK scores among patients probably reflects the inter-individual variability of the experience of shame and embarrassment. These two emotions vary depending on self-awareness, personality traits, level of self-esteem and self-blame, and culture (38–41). Our results are in accordance with this assumption, whereby higher SPARK scores were related to the personality propensity to feel embarrassed or ashamed and with a personality trait directed toward harm avoidance.

The role of PD neuropathology itself in the experience of shame and embarrassment is unknown. According to our study, an indirect and a direct role of PD are probable. An indirect role is probable through symptoms caused by PD as well as the increasing physical dependence and the deteriorated body image. However, a direct role of PD on the emotional experience might also be associated, but remains to be demonstrated. PD is secondary to neurodegeneration involving predominantly dopaminergic neurons (42). Higher SPARK scores were related to a more pronounced personality variant toward harm avoidance, whereas SPARK scores were not linked with the two other personality dimensions defined by Cloninger's biosocial model of personality (novelty seeking and reward dependence) (43). The harm avoidance dimension is characterized by a tendency to respond intensely to signals of aversive stimuli, thereby learning to inhibit behavior to avoid punishment, novelty and frustrative non rewarding situations. Individuals with higher levels of harm avoidance show anticipatory worry, fear of uncertainty, shyness with strangers as well as fatigability and asthenia. Yet harm avoidance has been linked with hypodopaminergic behaviors such as apathy, depression, anxiety, irritability, and hyperemotionality (44–46) as well as with PD (47). In addition, SPARK scores were strongly related with higher levels of depression and anxiety, and moderately associated with the level of apathy. We hypothesized a dopaminergic modulation to embarrassment and shame in PD. We expect that shame and embarrassment would decrease in the case of hyperdopaminergia (euphoria, hyperactivity, hypomania, and impulse control disorders) when also depression, anxiety, apathy and harm avoidance largely disappear. This assumption remains to be elucidated.

No relationship was found between the intensity of PD-induced shame and embarrassment and PD duration and the severity of motor symptoms. These results might suggest that other factors might be involved in the intensity of the shame and embarrassment. A longitudinal study investigating the evolution of SPARK scores depending on the phase of PD would be interesting. Our hypothesis is that the intensity of shame and embarrassment might be higher before the dopaminergic replacement therapy is introduced and during the early post-diagnosis phase when the patient is learning to adapt to her/his disease. Another hypothesis would be that shame and embarrassment are little related with motor symptoms as compared with neuropsychiatric symptoms.

Nevertheless, our scale contains several limitations. Three items presented low item-total corrected correlations with their respective subscales. Two pairs of items showed high inter-item correlation which might suggest redundancy. This aspect will be checked during the validation study in a larger sample. As pointed out by the debriefing questionnaire, some aspects contributing to shame and embarrassment were missing. Some new items were consequently added (stiffness, dysarthria, dry mouth, posture difficulties) in order to capture the topic as comprehensively as possible. The final version of SPARK will be utilized during the future validation study. As mentioned by several patients and because of the type of rating scale that we chose, SPARK measures the intensity of shame and embarrassment but not the frequency of the occurrence of these two emotions. SPARK also does not differentiate clearly if shame and embarrassment are internal or external. Internal shame or embarrassment describes the negative evaluation a person applied to her/himself whereas external shame or embarrassment relates to the evaluation of what the person believes others think about her/him i.e. the distressing awareness that “I think others view me negatively” (48). The amount of psychosocial support received by patients was not able to be measured. It is however data that may well influence PD-induced shame and embarrassment and in this sense, should be taken into account in future studies. Finally, SPARK could encounter difficulties at a linguistic level in non-English or non-French speaking countries. Indeed, the distinction between shame and embarrassment may not be obvious depending on the language. In Spanish for example, the distinction between shame and embarrassment does not exist in the common (everyday life) language. For this reason, we chose to combine embarrassment and shame as a single combined score. Future studies should also address the role of culture on shame and embarrassment in PD. How emotions are understood and expressed varies across cultures (40, 41). Some social groups view the self in individualistic psychological terms as a self that is bounded, separate from others. Shame and embarrassment are then perceived as a psychological event occurring inside an individual. Meanwhile, other cultures favor a collectivist conception wherein shame and embarrassment are emotions that happen interpersonally, outside, between people (39). The appraisal of how shame and embarrassment are felt and expressed, as well as the responsibility for resolving them, also varies (38). International studies are needed, with a more diverse sample of PD patients in order to explore cultural differences regarding the embarrassment and shame by a formal study. Finally, our sample size was relatively small.

In conclusion, the SPARK scale could be a reliable questionnaire which promptly measures the severity of shame and embarrassment specifically induced in patients in the context of PD. A validation study would be useful to confirm this assumption. The availability of this rating scale could raise awareness on these two emotions in PD. The SPARK scale could help healthcare professionals to identify the problem of shame and embarrassment affecting PD patients and to better understand what clinically promotes these two emotions. Our study demonstrated that PD-associated embarrassment is extremely frequent. Shame and embarrassment were associated with a lower level of health-related quality of life, as well as with higher levels of depression and anxiety. As such, PD-related shame and embarrassment deserve our attention. Further studies are needed to deepen the understanding of the subject, such as studies exploring clinical, cultural or socioeconomic factors influencing these two painful emotions. The clinical implication of this score system could be important especially in patients who score high on SPARK total score and shame sub-item as shame probably contributes to psychological difficulties such as personal distress, depression, suicidal ideation, and social encounter avoidance. A high SPARK score should alert healthcare professionals to the potential presence of psychological difficulties. The SPARK questionnaire could therefore help healthcare professionals to implement psychological support to patients' management in a timely fashion in order to help patients cope with their disease. Cognitive-behavioral intervention strategies such as systematic desensitization, role playing, thought stopping, disputing the inner critic, identification of irrational thinking and dysfunctional cognitive schemas could be clinically beneficial for these 2 emotions (49, 50). The SPARK scale could also help indirectly researchers to better understand the biological role of monoaminergic neurotransmitter depletion in these negative emotions. Understanding the biology behind shame and embarrassment could allow more targeted pharmacological management in addition to enhancing coping strategies.
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Background: Cognitive impairment is one of the most frequent and disabling non-motor symptoms in Parkinson disease (PD) and encompasses a continuum from mild cognitive impairment (PD-MCI) to dementia (PDD). The risk factors associated with them are not completely elucidated.

Objective: To characterize the presence and clinical presentation of PD-MCI and PDD in patients with idiopathic PD, examining motor and non-motor features and determining factors associated with cognitive impairment.

Methods: Multicenter, cross-sectional study in 298 PD patients who underwent clinical [Hoehn and Yahr (HY) staging and Clinical Impression of Severity Index for Parkinson Disease], neurological [Scales for Outcomes in Parkinson's Disease (SCOPA)-Motor], neuropsychological (Mini Mental State Examination, SCOPA-Cognition, Frontal Assessment Battery and Clinical Dementia Rating Scale), neuropsychiatric [SCOPA-Psychiatric complications, SCOPA-Psychosocial (SCOPA-PS), and Hospital Anxiety and Depression Scale (HADS)], and health-related quality of life [Parkinson Disease Questionnaire for quality of life (PDQ-8)] assessment. Movement Disorders Society criteria were applied to classify patients as normal cognition (NC), PD-MCI, and PDD. The association between variables was explored using multivariate binary and multinomial logistic regression models.

Results: Seventy-two patients (24.2%) were classified as NC, 82 (27.5%) as PD-MCI, and 144 (48.3%) as PDD. These last two groups reported more psychosocial problems related with the disease (mean SCOPA-PS, 16.27 and 10.39, respectively), compared with NC (7.28) and lower quality-of-life outcomes (PDQ-8 48.98 and 28.42, respectively) compared to NC (19.05). The logistic regression analysis showed that both cognitive impaired groups had a more severe stage of PD measured by HY [odds ratio (OR) for MCI-PD, 2.45; 95% confidence interval (CI), 1.22–4.90; OR for PDD 2.64; 95% CI, 1.17–5.98]. Specifically, age (OR, 1.30; 95% CI, 1.16–1.47), years of education (OR, 0.91; 95% CI, 0.83–0.99), disease duration (OR, 1.19; 95% CI, 1.07–1.32), HADS-D (OR, 1.20; 95% CI, 1.06–1.35), and hallucinations (OR, 2.98; 95% CI, 1.16–7.69) were related to PDD.

Conclusions: Cognitive impairment in PD is associated with more severe disease stage, resulting in a global, neuropsychiatric, psychosocial, and quality-of-life deterioration. This study provides a better understanding of the great impact that cognitive impairment has within the natural history of PD and its relationship with the rest of motor and non-motor symptoms in the disease.
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BACKGROUND

Idiopathic Parkinson disease (PD) is a common, chronic, and neurodegenerative disorder characterized by the presence of motor manifestations such as tremor, rigidity, bradykinesia, or instability. However, there are also non-motor features including cognitive dysfunction, sleep disorders, neuropsychiatric symptoms, autonomic dysfunction, pain, fatigue, and olfactory disorders that may be present since the earliest stages of PD or even prior to its diagnosis, generating a great impact on patients and caregivers (1, 2). In conjunction with this fact, the latest evidence from clinical, genetic, neuropathological, and imaging studies suggests the initiation of PD-specific pathology prior to the initial presentation of the classical motor clinical features by years (preclinical and prodromal stages of PD). The existence of these “premotor biomarkers” opens up the possibility to new therapies that would help prevent the onset of the disease or retard the progression (3). One of the most recent neuroprotective substances would be the cystatin C, which seems to play a significant role in neural and vascular cell function in neurodegenerative diseases (4, 5). Another new biomarker related to PD progression could be the decreased serum levels of mitochondrial creatine kinase. However, no significant relationship was found between this levels and the Hoehn and Yahr (HY) stage or non-motor symptoms scales (6).

With regard to cognition, the heterogeneous presentations encompass a continuum from cognitively intact patients to subjective cognitive decline, mild cognitive impairment (PD-MCI), and, finally, PD dementia (PDD), with a progressive severity gradient (7). Cognitive decline is one of the most frequent clinical manifestations of PD, being a prognostic variable of institutionalization and mortality (8). Prevalence of PD-MCI is estimated between 15 and 40% of PD patients according to recent studies and ~40% of patients with PD-MCI decline to PDD over 3 years (9). In 2007 and 2012, the Movement Disorder Society (MDS) published the diagnostic criteria PDD and PD-MCI, respectively. For both disorders, MDS established two levels of diagnostic certainty: level I, using a brief neuropsychological evaluation; and level II, which includes a much more extensive battery of tests (10, 11).

Several sociodemographic and disease-related features have been identified as potential risk factors that increase the progression of cognitive decline in PD, such as old age, low educational level, severity of disease, high age at onset, disease duration, high doses of levodopa, or use of anticholinergic medication (12, 13). Other clinical manifestations, such as neuropsychiatric symptoms, hallucinations, or rapid eye movement–sleep behavior disorder (RBD), have also been investigated and even considered as prodromal markers of PD (3, 14). The pathophysiological mechanisms underlying RBD and its relation with PDD include a major cholinergic denervation, a higher burden of cerebrovascular disease, and a more advanced deposition of synaptic nucleoprotein in brain areas (15). With regard to the link between depression symptoms and different types of dementia, some animal models have been developed, showing that exposure to several exogenous factors (economic status, education, family support, and social environment) and endogenous factors (such as aging, cerebral small vessel disease, brain circuits, neuroendocrine activity, neurochemistry, neurotransmitters, and inflammatory cytokines) could contribute to the pathogenesis of depression. Overall, non-motor symptoms in PD patients have been associated with dysfunction of the microbiota–gut–brain axis (16). Specifically, PDD has been associated to certain biomarkers such as low cerebrospinal fluid levels of β-amyloid 42, low serum uric acid levels, low serum Trefoil factor 3 levels, low serum cholinesterase activity, and high serum levels of homocysteine (17). In addition, some proinflammatory substances such as lipoprotein-associated phospholipase A2, superoxide dismutase, and high-sensitivity C-reactive protein are linked to neuroinflammation and therefore to progression of disease and cognitive impairment (18–20).

Concerning PD-MCI status, there are only a few studies on associated risk factors, and they suggest that older age, late age at onset, male gender, depression, and more advanced motor impairment have been associated with PD-MCI (9, 21). However, when reviewing the existing literature, the results are still conflicting regarding some of these factors. For example, contradictory findings have been reported for gender, education, age at onset, disease duration, HY stage, depression, and levodopa dose (12, 13, 22, 23). It is suggested that the reason for this is due to differences in populations, differences in methodology, outcome measures, and lack of robust studies with large sample size (24). In neuroimaging studies, PD-MCI patients showed more severe atrophy in the right entorhinal cortex, compared to PD patients without cognitive impairment, suggesting this brain area as a neuroanatomical biomarker in PD-MCI (25).

In the last decades, studies have tried to achieve a better understanding of the clinical heterogeneity in PD by defining different subtypes within the disease via cluster analysis, which could predict disease course, underlie neuropathological mechanisms, and lead to more efficient, personalized, therapeutic strategies (26, 27). The traditional subtyping systems were based on motor symptoms and motor complications, such as tremor-dominant PD (TD) vs. postural instability and gait difficulty (PIGD) with an akinetic-rigid predominance (28, 29). The TD motor phenotype was considered to have a more favorable prognosis than the PIGD phenotype, whereas the latter is associated to a more rapid and greater progression of the disease, including cognitive impairment (30, 31). Several studies have defined subtypes in relation to demographic and disease-related factors, such as the age at onset, claiming that patients with young-onset PD had a slower progression of disease than those with late-onset PD, concluding that age at onset was a major determinant of the course of disease (32). In recent years, the increasing importance of non-motor symptoms in PD has led to non-motor symptoms based subtypes, such as cognitive PD phenotypes (33, 34). However, the clinical, neuropsychological, and neuropathological boundaries between PDD and dementia with Lewy bodies (DLBs) have challenged the concept of different clinical entities. Conventionally, the diagnosis of PDD is usually made when dementia develops within the context of an established PD, whereas DLBs might be more appropriate when dementia precedes or coincides within 1 year of Parkinsonism onset (35). The so-called “Park cognitive” subtype is characterized by developing cognitive impairment even at an early stage, progressing rapidly to dementia (36). In other cognitive models graded by severity of cognitive impairment, cognitively intact patients were significantly younger and had received more years of formal education, whereas patients in the more cognitive impaired clusters had more severe motor symptoms, longer disease duration, and more axial signs (7).

Finally, the latest cluster analysis includes clinical, neuropsychological, neuroimaging, biospecimen, and genetic information to develop criteria to assign patients to a PD subtype (30, 37). The so-called “diffuse malignant” phenotype, in which three critical non-motor features (MCI, RBD, and orthostatic hypotension) at baseline identified the most rapidly progressive subtype, showed more severe motor and non-motor symptoms, more atrophy in substantia nigra–connected areas, more dopaminergic deficit on SPECT, reduced β-amyloid in cerebrospinal fluid, and shorter survival rates (38). Moreover, this subtype had greater decline in cognition and in dopamine functional neuroimaging after an average of 2.7 years (30).

However, subtyping PD has been challenging, because of inconsistent reliability and possibility of confusion between subtypes and different stages of disease progression (27). Therefore, there is currently no clear way to define and divide subtypes in PD.

The aim of the present study is to examine and compare the sociodemographic, disease-related, and clinical characteristics in a sample of PD patients with different degrees of cognitive impairment determined using the MDS diagnostic criteria. Additionally, a detailed analysis of the relationship between cognitive decline in PD and other manifestations of the disease will be carried out. The aforementioned aspects are not fully understood and are key to the management and well-being promotion of these patients. Moreover, these clinical markers have still potential to be used alongside with other biological and neuroimaging biomarkers as indicators of cognitive impairment (39).



METHODS

This study used data from a previous international, multicenter, cross-sectional study (40). Patients 30 years or older and diagnosed with idiopathic PD according to the UK Parkinson's Disease Society Brain Bank Criteria were included (41). To obtain an adequate sample size of at least 100 patients with PDD, patients with cognitive impairment were specifically overrecruited. Exclusion criteria were as follows: (1) parkinsonism other than idiopathic PD; (2) acute or chronic concomitant disease that could interfere in the evaluation of PD; and (3) any type of disability that could interfere with answering the questionnaires, with the exception of cognitive impairment. In cognitive impaired patients, information pertaining to self-administered and patient-reported outcome (PRO) scales was obtained from clinical interview to the caregiver.

Patients were recruited from movement disorder clinics in Brazil (n = 76), Ecuador (n = 95), and Romania (n = 127). A neurologist with expertise in movement disorders collected sociodemographic and disease-related data. In addition, a neurological, neuropsychological, neuropsychiatric, functional, and quality-of-life assessment was carried out, applying different rating scales: the global severity of PD was defined according to the HY staging (42) and the Clinical Impression of Severity Index (CISI-PD) (43); functional status was assessed through the Barthel Index (44); the motor manifestations were evaluated by the Scales for Outcomes in Parkinson's Disease-Motor (SCOPA-Motor) (45); the assessment of cognitive status included the Mini-Mental State Examination (MMSE) (46), the SCOPA-Cognition (SCOPA-Cog) (47), the Frontal Assessment Battery (FAB) (48, 49), and the Clinical Dementia Rating Scale (CDR) (50); the neuropsychiatric symptoms were collected through the SCOPA-Psychiatric (SCOPA-PC) (51). Finally, each patient completed the following self-administered questionnaires: the Hospital Anxiety and Depression Scale (HADS), with two subscales, HADS-A and HADS-D, respectively (52); the 8-item Parkinson Disease Questionnaire for quality of life (PDQ-8) (53); and the SCOPA-Psychosocial (SCOPA-PS) for psychosocial consequences of PD (54). For all instruments except cognitive tests (MMSE, SCOPA-Cog, and FAB) and the Barthel Index, higher scores reflect poorer functioning. A cutoff of ≥11 in the HADS-A and HADS-D was used as indicative of presence of anxiety and depression (52). All evaluations were performed during “on” state. The culturally adapted and validated versions were used in each country.

Neurologists evaluated the severity of cognitive impairment using the neuropsychological examination and the clinical interview with patient and caregiver, CDR scale scores, the presence or absence of dementia according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria, and item 3 of the CISI-PD scale, which refers to the patient's cognitive status. Cognitive symptoms started at least 1 year after the onset of PD in all participants.

Subsequently and independently, patients were classified by the research team into three groups, namely, normal cognition (NC), PD-MCI, and PDD, using criteria based on those proposed by the MDS (level I) and literature review [Table 1; (10, 11, 40, 55)].


Table 1. Classification criteria based on MDS criteria and literature review.
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The study was formally approved by the local institutional review boards. Written informed consent was obtained from all patients prior to participating in the study. In those with severe dementia, informed consent was signed by the main caregiver.

Statistical Analysis

In addition to descriptive statistics, tests for determining the differences between the 3 groups of patients were used. For data not fitting the normal distribution, non-parametric tests were applied. Chi-square χ2-tests were used for comparing categorical variables, whereas the Kruskal–Wallis test was applied in continuous variables that were not normally distributed.

Two multivariate binary logistic regression models were subsequently performed: one with the presence of any degree of cognitive impairment (NC vs. MCI-PD/PDD) and the other one with the presence of dementia (NC/MCI-PD vs. PDD), as dependent variables. The independent variables were motor and non-motor symptoms variables and time since diagnosis in years. Moreover, a multinomial logistic regression model was undertaken, with the same independent variables and using the three diagnostic groups as the outcome variable. Variables with p < 0.10 from the univariate analysis and those that were considered clinically relevant were selected for inclusion in the multivariate analyses. Age, sex, and education were controlled. Odds ratio (OR) with 95% confidence intervals (CIs) was used to assess the significance of associations. The binary logistic regression models were carried out to help clarifying the interpretation of data in the two stages of cognitive decline (MCI-PD and PDD) and, at the same time, adding more information to the topic, contrasting and completing the data provided by the multinomial logistic regression model.

In the logistic regression models, the cognitive assessment tests were not included because they had been used for the classification of the diagnostic groups and therefore could interfere in the results of the analysis. To analyze the relationship between the different variables, Spearman correlation coefficients were determined. Coefficients of ≥0.60 were considered as collinearity. According to this test, the CISI-PD was not included, because of collinearity with the SCOPA-Motor scale and the HY. Likewise, the SCOPA-PC was not introduced in the models, as it may have interactions with hallucinations (an item from the scale) and HADS. Finally, because the age at onset is dependent on the patient's baseline age and the disease duration, it was also excluded.

Statistical calculations were performed with the Statistical Package for the Social Sciences version 22.0 IBM (Armonk, New York).




RESULTS

Sociodemographic and Disease-Related Characteristics

The sample was composed of 298 patients (186 men and 112 women). Applying the MDS criteria, 72 participants (24.2%) were classified as NC, 82 (27.5%) as PD-MCI, and 144 (48.3%) as PDD (Table 2).


Table 2. Sociodemographic and disease-related features of study groups.
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The mean age of the total sample was 68.06 [standard deviation (SD) = 9.62] years with 8.7 (SD = 4.41) years of education. Parkinson disease MCI and PDD patients were significantly older and presented a lower education level than NC patients. No differences by sex were found between the three cognition groups. Overall, age at onset was 58.49 (SD = 10.12) years, with a statistically significantly higher age at onset in the PDD group than the other groups. The average duration of the disease at the time of data collection was 9.57 (SD = 6.47) years, being significantly higher in the cognitive impaired groups (12.36 for PDD vs. 6.28 years for NC). Dopamine agonists were more frequently taken in NC patients (33.3% in the intact vs. 6.3% in the PDD group, p < 0.05), and there were no significant differences regarding L-dopa treatment between the groups.


Motor and Non-motor Symptoms

Parkinson disease MCI and PDD patients presented a more severe stage of disease (according to HY), as well as a worse clinical, motor, and functional status (measured by the CISI-PD, SCOPA-Motor, and Barthel index, respectively) than NC patients. Regarding the cognitive sphere, as expected, all cognitive test scores were worse in the cognitively impaired groups, with the lowest scores for PDD patients. The latter also obtained the highest average score on the neuropsychiatric symptom scale (SCOPA-PC). Specifically, 43.8% of PDD patients exceeded the cutoff point for anxiety, and 55.6% surpassed it for depression. One-third of PDD patients (34%) had hallucinations, compared to only 8 and 5% in PD-MCI and NC, respectively. There were lower quality-of-life and more psychosocial consequences in the cognitively impaired groups. All tests showed significant differences (p < 0.05) between the three study groups (Table 3).


Table 3. Motor and non-motor symptoms in study groups.
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Association Between Cognitive Impairment and Motor and Non-motor Symptoms

In the first regression model (Table 4), with cognitive impairment (PD-MCI or PDD) as dependent variable, two variables were found to be significant. Hoehn and Yahr stage (OR, 2.06; 95% CI, 1.10–3.85) and the motor exploration subscale in SCOPA-Motor scale (OR, 1.11; 95% CI, 1.01–1.21) showed a positive association with cognitive dysfunction. This model explained 49.0% of the variance.


Table 4. Binary logistic regression model for normal cognition vs. cognitive impairment (PD-MCI/PDD).
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The second regression model (Table 5), with dementia as dependent variable, showed that dementia was positively associated with higher age (OR, 1.30; 95% CI, 1.16–1.47) and disease duration (OR, 1.19; 95% CI, 1.07–1.32), an increased score in HADS-D (OR, 1.20; 95% CI, 1.06–1.35), and more hallucination symptoms (OR, 2.98; 95% CI, 1.16–7.69). The motor complications SCOPA-Motor subscale (OR, 0.82; 95% CI, 0.69–0.98) was negatively associated with the presence of dementia. This model explained 63.5% of the variance.


Table 5. Binary logistic regression model for dementia vs. no dementia (NC/PD-MCI).
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Finally, in the multinomial model (Table 6), there was a positive association between the presence of PD-MCI and HY stage (OR, 2.45; 95% CI, 1.22–4.90). On the other hand, age (OR, 1.24; 95% CI, 1.07–1.44), HY stage (OR, 2.64; 95% CI, 1.17–5.98), and the depression HADS subscale (OR, 1.19; 95% CI, 1.02–1.37) were positively associated with the PDD group, whereas years of education (OR, 0.87; 95% CI, 0.78–0.97) was negatively associated. This model explained 61.6% of the variance.


Table 6. Multinomial logistic regression model (NC vs. PD-MCI vs. PDD).
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DISCUSSION

This study applied the level I diagnostic criteria proposed by the MDS to analyze the differences between groups of PD patients according to their cognitive status. We found significant differences in sociodemographic, disease-related, and clinical variables depending on the severity of cognitive impairment, suggesting the usefulness of these criteria to classify PD-MCI and PDD patients according to their cognitive status. Recent studies reveal that levels I and II MCIs in PD classification have similar discriminative ability to predict the hazard of PDD (56). Nevertheless, previous studies suggest that level I criteria could be too broad and have a poor sensibility to classify PD patients; therefore, results should be interpreted carefully (57–59).

Participants with cognitive impairment (PD-MCI or PDD) were older and less educated than cognitively intact patients. In addition, they presented longer duration of PD, worse clinical and functional situation, higher levels of anxiety, depression, and greater presence of hallucinations than patients cognitively intact. Participants with cognitive impairment also had a worse quality of life and a more severe psychosocial impact of their disease, even in the early stages of cognitive decline (PD-MCI). Our findings are in line with other cross-sectional (24, 60, 61) and follow-up (24, 62) studies and highlight the importance of assessing these risk factors in the clinical setting. Moreover, non-motor symptoms have also been reported to affect the quality of life of PD patients to a greater extent than motor features, and this negative impact would appear from the very beginning of the disease (63).

Parkinson disease MCI and PDD patients were found to be more globally impaired than NC PD patients, with higher deterioration of both motor and non-motor symptoms, especially axial motor symptoms, depression, hallucinations, and cognitive performance measured by neuropsychological tests (64–66). All these features, considered even more disabling than the classic motor symptoms of PD, lead to a significant reduction in the quality of life of cognitive impaired patients.

A significant, although inverse, relationship between the degree of functionality (measured by the Barthel Index) and the presence of cognitive impairment was also found. This association, meaning that the less level of disability (corresponding to higher scores in Barthel index) is negatively associated with PD-MCI and PDD, compared to NC, is the only that consistently appeared in the binary and multinomial regression models. Multiple studies have already pointed out that dementia in PD results in a functional decline, and it has even been seen that the instrumental activities of daily life are also affected from the stage of MCI-PD (67). This relationship could be considered valid in both directions, because not only does cognitive impairment lead to greater disability, but also greater disability and physical frailty can eventually lead to “cognitive frailty,” meaning more decline in cognitive functions. As a matter of fact, these two conditions could share similar pathophysiological mechanisms, such as chronic inflammation, impaired hypothalamic–pituitary axis stress response, imbalanced energy metabolism, mitochondrial dysfunction, oxidative stress, and neuroendocrine dysfunction (68). A previous study has highlighted the important role of preserving cognitive functions to prevent disability and functional impairment (69).

The global severity of PD, measured by HY stage, and motor symptoms in PD were strongly associated with the presence of any type of cognitive impairment. Previous studies and reviews have shown that motor impairment is related to the overall presence of cognitive impairment (70, 71) and specifically to PD-MCI (72) and PDD (73, 74). In line with these previous studies, we found that the presence of cognitive impairment was associated with a more severe HY stage of PD. Conversely, the inverse association between motor complications and the presence of dementia that was found in one of our logistic regression models is not consistent with the reviewing literature that report motor complications as a risk factor for the development of PDD (24, 75). However, there is limited evidence on this topic, and the short length of the subscale that we have used (only four items, two for dyskinesias, and two for motor fluctuations) in combination with the lack of information on patient's treatment could explain a negative association between dementia and motor complications. Moreover, one study found that dyskinesias, but not motor fluctuations, were significantly related to dementia (24).

Our findings suggest that PD-MCI and PDD patients showed more neuropsychiatric symptoms than the NC patients. In the vast majority of studies, with different rating scales, neuropsychiatric symptoms seem to be related to cognitive impairment (74). Moreover, these disruptions could independently affect to disease progression by means of damaging frontal–subcortical pathways (76). Our study has found that behavior disorders are highly common in PD, and as suggested in previous studies, there may be a certain overlap between this symptomatology and cognitive symptoms (77).

We found a high prevalence of anxiety, depression, and hallucinations in PDD patients. Studies have shown that these features occur in ~30% of PD patients, often in the early stage of the disease (3). In binary logistic regression models, a statistical association between the last two and the presence of PDD was also found, in agreement with previous studies (12, 66). Visual hallucinations have been proposed as predictors of future development of dementia in patients with PD (12, 22). With the presence of cognitive dysfunction emerges the possibility of a higher frequency of hallucinations and depressive symptomatology. Studies indicate that both dementia and visual hallucinations share the same limbic system networks (24). Moreover, depression in PD has been associated to decreased white matter in the fornix, as well as cognitive impairment and apathy (78), and differences in brain circuitry appear since mild stages of depression (79).

Higher age and low educational level are well-known risk factors in the general population for developing cognitive impairment and dementia (24, 71), and the same is true for PDD (30, 36, 41, 49), as shown in our study. According to some authors, advanced age in PD is associated with a much higher risk of dementia than the effect of age alone (24), suggesting some kind of interaction effect between age and severity of PD in the risk of dementia (60). On the other hand, the relationship between age, educational level, and PD-MCI is not completely clear (72) but higher educational level seems to be a protective factor in recent studies, in line with our trends (80, 81).

Our results did not find association between gender and cognitive impairment, in agreement with previous studies (66, 72). As women are older than men when they start with the symptoms, they have a shorter disease duration, compared with men of the same age. Therefore, men with PD would have a more advanced disease stage than women of the same age, increasing their risk of PDD (71). However, there are also studies that have found an association between male sex and PDD/MCI-PD after controlling for age and disease duration (21, 65, 82), so the significance of this risk factor remains unclear.

Regarding the disease-related risk factors, a positive relationship between PD duration and PDD was found. However, age is also related to the duration of the disease, and for that reason, it is difficult to unravel the effects of each one on the risk of dementia. Furthermore, a very recent cross-sectional study assessing dementia in long-term PD patients did not find any significant differences between age, age at onset, or disease duration between PD patients with and without dementia (83).

Several limitations of this study should be acknowledged. Although we carried out the assessment during “on” state, cognitive fluctuations are always possible in PD. Because we performed a single evaluation over time, and PRO scales (HADS, SCOPA-PS and PDQ-8) in cognitive impairment patients were completed by caregivers (proxy evaluations), the results have to be taken with caution and should not be interpreted as causal. In addition, we do not know the premorbid performance or cognitive reserve of the participating patients, and the results of cognitive scales could have been affected by these factors.

Our study, designed for a broader goal, did not allow applying a completely exhaustive neuropsychological evaluation. Therefore, only the “possible” PD-MCI and PDD status could be achieved. However, all the applied tests have been widely validated in the literature, and in particular, the screening test used, SCOPA-Cog, was proposed by the MDS as a scale of global cognitive abilities validated for use in PD, whose clinimetric characteristics are satisfactory (84). This fact increases the reliability of the finding results.

At last, we would like to remark that we did not carry out a cluster analysis in this study, as there is no widely accepted consensus of how best to group patients (85). Yet, the criteria to identify subtypes and predict individual prognosis remain unclear and therefore lack clinical applicability and reproducibility (30). Moreover, differences in inclusion criteria from datasets, variable selection, and methodology between studies using cluster analysis have made it difficult to compare the subtypes, and the features describing them can be confusing and overlapping (86). Most of studies are cross-sectional, with a short follow-up, so they are often considered of limited utility (87). Finally, the division of PD into major subtypes has been criticized because it could be a simplification of the heterogeneous reality in the disease (36).

In this study, cognitive decline was associated with a worse disease stage at a global, psychiatric, and psychosocial level and therefore with an impairment of quality of life. We also observed that the patients with greater physical disability had worse cognitive functioning, so it seems important to identify the progression of disease to prevent cognitive impairment.

Some patient characteristics, such as age and lower educational level, were independently associated with dementia, as reported in previous studies. These data could help to understand the deeply impact that cognitive decline has on PD prognosis and highlight the importance of design and deliver integrated care for PD patients and their families. The greater knowledge on non-motor features would undoubtedly lead to a more accurate PD diagnosis and better treatments. As a result, the quality of life of these patients and the living conditions of their caregivers and family members would also improve. We strongly recommend assessing cognitive status at the time of PD diagnosis; exploring premorbid cognitive status, appearance, and type of deficits; and monitoring changes in disease severity over time. It is also relevant to pay special attention to neuropsychiatric symptoms, mainly depression and presence of hallucinations, as they seem to be strongly associated with cognitive impairment. Nevertheless, further research is required to understand the underlying pathophysiological mechanisms that link cognitive impairment with the remaining non-motor symptoms in PD.
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Background: Decreased brainstem raphe (BR) echogenicity detected by transcranial parenchymal sonography (TCS) is associated with depression in psychiatric and neurologic diseases. However, previous studies focusing on the relationship between motor and non-motor symptoms and echogenicity changes in BR in patients with PD yielded controversial results.

Objectives: To investigate the relationship between echogenicity changes in BR detected by TCS and motor and a series of non-motor symptoms in patients with PD.

Methods: Consecutive PD patients were recruited from the Second Affiliated Hospital of Soochow University. Demographic information and Motor and non-motor symptoms for all subjects were collected. TCS was used to detect the echogenicity changes in BR in PD patients.

Results: One hundred and thirty-five consecutive patients with PD were enrolled in the study. The BR abnormal rate was significantly higher in PD patients with anxiety (p = 0.003) or depression (p = 0.022) than patients without. Spearman correlation analyses showed that Hamilton Rating Scale for Depression(HRSD) (r = 0.274, p = 0.002) and Parkinson's Disease Questionnaire 39-item(PDQ-39) (r = 0.208, p = 0.034) scores were positively correlated with abnormal BR echogenicity. Multivariate logistic regression analyses showed that HRSD and HAMA scores were associated with BR hypoechogenicity, the corresponding odds ratios (confidence intervals) were 1.07 (95% CI, 1.01–1.13) and 1.10(1.01–1.18), respectively. However, the PDQ-39 score was not associated with BR hypoechogenicity.

Conclusion: The abnormal reduction in BR echogenicity detected by TCS is associated with depression and anxiety, but not motor symptoms in PD patients.

Keywords: Parkinson's disease, depression, anxiety, transcranial parenchymal sonography, brainstem raphe


INTRODUCTION

Parkinson's disease (PD) is pathologically characterized by degeneration and loss of dopamine neurons in the substantia nigra (SN) and decreased dopamine content in the striatum, which result in motor symptoms such as tremor, rigidity and bradykinesia, and non-motor symptoms such as psychiatric symptoms, cognitive dysfunction, autonomic dysfunction, sleep disorder, and abnormal sensation. Transcranial parenchymal sonography (TCS), a type of non-invasive neuroimaging technology can detect brain parenchymal lesions directly in vivo and was first used in PD patients by Becker in 1995 (1). Abnormal hyperechogenicity of the SN is also considered to be a prodromal marker of PD. The sensitivity and specificity of SN hyperechogenicity for predicting PD are 82.4 and 82.5%, respectively (2). Recent studies have shown that patients with depression have abnormal brainstem raphe (BR) echogenicity (3–5). Combining SN hyperechogenicity with BR hypoechogenicity may be useful to detect individuals at risk for developing PD (6). The incidence of BR hypoechogenicity was much higher in PD patients with depression than patients without depression and controls (7, 8). Besides depression, reduced echogenicity of BR also indicated an increased risk of other non-motor symptoms in PD patients, such as urinary incontinence (9). However, previous studies focusing on the relationship between motor and non-motor symptoms and echogenicity changes in BR in patients with PD yielded controversial results. For example, Bouwmans et al. found no association between depression and hyperechogenic SN or hypoechogenic BR in PD patients (10).

In this study, TCS was used to detect the changes in BR echogenicity in PD patients whose motor and non-motor symptoms were comprehensively evaluated by the Unified Parkinson's Disease Rating Scale (UPDRS) and several non-motor symptom scales. We aimed to investigate the relationship between the changes in BR echogenicity and motor and a series of non-motor symptoms in PD patients.



MATERIALS AND METHODS


Subjects

All PD subjects come from outpatient and hospitalized patients in the Second Affiliated Hospital of Soochow University from January 2011 to December 2015 and satisfied the UK Parkinson's Disease Society Brain Bank clinical diagnostic criteria (11). All subjects underwent TCS. Subjects were excluded if they had a secondary parkinsonism syndrome, deep brain stimulation, parkinson-plus syndrome, atypical parkinsonian syndrome, malignant neoplasm, epilepsy, or severe cardiopulmonary disease. Subjects who could not complete the motor or non-motor symptoms evaluation were also excluded. The flow chart shows the procedure for subject enrollment (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of patient enrollment. This figure shows how the subjects enrolled in the study.


Demographic data, including age, gender, age at onset, disease duration, and detailed medical history were collected. All subjects were carefully evaluated by a movement disorder specialist. The UPDRS (12) and Hoehn & Yahr (H&Y) (13) scale were applied in all PD subjects during the “ON” medication state to evaluate motor symptoms. A Chinese version of the Montreal Cognitive Assessment (MoCA) (14) questionnaire (Beijing version) were used to evaluate the cognitive function of these patients. Neuropsychiatric symptoms were evaluated by the Hamilton Rating Scale for Depression (HRSD-24) (15)and the Hamilton Anxiety Scale (HAMA-14) (16). For HRSD-24, each item can range from 0 to 4 points. Patients with PD with HRSD-24 score ≥8 were defined as PD with depression. Parkinson's Disease Questionnaire 39-item (PDQ-39) (17) were also used in PD patients (Figure 1).

Calculation of a daily levodopa equivalent dose (LED) for each patient was based on theoretical equivalence to levodopa as follows: levodopa dose + levodopa dose × 1/3 if on entacapone + piribedil (mg) + pramipexole (mg) 100 + selegiline (mg) × 10 +amantadine (mg) + controlled release levodopa (mg) × 0.75.

Only one patient was on the treatment with antidepressants.



Transcranial Parenchymal Sonography

A color-coded phased-array ultrasound system, equipped with a 2.5 MHz transducer (Sequoia 512, Siemens Medical Solutions USA, Inc. 4V1C transducer) was used to detect signals through the right and left temporal bone windows in the axial plane (18–21).

The midbrain was identified as a butterfly-shaped low-echogenic area, surrounded by the hyperechogenic basal cistern. SN is a hyperechogenic area with respect to surrounding structures. SN echogenic size measurements were performed on axial TCS scans automatically after manually encircling the outer circumference of the SN's echogenic area. Areas with SN echogenicity ≥0.20 cm2 on either side were classified as hyperechogenic (22).

The BR was detected as a hyperechogenic continuous line in the middle of the midbrain with the same echogenicity as the red nucleus. The best images were selected for the study (20, 21). BR echogenicity was categorized according to current guideline recommendations on 2 grades of BR echogenicity (normal vs. reduced echogenicity) (20). Patients with BR echogenicity same as red nucleus were determined as BR echogenicity normal group, while patients with BR echogenicity as reduced, interrupt or not visible were determined as BR echogenicity abnormal group in this study (Figure 2).


[image: Figure 2]
FIGURE 2. TCS images of BR echogenicity. BR semiquantitatively rated grade scale: the white arrow shows the BR. (A) Normal raphe, with the same echogenicity as the red nucleus according to previous recommendations; (B) Decreased raphe, echogenic raphe was decreased compared with the red nucleus but it was continuous; (C) Interrupted raphe, echogenic raphe was interrupted compared with the red nucleus; (D) Invisible raphe, echogenic raphe was not visible.


All TCS assessments were performed by two experienced examiners who were blinded to the clinical data. Patients with different BR grades as rated by the two sonologists were excluded.

This study was approved by the ethics committee of our hospital and an informed consent was obtained from each patient.



Statistical Analysis

Normally distributed continuous variables are presented as means ± standard deviations (SD), skewed distributed continuous variables are presented as median (interquartile range), and comparisons between two groups were performed by the Student's t-test or non-parametric test, respectively. Categorical variables are described as frequencies (percentages) and compared between groups using the Chi-square test. Bonferroni correction has been applied for multiple comparisons. Spearman rank correlation and multivariate logistic regression analysis were used to assess the correlation between BR echogenicity score and the motor and non-motor symptoms. All p-values were 2 tailed, and a significance level of 0.05 was used. Statistical analysis was conducted using SPSS version 21 (IBM SPSS, Chicago, IL, USA).




RESULTS

There were 652 PD patients undergoing the TCS examination. Forty-eight (7.36%, 48/652) PD patients were excluded due to insufficient transtemporal bone window. Six hundred four patients with PD completed the TCS examination. One hundred and thirty-five consecutive patients with PD were enrolled in this study, eventually.


Demographic Data and Changes in BR Measured by TCS

Sixty-five (35 males and 30 females) patients had abnormal BR echogenicity and were aged 64.15 ± 8.42 years, age at onset was 60.13 ± 8.63 years, and disease duration was 46.5 (42.25) months. Seventy (48 males and 22 females) patients had normal BR echogenicity. The average age of the patients was 63.13 ± 9.36 years, age at onset was 59.66 ± 9.60 years, and disease duration was 33–39 months. No statistically significant differences were observed for gender, age, age at onset, disease duration, and education between the BR echogenicity normal group and abnormal group (Table 1).


Table 1. Demographic data of PD patients in the abnormal and normal BR echogenicity group.
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Changes in BR Echogenicity and Motor and Non-motor Symptoms in PD Patients

The HRSD (Z = 3.052, p = 0.002), HAMA (t = 2.472, p = 0.017), and PDQ-39 (Z = 2.117, p = 0.034) scores were higher in the BR abnormal group than in the BR normal group. The BR abnormal rate was significantly higher in PD patients with anxiety (p = 0.003) or depression (p = 0.022) than patients without. For multiple comparisons, the threshold for statistical significance after Bonferroni correction was set at p < 0.007 (correcting for 7 comparisons: 0.05/7 ≈ 0.007). HRSD was statistically significant after Bonferroni correction (p < 0.007) (Table 2).


Table 2. Comparison of motor and non-motor symptoms between the abnormal and normal BR echogenicity group.
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Spearman Rank Correlation and Multivariate Logistic Regression Analysis Between BR Echogenicity and the HRSD, HAMA, and PDQ-39 Score

Spearman rank correlation analysis revealed that abnormal BR echogenicity was positively correlated with the HRSD and PDQ-39 score, with low correlation coefficients (r = 0.274, p = 0.002 for HRSD; r = 0.208, p = 0.034 for PDQ-39). Spearman rank correlation analysis suggested a marginally statistical significant association between BR hypoechogenicity and HAMA score (r = 0.201, p = 0.047). After adjusting age, gender, age at onset of PD, education, disease duration, LED, UPDRS II, UPDRS III, and H-Y stage, only HRSD, and HAMA score were associated with BR hypoechogenicity with ORs 1.07 (95% CI, 1.01–1.13), and 1.10 (1.01–1.18), respectively (Tables 3, 4).


Table 3. Spearman rank correlation analysis between BR echogenicity and depression, anxiety and PDQ-39.
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Table 4. Multivariate logistic regression analysis of depression, anxiety, and PDQ-39 with BR hypoechogenicity.
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DISCUSSION

It has been proved that TCS is reliable and sensitive in detecting basal ganglia abnormalities, e.g., of SN in PD. Many studies focusing on the echogenicity of the SN and PD diagnosis or clinical characteristics. Hyperechogenicity of SN has high diagnostic accuracy in the diagnosis of PD patients from healthy controls (23). In addition, PD patients with depression had marked SN hyperechogenicity and reduced echogenicity of BR indicating SN hyperechogenicity combined with reduced echogenicity of BR might be useful to detect individuals at risk for developing PD (24). Some studies have demonstrated a correlation between abnormal BR echogenicity and depression (3). BR hypoechogenicity is more common in certain types of PD, such as glucocerebrosidase gene(GBA) mutations related to PD (25). The present study aims to investigate the relationship between changes in BR echogenicity and motor and a series of non-motor symptoms, such as depression, anxiety, and cognition in PD patients.

Spearman rank correlation analysis showed weak correlations between HRSD and PDQ-39 scores and the reduction in BR echogenicity, and multivariate logistic regression revealed that HRSD and HAMA scores were associated with BR hypoechogenicity in the adjusted model. No association was found between PDQ-39 scores and BR hypoechogenicity. Cho et al. found that decreased BR echogenicity was much higher in PD patients with depression (7). PD patients with depression and patients with depression only showed a significantly higher presence of abnormal BR than those without depression and healthy controls (6). A significant direct relationship was also found between the BDI score and BR hypoechogenicity (8). Our study confirmed the relationship between BR hypoechogenicity and depression. BR alterations in TCS may be a biomarker for depression and apathy in PD patients (26). Decreased BR echogenicity indicates morphological alterations in the midbrain which is involved in the pathogenesis of depression not only in PD patients with depression but also in unipolar depression patients (6, 8, 25). Abnormal BR echogenicity could also be seen in de novo PD patients with depression, which could also be found in both control and PD groups without depression (7). These TCS findings support the hypothesis of a pathogenetic link between depression and PD (9). However, conflicting findings have also been reported (6, 10). Bouwmans et al. found no association between depression and hyperechogenic SN or hypoechogenic BR in PD patients (10). The main reason for the difference may be the disease severity. We noticed that the patients included in their study were early PD patients. UPDRS III score of patients was significantly lower than the score of our patients and others (10).

Furthermore, spearman rank correlation analysis suggested a marginal statistical significance association between BR hypoechogenicity and HAMA score. Besides the dopamine system, neurodegeneration of neurons involved several other neurotransmitter systems, such as the norepinephrine system, serotonin system, and acetylcholine system. BR is the main source of serotonin in the prefrontal cortex. Changes in BR echogenicity may reflect a decline in the function of the serotonin system (27). The overlap of widespread dysfunction of the limbic system and complex neurotransmission abnormalities in PD patients with depression and anxiety may explain the correlation between reduced echogenicity of BR and anxiety (28).

In this study, we noticed that only 48 (7.36%, 48/652) PD patients were excluded due to insufficient transtemporal bone window, which is remarkably lower compared to other studies in the Asian population (7, 29), but consistent with our previous studies (30–32). This may be because of the 2.5 MHz transducer we used (Sequoia 512, Siemens Medical Solutions USA, Inc. 4V1C transducer), which was compared with other transducers and showed the best penetration.

There were some limitations of the study. This was a cross-sectional study, and we were unable to draw a conclusion about the relationship between changes in BR echogenicity and the clinical manifestations of PD as the disease progressed. Also, the sample size in this study was relatively small, and studies with a large number of PD patients from multiple centers are needed to confirm the results.

In summary, an abnormal reduction in BR echogenicity detected by TCS is associated with depression and anxiety, but not motor symptoms in PD patients.
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Parkinson's disease (PD) often leads to multifactorial motor and non-motor disabilities with resultant social restrictions. Continuity of care in this pathology, including a tailored home rehabilitation, is crucial to improve or maintain the quality of life for patients. The aim of this multicenter study was to test in a pilot sample of PD patients the efficiency and efficacy of the Human Empowerment Aging and Disability (HEAD) program. The virtual reality HEAD program was administered in two consecutive phases: (1) in clinic (ClinicHEAD, 12 45-minutes sessions, 3 sessions/week); (2) at home (HomeHEAD, 60 45-minutes sessions, 5 sessions/week). Thirty-one PD outpatients were enrolled [mean age (SD) = 66.84 (9.13)]. All patients performed ClinicHEAD, and after allocation (ratio 1:2) were assigned to the HomeHEAD or the Usual Care (UC) group. Motor, cognitive and behavioral outcome measures were assessed at enrollment (T0), at hospital discharge (T1), at 4 (T2) and 7 (T3) months after baseline. After ClinicHEAD (T1 vs. T0 comparison) a significant (p < 0.05) improvement in functional mobility, balance, upper limb mobility, global cognitive function, memory, quality of life and psychological well-being was observed. After the HomeHEAD intervention there was an additional enhancement for upper limb mobility. At T3 follow-up, the UC group that did not continue the HEAD program at home showed a worsening with respect to the HomeHEAD group in balance and functional mobility. Furthermore, in the HomeHEAD group, a positive association was observed between adherence, mental and physical health (SF-12). A trend was also registered between adherence and positive affect. The digital health patient-tailored rehabilitation program resulted in improving motor and non-motor abilities and quality of life in clinical setting, enhancing the motor function in telerehabilitation at home, and maintaining the non-motor abilities and quality of life at follow-up. In the near future, people with PD can be supported also at home with individualized rehabilitation strategies for a better quality of life and wellbeing along with lower costs for society.

Keywords: rehabilitation, technology, telerehabilitation, nervous system disease, Parkinson's disease, digital health, continuity of care, quality of life


INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative condition, causing primarily an impairment in the motor system (1). It is the second most common neurodegenerative disorder after Alzheimer's disease and affects approximately seven million people globally (2). Moderate to severe dopaminergic neuronal loss that affects the substantia nigra pars compacta area may be considered the principal cause of the motor clinical manifestations, such as bradykinesia plus rigidity and resting tremor from the early stages of the disease (3). Even though PD is still considered a paradigmatic movement disorder, it is accompanied by remarkable non-motor symptoms, such as cognitive impairment, behavioral disturbances, hyposmia, sleep disorders, and autonomic dysfunction, even from the early stages of the pathology (4–6). Non-motor symptoms may become dominant with the progression of the disease in the clinical manifestation, with significant implications on quality of life and caregiver burden (7).

Among non-motor symptoms, cognitive impairment, which develops in dementia in up to 80 % of patients in the long term (8–10), can be characterized by a dysfunction in different domains, covering executive functions, working memory, attention, visuospatial abilities, and language (11). In particular, executive functions are essential for goal-directed activities (12), and executive dysfunction in PD, principally ascribed to damage of the dorsal striatum and putamen, and resulting in a functional alteration of dorsolateral fronto-subcortical circuits (13), may affect a great variety of goal-directed behaviors. As a result, patients may encounter difficulties with planning, organizational skills, and concentration while undertaking daily activities. Furthermore, the impairment in visuospatial abilities is related to deficits in other cognitive domains (for example, executive functions and verbal memory), postural control and gait, along with functional disability in non-demented patients with mild to moderate PD (14).

Considering the broad spectrum of motor and non-motor symptoms, the management of people with PD needs multidisciplinary interventions in order to provide patients with independent functioning as long as possible. Also, engaging in physical and cognitive exercise for the long term is of utmost importance to mitigate the course of the pathology and to prevent the need for PD medications at the early stages (15). At the same time, long-lasting health care is extremely expensive and often patients are not able to bear the associated costs (16). Recently, a randomized controlled study shed light on the beneficial effect of rehabilitation interventions in a real world setting on clinical deficits in PD (17).

To answer the need of implementing health interventions in the continuity of care together with decreasing health care costs for the chronic management of PD (18, 19), digital health offers several potential advantages. Accordingly, recent contributions described the growing implementation and diffusion of digital health solutions (20), suggesting an imminent integration of this digital revolution into the health care system (21). Especially, three main directions are being adopted: to guarantee a higher accessibility to health care services through telehealth to slow down related costs; to expand the target of intervention mainly focused on acute conditions to also chronic pathologies; to move the setting of rehabilitation from inside the clinic to patient's home (22). This is in line with the recent plan of Sustainable Development Goals that called for an imminent consolidation of the healthcare system with digital technology (23). Moreover, the implication of digital health allows to act and promote lifestyle changes, by reaching patients in their everyday life setting (24). Concerning telerehabilitation interventions, the central role of a digital health platform is recognized, constituting the hub of clinic-home communication and allowing assessment, monitoring and feedback during the rehabilitation period (25, 26).

Recent work regarding the implementation and validation of digital health interventions for PD provide evidence for their beneficial effect on outcome measures and health care costs (17, 27). Furthermore, the perception of patients with PD regarding telemedicine is positive (28) indicating many strengths, such as the cost-related and time-dependence convenience and the possibility of telecommunication with clinicians (29). However, the refinement of digital health solutions with the goal to offer a patient-tailored intervention remains an on-going process (30). Moreover, the study of O'Connor et al. (31) created the digital health engagement model aiming at highlighting the key aspects to be considered to provide digital health products able to be endorsed and accredited by the clinical system.

Recently, a new multidimensional telerehabilitation protocol for chronic neurological disease has been implemented for the continuity of care, named the Human Empowerment Aging and Disability (HEAD) program. This digital health solution proposes a rehabilitation program in a virtual reality (VR) setting to enhance motor and cognitive abilities and quality of life. HEAD has already been shown to promote high adherence coupled with good usability of its technological system (32). However, studies investigating its effectiveness on treating PD-related clinical impairments are still lacking.

The aim of this study was to test the clinical effectiveness of the HEAD telerehabilitation protocol in patients with PD. First, we investigated the efficiency of the HEAD system, in terms of adherence and usability; second, we explored the impact of HEAD program on the outcome measures, such as motor, cognitive functions and quality of life.



METHODS


Intervention Design

The study design was previously described in a recent work (32) and registered (ID: NCT03025126). Briefly, outpatients were involved in 1-month HEAD rehabilitation in the clinic, 45-min-session/3 times per week, for a total of 12 sessions (ClinicHEAD). Then, they were consecutively allocated to the HEAD telerehabilitation (HomeHEAD) or usual care condition (UC) with a ratio of 1:2 (this allocation procedure was due the limited availability of the technological kits). HomeHEAD consisted of a 3-month HEAD telerehabilitation, 45-min-session/5 times per week, in total 60 sessions. In the UC condition people performed physical activities they would usually do (Figure 1). Participants were assessed for efficiency and effectiveness measures at baseline (T0), after 1-month of ClinicHEAD (T1), after 3-months of HomeHEAD/UC (T2), and after 7 months from the enrollment (T3). The assessors were blind to patients' allocation and were unable to distinguish whether subjects received HomeHEAD treatment or treatment as usual (UC).


[image: Figure 1]
FIGURE 1. Timeline of the HEAD trial.


The study was approved by the local ethics committees of the three centers in which participants were recruited: the inter-company of the province of Lecco, Como and Sondrio, the Ethics Committee of IRCCS Don Gnocchi Foundation and the inter-company “Città della Salute e della Scienza” of Turin.



The Treatment: HEAD Program vs. Usual Care

The HEAD program is a multidimensional rehabilitation for the enhancement of motor and cognitive functions of people with chronic neurological diseases, such as PD, Multiple Sclerosis and stroke [see for details on the HEAD protocol (32)]. Briefly, each rehabilitative session includes both motor and cognitive tasks, leisure and dual-task activities. These activities are patient-tailored and are conceived to improve balance, endurance, speed, and strength of both upper and lower limbs, executive functions, memory, language, and dual-task capabilities. The activities are embedded in short video clips to motivate the patients to carry out the rehabilitation. The video-clips constitute a reward, a short break or the material of the activity (for example to be memorized). Gaming technological devices are provided to perform activities in a VR scenario using Kinect (Microsoft, WA, USA) and Leap Motion (Leap Motion Inc., CA, USA) devices. Patients access the HEAD portal via Internet in order to perform rehabilitation sessions managed by clinicians in the HEAD digital health platform [for more details see (32)]. During ClinicHEAD, patients familiarized themselves with the HEAD technological kit in clinic and carried out the activities under the supervision of clinical professionals. After 1-month of ClinicHEAD, patients performed rehabilitation activities in the continuity of care at home (HomeHEAD). Technical issues and motivation were managed through periodic phone calls and the availability of the HEAD Help Desk.

Patients who were not allocated to the HomeHEAD were instructed to not take part in motor or cognitive activities related to rehabilitation different from what they usually do (Usual Care condition—UC). They were invited to follow health recommendations of the neurologists for their clinical conditions.



Participants

Thirty-one patients were recruited in three clinics in North Italy: Valduce Hospital Villa Beretta Rehabilitation Center in Lecco, IRCCS Don Carlo Gnocchi Foundation in Milan and District Clinic San Camillo in Turin. In each clinical center, patients were enrolled during their periodical clinical visit by the neurologists. The inclusion criteria for the eligibility for participation in the study were: age <80 years, diagnosis of PD, stable pharmacological treatment for at least the past 3 months, Hoehn and Yahr (33) score ≤ 2. Exclusion criteria included a Mini-Mental State Examination score <20 (34), disabling pain, epilepsy, severe visual acuity and auditory perception, communication deficit, severe dysmetry and severe upper limb difficulties in passive range of motion. Before taking part in the study, patients read the information sheet of the study and gave their written informed consent.

In total, 31 people with PD were included in the study. All participants underwent 1 month of ClinicHEAD rehabilitation. Then, 11 patients were allocated to HEAD telerehabilitation while 20 people with PD were included in the UC condition. Three patients in the UC group were not evaluated at T3 (see Supplementary Material: CONSORT Flow Diagram for details).



Measurement

The assessment was performed to evaluate output and outcome measures to test efficiency and effectiveness of HEAD treatment, respectively.


Output Measures

To test efficiency, adherence to treatment was registered during ClinicHEAD and HomeHEAD through the number of sessions performed by participants. This datum was collected in the HEAD platform and allowed clinicians to monitor whether or not patients performed the telerehabilitation activities at home. In fact, information related to each patient's log in the HEAD session and his performance of scheduled rehabilitation activities was saved in the HEAD platform server (32). The 80% of sessions completed has been considered as the cut-off of a high adherence to treatment in the PD sample both for clinic (total sessions > 9) and home (total sessions ≥ 48) program. Also, perceived usability related to the HEAD technological kit was investigated through the System Usability Scale [SUS; (35)]. This scale measures the usability of technology systems and devices by administering 10 items with a 5-point Likert scale, for a total score ranging from 10 to 100. A guideline cut-off of 68 is reported as a good level of usability for the technological system.



Outcome Measures

The effectiveness assessment protocol comprised a multi-domain evaluation by measuring cognitive functions, motor abilities and quality of life. Primary outcomes were change in one measure for each domain assessed, as described below. Outcomes on all other scales and tests were secondary.


Motor functions assessment

Motor abilities were evaluated by a physiotherapist blind to the group's allocation of the patients with the following measures:

• Berg Balance Scale [BBS; (36)]. A test for the assessment of patient's static balance and his risk of falling through a 14-item 4-points scale, with a total score ranging from 0 to 56;

• Ten Meter Walk Test [10MWT; (37)]. A test for a quantitative analysis of the walking speed. The speed in meters per sec for a walk of 10 meters is measured. It is considered an assessment of functional mobility.

• Two Minute Walk Test [2MWT; (38)]. A test for a quantitative analysis of gait speed and endurance. The distance walked in 2 min is registered, as a functional mobility measure.

• Box and Block Test [BBT; (39)]. A test for the assessment of upper extremity function related to the activities of daily living. Individuals move as many blocks as possible from one compartment to another in 60 s. A score is obtained by counting the number of blocks moved during the 1-min interval.

2MWT score consisted of the primary outcome of the motor domain.



Non-motor functions assessment

The evaluation of cognitive functions was performed by a neuropsychologist blind to the group's allocation of the patients and comprised the following neuropsychological battery:

• Montreal Cognitive Assessment [MoCA; (40)]. It is a sensitive tool for global cognitive level assessment, by screening different domains, such as executive function, memory, language, visual-spatial abilities, attention, calculation, abstraction, spatial and temporal orientation. The total score ranges from 0 to 30. In this study, Conti's (40) correction was adopted to correct scores for age and level of education of individuals;

• Rivermead Behavioral Memory Test-Third Edition [RBMT-3; (41, 42)]. An ecological battery for the assessment of memory abilities. This test evaluates memory through ten tasks: (1) First and Second Names, presentation and delayed memory of names and faces, (2) Belongings, prospective memory consisting of remembering to ask regarding personal belonging at the end of the evaluation session, (3) Appointments, prospective memory task in which subject has to remember to ask two questions when an alarm rings, (4) Picture Recognition, delayed picture recognition against distractors, (5) Story, immediate and delayed recognition of short stories, (6) Face Recognition, delayed recall of faces against distractors, (7) Route, immediate and delayed recall of a short route previously performed with the experimenter, (8) Messages, immediate and delayed remembering to pick up an envelope and a book in the right place of the route, (9) Orientation and Date, questions related to persons, places and timing, (10) Novel Task, immediate and delayed recall of the sequential procedure showed by the examiner to make a star with pieces inside a template. In addition to the sub-test scores, a global memory index score can be obtained.

MoCA score was considered the primary outcome of the cognitive domain.



Quality of life and psychological well-being assessment

The evaluation of quality of life of PD were performed with:

• Short Form Health Survey [SF-12; (43)]. This Scale measures a global assessment of the health-related quality of life from the patients' perspective. Consisting of 12 items, it assesses Mental Health and Physical Health Score.

• Positive Affect and Negative Affect Schedule [PANAS; (44)]. This is a schedule for the positive and negative affective states measure. This scale allows the measuring of the level of positive and negative affect. 20 5-points Likert scale items are administered, and 2 sub-scales are obtained: positive affect and negative affect, ranging 0–50 each.

The scores of the SF-12 Mental and Physical domains represented the primary outcome of the quality of life domain.




Statistical Analyses

All statistical analyses on output and outcome measures were performed using IBM SPSS Statistics software (Version 24). Descriptive statistics were employed to evaluate efficiency and effectiveness data. To evaluate adherence, we computed the percentage of subjects who reached at least the 80% of completed sessions. Multiple imputation by chained equations was performed to replace missing values in order to address potential biases due to incomplete follow-up. The multiple imputation procedure was applied in accordance with guidelines recommended for clinical trial data (45), which suggests that multiple imputation should not be used with a percentage of missing values more than 40%. In the imputation model were included all primary and secondary outcomes. Fifty datasets after imputation of plausible values to missing data were generated. Each primary/secondary outcome was considered and analyzed separately. We assessed patients' longitudinal performance at four time points: T0, T1, T2, and T3. Due to the multiple imputation procedure available in SPSS, we calculated change scores (Δvalues) from T1-T0, T2-T1, T3-T1, T3-T0 and after that we adopted paired and independent sample t-tests. Specifically, paired sample t-tests were performed to compare T1 vs. T0 outcome measures in the whole sample of PD patients, and T2 vs. T1 in the HomeHEAD group, while a two-sample t-test was performed to compare HomeHEAD and UC groups. Effect sizes were calculated for the primary outcomes. To evaluate the efficacy of HEAD treatment on quality of life and psychological well-being, we computed partial correlations. We explored the relationship between the adherence to the HEAD program and the Physical and Mental Health Scores of the SF-12 Health Survey at T1 in the whole group (ClinicHEAD) and at T2 and T3 separately in the UC and the HomeHEAD groups, controlling for the evaluation at the previous timepoint. An overall alpha-level of 0.05 was fixed for each statistical test. As suggested by Feise (46), regardless of p-value adjustments in testing that involves comparing treatments using multiple outcome measures with univariate statistical method to reach a reasonable conclusion, we calculated the magnitude of effects and we included effect sizes in Tables 2–4. Effects sizes (Cohen's d) were interpreted as follows: 0.2 to 0.49 as a small effect; 0.5 to 0.79 as an intermediate effect; 0.8 and higher as a strong effect (47).





RESULTS


Participants

Baseline demographical and clinical characteristic of our sample is reported in Table 1. The UC and HomeHEAD groups did not differ for age, years of education and sex (all p-values > 0.05).


Table 1. Sociodemographic characteristics of the whole PD sample (ClinicHEAD group), and UC and HomeHEAD groups.
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Output Measures
 
Adherence

Twenty-six subjects (83.9%) demonstrated a high adherence to ClinicHEAD in terms of a rate of completed sessions above 80%. Moreover, 72.7% of HomeHEAD's participants (8 subjects vs. 11) reached the cut-off score of adherence.



Usability

Data showed a usability score over cut-off after both ClinicHEAD and HomeHEAD treatments. Results from the SUS showed a median value of 70.00 (25–75th percentile 60.00–82.50) at T1, and 85.00 (25–75th percentile 77.50–92.50) at T2.




Outcome Measures
 
Changes in Motor and Non-motor Outcomes After ClinicHEAD Program (T1 vs. T0)

The T1 vs. T0 comparison showed a significant improvement in functional mobility (2MWT: t = 2.254; df = 30; p = 0.024; Cohen's d = 0.41); balance (BBS: t = 2.059; df = 30; p = 0.043; Cohen's d = 0.37); upper limb mobility (BBT – dominant: t = 4.680; df = 30; p < 0.001; Cohen's d = 0.84; and non-dominant: t = 2.836; df = 30; p = 0.005; Cohen's d = 0.51); global cognitive function (MoCA: t = 2.139; df = 30; p = 0.032; Cohen's d = 0.38); memory (RBMT: t = 3.645; df = 30; p < 0.001; Cohen's d = 0.66). Table 2 summarizes the results.


Table 2. Effectiveness of ClinicHEAD program (T0 vs T1).
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Changes in Motor and Non-motor Outcomes After HomeHEAD Program (T2 vs. T1)

In the HomeHEAD group (N = 11), the T2 vs. T1 comparison showed an additional enhancement for the upper limb mobility (BBT – non-dominant: t = 2.861; df = 10; p = 0.004; Cohen's d = 0.86). The positive effects obtained after ClinicHEAD program were also maintained in all other outcome measures in the HomeHEAD group (Table 3).


Table 3. Effectiveness of HomeHEAD program (T1 vs T2).
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Changes in Motor and Non-motor Outcomes: Comparison Between UC and HomeHEAD Group

After ClinicHEAD treatment (ΔT1-T0) the UC group did not differ from the HomeHEAD group (Table 4). After home program (ΔT2-T1) differences between the HomeHEAD group and the UC were observed in upper limb mobility (BBT – non-dominant: t = −3.169; df = 29; p = 0.002; Cohen's d = 1.19) and functional mobility (2MWT: t = −2.130; df = 29; p = 0.033; Cohen's d = 0.80). Also, a trend of effect on dominant hand dexterity was observed after HomeHEAD (BBT – dominant: t = −1.730; df = 29; p = 0.084; Cohen's d = 0.65).


Table 4. Comparison between UC and HomeHEAD groups on neuropsychological and motor measures after ClinicHEAD program (ΔT1-T0), after 3-months of HomeHEAD/ UC (ΔT2-T0), after 6-months from ClinicHEAD (ΔT3-T1), and after 7 months from the enrolment (ΔT3-T0) using independent sample t-test.
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At the follow-up, the UC showed a worsening compared to the HomeHEAD group in balance (BBS, ΔT3-T1: t = −2.006; df = 29; p = 0.045; Cohen's d = 0.75; ΔT3-T0: t = −2.273; df = 29; p = 0.023; Cohen's d = 0.85) and functional mobility (2MWT, ΔT3-T1: t = −2.007; df = 29; p = 0.045; Cohen's d = 0.75). Table 4 summarizes the results.



Quality of Life and Psychological Well-Being

The T1 vs. T0 comparison showed a significant improvement in the Mental Health Score of the SF-12 Health Survey (t = 2.181, df = 29; p = 0.029; df = 30; p = 0.019; Cohen's d = 0.39) and mood (PANAS positive affect: t = 2.349; df = 30; p = 0.019; Cohen's d = 0.42).

Investigating the relationship between SF-12 scores and adherence at HEAD treatment we observed:

• ClinicHEAD group: no significant correlation after clinic treatment (T1);

• HomeHEAD group:

° a positive partial correlation between the percentage of completed sessions at home and the Mental Health Score of the SF-12 Health Survey at T2 including T1 Mental Health Score as covariate (r = 0.743; p = 0.022);

° a positive partial correlation between the total completed sessions (Clinic+Home sessions) and the Physical Health Score of the SF-12 Health Survey at T3 including T0 Mental Health Score as covariate (r = 0.790; p = 0.034).

• UC group: a negative partial correlation between the total completed sessions and the Mental Health Score of the SF-12 Health Survey at T3 including T0 Mental Health Score as covariate (r = −0.778; p < 0.001).

Moreover, investigating the relationship between PANAS scores and adherence at HEAD treatment we observed:

• ClinicHEAD group: a positive partial correlation was observed between adherence of ClinicHEAD sessions and positive affect at T1, including PANAS score at T0 as covariate (r = 0.417; p = 0.022).

• HomeHEAD group: a trend was registered between the total number of completed sessions and positive affect at T3, including PANAS score at T0 as covariate (r = 0.578; p = 0.080)

UC group: no significant correlation at T2 and T3.





DISCUSSION

Digital technology is allowing innovative ways of rehabilitation care for chronic neurological diseases (18, 19), such as PD. Beneficial effects of telerehabilitation have recently been described (17, 27, 29). Given the growing effort spent in implementing increasingly patient-tailored rehabilitation in digital health continuity of care (30, 31), evidence of its effectiveness is needed (48).

Technological usability represents a key prerequisite allowing for the enactment of rehabilitation at home (49). Notably, Palacholla et al. (50) included the lack of technology usability and technical support as a barrier to digital health adoption. Our study supported the technological suitability of the HEAD kit for telerehabilitation by the point of view of patients. Globally, our efficiency findings shed light on the suitability of the HEAD telerehabilitation for PD.

At the same time, high adherence (>80% of all sessions) to HEAD treatment in clinic and at home was reported. Given the active role of the patient in telerehabilitation, adherence is a critical issue, particularly in the home setting where the patient is involved in the management of his/her health care. Without adherence, the patient loses the choices to embrace the full range of benefits related to the continuity of care. In line with this, several studies have focused on factors enhancing positive effects of e-patient activities, named as the non-medical people involved in own healthcare management by technological systems (51, 52). Also, adherence to treatment, mirroring patient's motivation, reflects the patient's empowerment in his/her own health management, in line with the phenomenon of e-patients (53). Interestingly, our data demonstrated a direct relationship between changes in Mental and Physical Health Scores of the SF-12 Health Survey and adherence, in terms of a major amelioration of quality of life in patients who consistently adhered to the HEAD program at home. Whereas, a negative association was observed for the Mental Health Score of the SF-12 Health Survey in the UC group. This finding supports the direct effect of telerehabilitation with VR tools to provide a motivating environment, which promotes greater adherence to an intensive treatment over a long-term period (54).

With respect to the motor and non-motor outcome measures of the trial, our effectiveness results are favorable regarding the HEAD program maintenance and amelioration of PD-related deficits. Especially, the first step of HEAD rehabilitation program (ClinicHEAD) suggests positive influence on motor, non-motor and well-being domains considered. In fact, after 1 month of HEAD rehabilitation in the clinic, PD participants obtained positive results in terms of both upper and lower functional mobility, balance, global cognitive level, memory, positive affect, and mental health. The multidimensional enhancement reflects improvements across the wide spectrum of the PD-related symptoms, which typically start with difficulties involving mainly the motor sphere and subsequently progress to disabling non-motor manifestations (4–7). Thus, our results provide further support in favor of rehabilitation's benefits in PD, even in the initial mild-to-moderate phases of the disease (55).

Considering the second step of HEAD rehabilitation program at home (HomeHEAD), results revealed an additional improvement in motor functioning (functional mobility and the manual gross motor functionality) along with the maintenance of the motor and non-motor performance achieved after 1 month of ClinicHEAD. On the contrary, the UC group worsened in terms of functional mobility. These data confirm the evidence of a recent meta-analysis that found telehealth effects especially with respect to motor functions (55, 56). Notably, our results provide additional evidence that well-structured rehabilitation treatment at home is efficacious (57–59).

Accordingly, our HomeHEAD's participants seemed to maintain the functioning achieved even after 3-months from the end of the telerehabilitation, and especially in terms of equilibrium (Berg Balance Scale). This result fosters the potential of the HomeHEAD program in decreasing incidents of falling, one of the most frequent complications of the disease. Also, the direct association observed between psychological well-being/quality of life and the adherence to telerehabilitation treatment at home provided an additional explanation of the maintenance of the motor capability. Indeed, previous work has underlined a link between subjective well-being and motor impairment (60).

A key and innovative feature of HEAD rehabilitation was the multidimensional treatment approach, also implemented at home, and the inclusion of patient-tailored digital contents. In fact, HEAD program combined motor, cognitive, and occupational activities developed with VR tools and multimedia contents. Previous examples of home-based rehabilitation for PD focused on single target domains such as motor difficulties, while the non-motor domains were less frequently included in rehabilitation protocols (61, 62). On the contrary, recent studies suggested the adoption of an inter-professional approach to provide a successful management of the disease including also the treatment of non-motor symptoms of PD (27, 61, 63). Moreover, all digital contents of HomeHEAD were not designed with a fixed schedule but were tailored based on needs of the single patient. After an initial evaluation, the staff was able to change the composition of exercises (i.e., level, intensity, and multimedia contents) at set time points in response to training task performance. Altogether, these findings underlined and supported the role of the personalized digital medicine in PD population for the delivery of an efficacious multidimensional tele-rehabilitation able to enhance and maintain motor and non-motor functioning and allowing for the continuity of care at home as well as to implement an individually tailored treatment (64).

This study is not without limitations. First, we could not perform a randomized clinical trial given the pilot exploratory nature of the trial and the limited availability of the technological kits. Also, due to this constrain, our sample size is small and our result should be considered with caution. Future trial should expand our results with a wider sample size and performing a randomized controlled trial. Second, the first step of the trial, ClinicHEAD, was performed in all PD sample, preventing us from the possibility to infer efficacy conclusions in comparison to a control group.

In conclusion, our results reflect the positive influence of a multidimensional rehabilitation approach to be performed at home for patients with PD by underlining its effects on motor and non-motor functioning. In the near future, the digital e-health approach will support the introduction of individualized rehabilitation strategies for PD patients, for a better quality of life and well-being, and lower costs for society.
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Background: The discovery of the Mirror Neuron System has promoted the development of Action Observation Therapy (AOT) to improve motor and functional abilities in patients with Parkinson's disease (PD). This innovative approach involves observing video-clips showing motor contents, which may vary across the studies influencing AOT efficacy. To date, no studies have systematically summarized the effects of AOT in patients with PD on motor and functional outcomes, underlining the characteristics of visual stimuli in relation to their efficacy.

Objectives: To describe the potential benefits of AOT in patients with PD and discuss the characteristics of visual stimuli used in clinical studies in relation to their efficacy.

Methods: A systematic literature search was carried out using MEDLINE via PubMed, EMBASE, Scopus, and PEDro, from inception until March 2020. Randomized controlled trials that investigated the effects of AOT on motor and functional recovery in patients with PD were included. Two independent reviewers appraised the records for inclusion, assessed the methodological quality, and extracted the following data: number and characteristics of participants, features and posology of the treatments, outcome measures at each follow-up, and main results. Findings were aggregated into a quantitative synthesis (mean difference and 95% confidence interval) for each time point.

Results: Overall, 7 studies (189 participants) with a mean PEDro score of 6.1 (range: 4–8) points were selected. Included studies revealed AOT as effective in improving walking ability and typical motor signs (i.e., freezing of gait and bradykinesia) in patients with PD. Moreover, when this approach incorporated ecological auditory stimuli, changes to functional abilities and quality of life were also induced, which persisted up to 3 months after treatment. However, included studies adopted AOT stimuli with heterogeneous posology (from a single session to 8 weeks) and characteristics of motor contents might be responsible for different motor and functional recovery (person-related and viewing perspectives, transitive or intransitive actions, healthy subjects or patients, and association or not with imitation).

Conclusions: AOT leads to improvements in motor and functional abilities in patients with PD and the characteristics of visual stimuli may play a role in determining AOT effects, deserving further investigations.

Keywords: Parkinson's disease, action observation therapy, rehabilitation, functional recovery, motor function


INTRODUCTION

Parkinson's disease (PD) represents a progressive neurodegenerative disorder affecting about 6 million adults worldwide with greater incidence over 60 years of age (1–3). Motor manifestations (i.e., tremor, bradykinesia, muscular rigidity, postural instability, and abnormal gait patterns) and non-motor signs and symptoms (i.e., cognitive and autonomic dysfunctions, sleep disorders, fatigue, and depression) are common deficits causing disability, with consequences on participation and quality of life (4). In addition to pharmacological and surgical interventions, rehabilitation of motor function represents an effective tool to alleviate motor manifestations related to this condition (5–7). Rehabilitation in PD patients consists of approaches addressed to enhance functional abilities in order to reduce disability, improve quality of life, and minimize secondary complications of the disease (8, 9). The most common rehabilitative interventions include physical exercise (i.e., aerobic, resistance, and balance training as well as mobility and coordination exercises), walking training, and other activities such as dance or martial arts, which are often practiced in association with cues (8).

In this scenario, the discovery of the Mirror Neuron System (MNS) has promoted the development of Action Observation Therapy (AOT), which represents an innovative rehabilitative approach involving action observation with or without motor imagery and imitation of observed tasks (10–12). This approach takes advantage of the peculiarity of the Mirror Neurons System, which shows an activity during both execution and observation of actions, playing a key role in understanding actions performed by others (13). These neurons also discharge during the internal rehearsal of motor actions (motor imagery) and are implicated in motor learning through the building of a motor memory (14, 15). In particular, motor memory is a process that enables humans to plan, select, learn, and recall motor behaviors thanks to the interaction between pre-existing and new motor programs (16, 17). Neurophysiological findings have described MNS as an operating cerebral network in PD patients, able to play a potential compensatory role on brain functional alterations responsible for motor deficits (12). Consequently, studies aimed at investigating the effects of AOT on motor and functional abilities have been published over the past years, suggesting that AOT improves autonomy, walking ability, or typical motor signs such as freezing of gait and bradykinesia in patients with PD (17–20); however, a systematic review on this topic is missing. In particular, a single meta-analysis investigating the effectiveness of physiotherapy in these patients have reported positive results of AOT on freezing of gait (21), but the efficacy of this innovative tool on other functional outcome measures adopted in rehabilitation of patients with PD has never been systematically quantified. Moreover, AOT can be delivered alone or in association with usual physiotherapy through video-clips representing motor contents (20, 22). However, characteristics and motor contents of the stimuli delivered to patients vary across the studies (i.e., first-person or/and third-person, transitive or/and intransitive actions, healthy subjects or patients with the same condition as the viewers) (11, 23) and the efficacy of AOT could depend on the characteristics of the visual stimuli delivered to patients in reference to their motor impairment. Additionally, identification of the most appropriate AOT features may enhance the recruitment of the MNS, augmenting motor learning induced by this approach (11). However, to date, no studies have underlined the characteristics of AOT stimuli used in clinical trials in relation to their efficacy.

Against this background, it is relevant to conduct a systematic research aimed at pointing out the efficacy of AOT in patients with PD on motor and functional recovery and discussing the features of visual stimuli used in clinical studies, in order to underline the most effective stimuli.



MATERIALS AND METHODS

This systematic review was conducted in accordance with the guidelines outlined by Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement (24).


Data Sources and Search Strategy

A literature search was carried out using the academic databases MEDLINE via PubMed, EMBASE, Scopus, and PEDro, from inception until March 2020. The search strategy included terms related to “Parkinson's disease,” “action observation,” “action observation therapy,” “action observation training,” and synonymous expressions, which were searched as keywords and free words in titles and abstracts in all databases. The extended version of the PubMed search strategy is provided in Appendix A (Supplementary Material). The reference lists of articles of interest were manually checked in order to find additional relevant studies.



Eligibility Criteria

The studies meeting the following inclusion criteria were included in the current review: (1) participants with clinical diagnosis of PD according to UK Parkinson's Disease Society Brain Bank criteria (25); (2) randomized controlled trials on rehabilitative intervention focused on AOT with no restrictions on duration, frequency, and characteristics of the stimuli; (3) comparison with any kind of intervention or placebo or no intervention; (4) outcomes related to motor and/or functional recovery assessed at any time point through clinical or instrumental tools; (5) studies written in English. No restrictions on age, disease duration, and severity of the condition were adopted. Overlapping or duplicated articles, thesis and conference proceedings, and abstracts were excluded.



Study Selection

Two independent reviewers carried out the literature search and all results were imported into EndNote X9 for screening. First, titles, and abstracts were screened to identify relevant studies; subsequently, the full text of the studies retained during the previous step was screened by the two reviewers, independently. In case of disagreement, a third reviewer facilitated the decision process.



Risk of Bias Assessment

Two independent reviewers assessed risk of bias of included studies through the PEDro scale. It represents an effective tool to evaluate methodological quality of clinical trials in rehabilitation; it is composed of 11 items that can contribute 1 point to the total score (10 points), except for item 1 (eligibility criteria), which is dichotomous (yes/no). Articles with a score ≥ 6 were considered as high quality, those with scores of 5 or 4 were considered as fair quality, and those with a score ≤ 3 were defined as low quality (26). In case of disagreement between the two reviewers during the rating process, a third reviewer was consulted to achieve a consensus.



Data Extraction and Synthesis

A reviewer extracted details of included studies (number and characteristics of p articipants, features, and posology of the treatments, outcome measures, and significant main findings). A second reviewer checked the correctness of the data extraction process and any disagreements were resolved through consultation with a third reviewer. Findings of eligible studies were aggregated into a quantitative synthesis and presented as tables. In particular, results of single studies were presented for outcomes measure at baseline and follow-up as mean difference and 95% confidence interval. The analysis was performed through the software RevMan 5.3 from the Cochrane Library.




RESULTS

Table 1 shows the characteristics of the included articles.


Table 1. Characteristics of included studies.
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Selection of the Studies

In total, 812 records were identified through literature search procedures. Once duplicates (75 records) had been removed, and titles and abstracts were screened, the full text of 13 articles was evaluated for the final inclusion. Finally, 7 articles were selected for the current review. The selection flow chart is shown in Figure 1.
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FIGURE 1. Flowchart of the study selection.




Participants

All patients of the studies were able to walk unassisted and had mild to moderate disease severity with a Hoehn&Yahr (H&Y) score of 2 or 3. Studies included participants with a disease duration of at least 5 years and without dementia (Mini-Mental Status Examination > 24). Four studies included patients with freezing of gait, with an incidence of at least one episode in a week and a duration of at least 2 s for each episode (17, 27–29). Finally, in addition to a PD control group, two studies provided a sample of healthy controls matched for age and sex with patients (18, 27).



Characteristics of AOT Interventions

AOT was administered alone (17–19, 27–29) or in association with conventional physiotherapy (20) using video-clips projected on a laptop (17–20, 27, 28) or on a wall located in front of participants (17). During observation, participants were asked to keep their attention on movement details without performing any kind of movement. Only one study, after observation of each video-clip, asked patients to imitate the observed actions while they were still watching the same video (28). Other four studies asked patients to imitate the observed tasks after observation (17, 20, 27, 29), whereas the remaining two studies delivered AOT without imitation (18, 19). Moreover, Agosta et al. (27) asked participants to follow auditory cues during imitation, whereas in the study of Mezzarobba et al. (28) ecological auditory cues were delivered to patients during AOT. Six studies used video-clips showing healthy actors performing actions. Only Jaywant et al. (19) proposed AOT stimuli representing patients with PD performing walking trials in addition to healthy individuals and asked observers to judge if the observed walking task was performed by healthy or PD actors. Motor contents of AOT stimuli represented activities such as walking in different contexts and gait-related tasks (17, 19, 27–29), functional daily tasks (20) or intransitive upper limb tasks as in finger movements (18). All observed actions were delivered using a third-person perspective and from a frontal (17, 27, 29), frontal and lateral (28), and frontal, lateral, and posterior (19) views. The mean duration of each session of training was 56 min (range, 45–60 min). Specifically, 24 min consisted in observing video-clips, whereas the remaining time was dedicated to imitation of observed actions (17, 27–29). The duration of the treatment period was 1 week (19), 4 weeks (17, 27, 29), or 8 weeks (28). A single study explored the effects of a single session of AOT lasting 6 min (18), whereas Buccino et al. (20) gave no information on the treatment duration.



Characteristics of Control Interventions

Control groups received the same posology of AOT intervention in terms of frequency and duration in all studies. In four studies, participants of control groups were asked to watch video-clips showing static landscapes without any motor content (17, 20, 27, 29). After observation, patients had to practice the same motor tasks of the AOT group, following the instructions of an operator. In two studies, where AOT was not associated with imitation, control groups observed landscapes with moving water (19) or listened to acoustic cues paced at 3 Hz (18). Finally, in the study of Mezzarobba et al. (28) the control group did not watch any video-clips, but performed motor tasks following auditory or visual cues.



Outcome Measures

Unified Parkinson's Disease Rating Scale (UPDRS) for disease severity was assessed in three studies (20, 27, 28). Four studies focused on improvement in freezing of gait episodes assessed through the Freezing of Gait Diary (FoG-diary) (29), Freezing of Gait Questionnaire (FoG-Q) (17, 27, 29), or the New Freezing of Gait Questionnaire (NFoG-Q) (28). The Parkinson's Disease Questionnaire−39 items (PDQ-39) was used to assess quality of life (19, 27–29), whereas Berg Balance Scale (BBS) (17, 27–29), Tinetti Scale (29), 10 Meters Walking Test (10 MWT) (17, 27, 29), Timed Up and Go test (TUG) (17, 28, 29), and 6 Minutes Walking Test (6 MWT) (28) and Functional Independence Measure (FIM) (20) were adopted as measures of balance, gait speed, functional mobility, endurance, and autonomy. Moreover, Jaywant et al. (19) analyzed spatial–temporal gait parameters during walking in a straight line, with turns, and during a dual task. Finally, Pelosin et al. (18) assessed spontaneous movement rate, inter-tapping intervals, and touch duration during self-paced finger opposition movements in order to understand the effects of AOT on the spontaneous rate of finger movements (18).



Methodological Quality

The risk of bias score of the included studies is shown in Appendix B (Supplementary Material). PEDro scores of included studies ranged from 4 to 8 points with an average of 6.1 points. The methodological quality of 4 studies was high (19, 27–29), whereas the other three studies had a moderate quality (17, 18, 20). In particular, all studies did not report blinding of participants and therapists, four studies had no allocation concealment (17, 18, 20, 29) and did not declare intention-to-treat analysis (17, 18, 20, 27), and two studies did not specify the number of missing data at follow-up (18, 20) and blindness of the assessors (17, 19); in another study, there was no reporting of measure of variability (20). Finally, on just one occasion, a PEDro scale item was scored differently by the two reviewers, but after the consultation of the third rater, agreement was reached.



Efficacy of AOT

Results of the current review suggest the efficacy of AOT on motor and functional outcomes in patients with PD, although disagreement among the authors' results was found in some outcomes (Table 2). AOT effects were found on walking ability (mean difference −2.2 s for 10 MWT) and typical motor signs of the disease as freezing of gait (mean difference from −1.6 to −5.8 for FoG-diary and from −5.7 to −6.3 for NFoG-Q) and bradykinesia (mean difference: −145 ms for inter-tapping interval). Moreover, additional benefits on disability (mean difference: from −5.6 to −7.0 for UPDRS-II and from −17.8 to 23.2 for UPDRS-III) and quality of life (mean difference: from 28.1 to −31.1 for PDQ-39 related to mobility and −18.7 for PDQ-39 related to bodily discomfort) were found when the intervention was associated with ecological auditory cues (17, 18, 28, 29). In particular, when considering walking ability and related disorders, one study found an effect of AOT on 10 MWT 1 week after the training (17). Moreover, AOT reduced incidence of freezing of gait episodes 2 days, 1, 2, 3, and 4 weeks after the training during walking initiation, and 2, 3, and 4 weeks after the training during turn and in terms of total number of episodes (29). A study reported similar findings, demonstrating that 8 weeks of AOT delivered in association with ecological auditory stimuli produced large improvements for NFoG-Q and UPDRS III directly after the intervention and after 1 and 3 months (28). Moreover, this approach revealed also significant effects for UPDRS II and PDQ-39 related to mobility 1 and 3 months after training, and for PDQ-39 related to bodily discomfort dimension directly after the end of the training (28). In addition, despite the lack of follow-up data, Buccino et al. (20) reported a significant improvement in terms of functional independence (FIM) and disability (UPDRS). Finally, when a single session of AOT was applied to reduce bradykinesia during repetitive finger movements, a reduction of interval duration was found for a finger-tapping task, when compared to acoustic cues intervention. These benefits were found 45 min and 2 days after the intervention (18).


Table 2. Results of included studies with outcomes presented as mean difference and 95% confidence interval (95% CI) comparing Action Observation Therapy (AOT) with control interventions.
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DISCUSSION

The aim of the review was to summarize the effects of AOT in patients with PD and discuss the features of visual stimuli used in clinical studies in relation to their efficacy. Seven RCTs including 189 participants focused on AOT effects on walking ability, typical motor signs, such as freezing of gait and bradykinesia, balance, functional mobility, endurance, disability in daily activities, and quality of life, matched the inclusion criteria. Participants of included studies satisfied the UK Parkinson's Disease Society Brain Bank criteria and were reported as outpatients, except for the study of Buccino et al. where they were inpatients of a hospital rehabilitation department. Patients had mild to moderate disease severity (H&Y 2–3), no dementia, and a disease duration >5 years.


AOT Efficacy

Five studies suggested AOT as an effective approach to improve walking ability and typical motor signs (i.e., freezing of gait and bradykinesia) in patients with PD. Moreover, when AOT incorporated ecological auditory stimuli, additional improvements were shown in terms of disability (up to 3 months after the end of the training) and quality of life related to mobility (1 and 3 months after the training) and bodily discomfort (directly after the training) (28). A single study reported improvements in autonomy in hospitalized patients (20). Interestingly, the neural underpinnings of AOT in patients with PD seem to imply the ability of this approach to induce a functional reorganization of the circuits connecting the motor cortex with basal ganglia and the projections from motor cortex to thalamus (30, 31).

Walking represents one of the most compromised daily activities in patients with PD, where the occurrence of typical phenomenon such as freezing of gait increases risk of fall, affecting social participation and quality of life (32, 33). In this review, two studies described the efficacy of AOT on daily frequency of freezing of gait (28, 29). Pelosin et al. (29) demonstrated that a reduction of this frequency took place especially during step initiation and turning phases of gait, circumstances that imply an increase in attentional load. In fact, freezing of gait seems to be triggered by both motor and cognitive factors, which can be improved through the building of a motor memory induced by the observation of actions followed by their imitation (34). Neurophysiological studies have suggested a decrease in supplementary motor area activity, compensated by increased recruitment of basal ganglia during walking in patients with PD (35). When this subcortical hyperactivity collapses in presence of events that require changes in motor planning, the phenomenon of freezing of gait occurs (35). Surprisingly, AOT intervention enhances the recruitment of areas involved in the MNS (premotor cortex, inferior frontal gyrus, and left inferior parietal lobule) as well as fronto-parietal areas (left superior/inferior parietal and right precentral gyri) responsible for attentive processes in response to sudden environmental changes, allowing for reduction in freezing of gait frequency (27, 29). In addition, Mezzarobba et al. (28) demonstrated that when a congruent multisensory stimulation was associated with AOT, effects were amplified, probably thanks to a facilitation in mental representation of observed tasks due to a reduction in cognitive load (36). In this circumstance, benefits were also extended to disability (UPDRS-II and UPDRS-III) and quality of life (PDQ-39) (28). In fact, fMRI studies have demonstrated that observation of actions in association with congruent auditory stimuli increases the activity in superior and medial posterior temporal regions as well as in the insula and the right precentral gyrus, and reinforces the functional connectivity between basal ganglia and frontal and parietal cortical motor areas (36). These regions belong to MNS and cover a key role in sensory integration and cognitive processes (36). Similarly, although Agosta et al. (27) found no differences between experimental and control groups in clinical outcomes, within-group improvements for gait ability and quality of life in AOT group were associated with increased recruitment of fronto-parietal network during observation and execution of a motor task in fMRI. Positive results of AOT have also been documented for the upper limb, where the observation of finger movements seems to increase the finger tapping rate in both healthy subjects and patients with PD. Also in this case, observation of the same task before its performance has been hypothesized to influence the retention of motor information, improving the temporal organization of movements (18).

The number of participants in the included studies was relatively small (from 15 to 25 patients), except for the study of Pelosin et al. (17) (64 patients), and none of the studies estimated sample size a priori. Moreover, not all studies scored well for methodological quality, in particular three studies, which revealed a PEDro score lower than 6 points (moderate quality) (26). In these studies, blinding of participants and assessors were not applied and the lack of concealed allocation and intention-to-treat analysis might overestimate the effects of the treatment. In addition, no homogeneity in terms of AOT frequency and duration of the treatments was adopted among the included studies, with potential consequences on AOT effects and their persistence over time. In fact, it is reasonable to speculate that the duration of treatment for only 7 days as adopted by Jaywant et al. (19) might not be enough to produce detectable changes on motor abilities. On the other hand, as reported by Mezzarobba et al. (28) 8 weeks of treatment might have contributed to the size of observed benefits. The frequency, ranging from 2 to 3 sessions per week, matched with that suggested by literature in order to maximize the retention of the acquired motor skills (37, 38). The only exceptions were the studies by Jaywant et al. (19) which applied AOT every day, and Pelosin et al. (18), where effects induced by a single session of AOT were investigated (18). Moreover, although walking ability and freezing of gait represented the most assessed variables, a considerable heterogeneity of outcomes was detected, and limitations of some outcome measures must be acknowledged. This is the case of NFoG-Q, where a modest reliability and poor responsiveness with a high Minimal Detectable Change has been described in these patients (39). Finally, only two studies included the assessment of disability and quality of life in addition to patients' motor impairment.



Characteristics of the Stimuli

The characteristics of AOT stimuli vary across the included studies with some research suggesting an association between features of video-clips and AOT efficacy (11). Studies have described additional benefits when AOT is associated with motor imagery in both healthy subjects and patients with neurological disorders (40–43). However, none of the studies administering AOT in subjects with PD took into account the association between AOT and motor imagery. It is worth noting that motor imagery ability in these patients seems to be preserved, especially in early stages, supporting the possible use of this approach as adjuvant to other rehabilitative interventions (12).

AOT is delivered using video-clips representing subjects that execute motor tasks, and its effects on motor recovery may also depend on a person-related perspective from which actions are observed (i.e., first- or third-person perspective and specular or anatomical view in case of first-person perspective) (23, 44, 45). Perspective influences elicited not only brain activity but also the ability to imitate, and higher involvement of a sensorimotor pattern and simplicity in imitation of actions observed in first person was described, when compared to a third-person perspective (44, 46). Moreover, first-person perspective seems to enhance kinesthetic perception, more than third-person perspective, enabling the vividness of mental representation, and improving the imitation of the observed actions (45–48). When investigating AOT applications in neurorehabilitation, this approach is delivered in both perspectives, and studies reporting results after AOT in first-person perspective focused on upper limb rehabilitation (49–51). In the studies considered for the review, given that they were AOT interventions with the focus on improving walking or balance abilities and functional independence in daily activities, the stimuli were delivered from a third-person perspective. Moreover, a third-person perspective was adopted to improve upper limb bradykinesia (18). To date, a single pilot study, which was not included in our review due to the lack of random allocation, explored the feasibility of AOT delivered from a first-person perspective to improve balance and mobility in patients with PD, revealing potential benefits (52).

It is worth underlining that MNS activity during AOT also seems to be influenced by empathy of observers, which is the ability to understand and perceive what another person is experiencing (53, 54). Additionally, studies reported that, not only person-related perspective, but also viewing perspective represent a potential influencing factor on AOT efficacy (55). In particular, observing actions from a perspective that emphasizes motor details seems to improve motor imitation. In the current review, four studies reported viewing perspective of the stimuli, which always consisted of frontal perspective (17, 19, 28, 29) with the addition of sagittal perspective in two studies (19, 28). Video-clips delivered to patients were mainly focused on tasks that emphasized body-weight shifting (i.e., step initiation, stepping an obstacle, etc.) along the frontal plane. Similarly, frontal perspective allowed authors to propose an accurate observation of physiological motor strategies during conditions that elicited typical motor signs in patients with PD (i.e., walking through a doorway) (56). Coherently, lateral perspective was adopted when visual stimuli focused on motor phenomena occurring especially along the sagittal plane (i.e., sit to stand) (19, 28).

Growing evidence describes an activity of the MNS during observation of both transitive (meaningful gestures in presence of an object) and intransitive (meaningful gestures in absence of an object) actions (57, 58). However, neurophysiological studies demonstrated higher brain activity during observation of transitive compared to intransitive tasks (59–61). In addition, congruence of transitive observed actions (i.e., grasping) in context has been reported to influence the MNS activity (62, 63). Included studies used both transitive (i.e., stair climbing, walking through a doorway, stepping an obstacle, etc.) and intransitive (body-weight shifting, stepping in different directions, etc.) actions within the same study, making it impossible to compare their efficacy. Some studies proposed a progression in complexity of observed and imitated tasks, starting from simple intransitive actions, followed by transitive challenging daily tasks (28, 29). Finally, being related to rehabilitation addressed to improve disability through approaches focused on patients' motor impairments, the choice of AOT stimuli might depend on motor deficits, which occurred during both intransitive and object-oriented tasks.

When considering transitive actions, MNS revealed an increased resonance during observation of actions related to daily life, promoting the inclusion of functional activities in video-clips (64, 65), as in the studies included in the current review. Moreover, the brain response to observation of actions has been demonstrated to be influenced by personal motor repertoire, revealing greater MNS activity when the observed actions belong to motor expertise of observers (66, 67). In addition, activity of the MNS seems to be modulated not only by the previous acquisition of motor skills (motor repertoire) but also by the visual familiarity with observed actions (visual practice) (68, 69), where the similarity of the observed kinematics with the observer's own kinematics seems to enhance the resonance of motor brain areas (70, 71).

In this scenario, it is reasonable to raise the question whether it is better to deliver AOT stimuli representing healthy subjects or patients with the same pathological conditions of observers. In the studies of this review, where AOT was proposed to patients with PD, stimuli showed actions performed by healthy subjects, except for the study of Jaywant et al. (19) which included also patients with PD. Although the use of video-clips representing patients with the same pathological conditions of observers revealed positive results in terms of MNS recruitment in prosthesis users, no studies have investigated the effects of this stimuli characteristics in patients with neurological disorders (55, 72). However, the use of subjects with the same clinical condition as the observers could be limited due to the difficulty in reproducing the features of pathological movements and the need to overcome their motor impairments through AOT stimuli. In fact, whereas the use of a prosthesis is similar in all patients and represents a definitive clinical condition, subjects with neurological diseases have a huge variety of motor manifestations.

Finally, it was hypothesized that observing one's own actions might influence the AOT efficacy (48), but studies are needed to investigate this issue in subjects with PD.



Limitations

Some limitations of the current review need to be underlined. First, our findings were based on a small number of RCTs, where the majority included a small number of participants. Therefore, when considering the incidence of PD in the general population, we cannot exclude the fact that the small number of retrieved studies might be affected by a publication bias. Second, the included studies had a wide variability in terms of posology of the treatments (from 7 days to 2 months), stimuli characteristics, and modalities of AOT administration (i.e., with or without imitation), and included outcome measures affected by psychometric limitations. Therefore, the decision to set no restrictions on these features might have influenced our findings. Third, follow-ups were heterogeneous in timing and only two of the seven studies had a long-term assessment, hindering the possibility to draw conclusions on persistence of AOT effects over time. Finally, reporting was poor in some studies, which only reported that there were no significant between-group differences, without reporting the treatment effects.



Implications for Research and Practice

The review suggests the usefulness of AOT for improving motor function in patients with PD. In particular, treatments lasting at least 4 weeks and incorporating ecological auditory stimuli are reported to induce changes on functional abilities and quality of life. Moreover, imitation of observed actions is suggested to further enhance motor recovery, even though the potential usefulness of AOT alone needs additional investigations. When applied to upper limb, a single session of AOT seems to be enough to reduce bradykinesia, leading us to hypothesize cumulative effects after repeated sessions. In addition, visual stimuli should facilitate patients' empathy through the person-related perspective (third person for locomotor tasks and first person for upper limb activities), the use of transitive actions belonging to patients' motor repertoire, and the similarity of actors with the clinical condition of observers. Meanwhile, the viewing perspective should be taken into account in order to allow patients to focus on movement details.

Future studies with larger number of participants, higher methodological quality, and longer follow-ups are needed to better define the posology of AOT interventions in patients with PD. In addition, the included studies were mainly focused on walking ability or gait-related motor signs whereas additional studies would need to understand AOT effects on other motor and functional domains reported as compromised in these patients. Moreover, AOT alone or in association with other approaches characterized by partial overlap of neural substrates (i.e., motor imagery) deserve further investigations. Finally, future studies should be addressed to study the characteristics of the most effective stimuli.




CONCLUSIONS

In conclusion, AOT leads to improvements in motor and functional performance in patients with PD, especially in terms of walking abilities and gait-related disorders. The characteristics of the training and the visual stimuli delivered to patients play a fundamental role in determining the AOT effects. High-quality randomized controlled trials investigating effects of AOT on less explored motor domains such as postural stability, rate of falls, and functional independence could further expand the applicability of AOT in rehabilitation of patients with PD. Finally, a substantial agreement on the use of AOT stimuli with transitive actions belonging to patients' motor repertoire has been reported. However, original studies aimed at comparing the use of first-person vs. third-person perspective or the observation of video-clips with healthy subjects vs. PD patients as actors could promote additional benefits on recovery induced by AOT.
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Introduction: Parkinson's disease (PD) is a progressive movement disorder characterized by heterogenous motor dysfunction with fluctuations in severity. Objective, short-timescale characterization of this dysfunction is necessary as therapies become increasingly adaptive.

Objectives: This study aims to characterize a novel, naturalistic, and goal-directed tablet-based task and complementary analysis protocol designed to characterize the motor features of PD.

Methods: A total of 26 patients with PD and without deep brain stimulation (DBS), 20 control subjects, and eight patients with PD and with DBS completed the task. Eight metrics, each designed to capture an aspect of motor dysfunction in PD, were calculated from 1-second, non-overlapping epochs of the raw positional and pressure data captured during task completion. These metrics were used to generate a classifier using a support vector machine (SVM) model to produce a unifying, scalar “motor error score” (MES). The data generated from these patients with PD were compared to same-day standard clinical assessments. Additionally, these data were compared to analogous data generated from a separate group of 12 patients with essential tremor (ET) to assess the task's specificity for different movement disorders. Finally, an SVM model was generated for each of the eight patients with PD and with DBS to differentiate between their motor dysfunction in the “DBS On” and “DBS Off” stimulation states.

Results: The eight metrics calculated from the raw positional and force data captured during task completion were non-redundant. MES generated by the SVM analysis protocol showed a strong correlation with MDS-UPDRS-III scores assigned by movement disorder specialists. Analysis of the relative contributions of each of the eight metrics showed a significant difference between the motor dysfunction of PD and ET. Much of this difference was attributable to the homogenous, tremor-dominant phenotype of ET motor dysfunction. Finally, in individual patients with PD with DBS, task performance and subsequent SVM classification effectively differentiated between the “DBS On” and “DBS Off” stimulation states.

Conclusion: This tablet-based task and analysis protocol correlated strongly with expert clinical assessments of PD motor dysfunction. Additionally, the task showed specificity for PD when compared to ET, another common movement disorder. This specificity was driven by the relative heterogeneity of motor dysfunction of PD compared to ET. Finally, the task was able to distinguish between the “DBS On” and “DBS Off” states within single patients with PD. This task provides temporally-precise and specific information about motor dysfunction in at least two movement disorders that could feasibly correlate to neural activity.

Keywords: deep brain stimulation, Parkinson's Disease (PD), essential tremor (ET), machine learning, UPDRS, symptom assessment


INTRODUCTION

Parkinson's disease (PD) is the second-most common neurodegenerative disease worldwide, with an overall prevalence of 0.3 percent (1, 2) and a prevalence of two percent in people above age 70 (3). It is diagnosed clinically based on the presence of bradykinesia and at least one of the following three signs: rest tremor, postural instability, and rigidity. In practice, symptomatology is diverse (4), making comparison of disease severity between patients difficult (5).

Currently, the Movement Disorder Society-Sponsored Revision of the Unified PD Rating Scale (MDS-UPDRS), a rating system developed in 1987 and revised in 2007 (6, 7), remains the standard clinical scale for the evaluation of PD severity (6, 8–12). It consists of five sections, which account for a patient's ability to perform activities of daily living, degree of motor impairment, and alterations in behavior, mood, and cognition. The Motor Examination section (MDS-UPDRS-III) specifically assesses motor impairment, and scoring in this section can alter clinical management (13, 14). The MDS-UPDRS-III consists of 14 subsections, each rated from zero (not present) to four (most severe). Accurate score assignment relies on the experience of the evaluator, and it depends on the patient's medication state and their point in the natural fluctuation of motor dysfunction at the time of evaluation. While it is a useful and validated tool with high inter-rater consistency (8, 9, 11, 15), it cannot provide the immediate, continuous, and temporally precise quantitative data that are required for identifying the neural correlates that dictate increasingly prevalent adaptive and personalized therapies.

The demand for a temporally precise measures of PD motor dysfunction is reflected in the growing body of literature describing technology-based motor assessments. As technology companies, such as Apple Inc., have expanded their health monitoring services, PD has been a focus of early large-scale data gathering studies, such as mPower (16). Many of these approaches, like the one presented in this report, are task-based and require a patient to generate data electively (17–22). Other approaches use background-running software to collect data from a patient's quotidian interactions with their devices (23–26). Still others utilize accelerometers in wearable devices to gather continuous data (27). Some systems evaluate specific domains of motor dysfunction (28, 29), while many, like the one presented in this study, aim for a more comprehensive appraisal. These methods are growing in their acceptance, and researchers are now using improvement as measured by smartphone-based testing as an exploratory endpoint in therapeutic clinical trials (30). While these approaches each have relative advantages and drawbacks, each yields large data sets that will expand our understanding of movement disorders at both a population and an individual level.

Here, we introduce a novel, goal-directed, and naturalistic tablet-based task and a complementary analytic approach to improve upon currently available assessments of PD motor impairment. Specifically, we sought to increase the temporal precision of motor assessment while accounting for the heterogeneity of PD motor dysfunction by using a stylus-mediated “target tracking task” combined with a multidimensional, machine-learning based analysis of multiple movement-derived metrics. We compared patients with PD to non-movement disorder control subjects using this behavioral task and found it to discriminate between these groups with high accuracy at short timescales. This multi-dimensional approach improves upon recently described assessments that rely on fewer metrics (18, 19, 21, 22). Additionally, our approach showed specificity when compared to another movement disorder, essential tremor (ET). Our analysis showed significantly different contributions of each metric to our support vector machine (SVM) classifier in PD and ET. Our SVM-based classification protocol also differentiated between stimulation states in patients with PD with deep brain stimulation (DBS). These results suggest that this objective, multi-dimensional approach to movement disorder assessment can provide information about the motor dysfunction of patients with movement disorders with the temporal precision necessary for correlation to neural activity.



METHODS


Study Participation

Patients undergoing follow-up care or consultation for neuromodulation therapy for either PD or ET at the Rhode Island Hospital movement disorders clinic between 2017 and 2018 were offered the option to participate in this study. No compensation was provided. To avoid possible confounding due to cognitive impairment, a common feature of advanced PD, only patients who were able to demonstrate a clear understanding of the task were asked to participate.

Approximately age-matched controls (often patients' spouses or partners) also participated in this study. Control subjects were required only to be free of any diagnosed or suspected movement disorder and to have no physical limitation preventing them from seeing the display or appropriately manipulating the stylus.

Subjects agreeing to participate in this study signed informed consent documents and the task was administered in accordance with Rhode Island Hospital human research protocol (Lifespan IRB #263157) and the Declaration of Helsinki. All subject data were de-identified. Two-letter subject identifiers that appear in this report were randomly generated and unrelated to subject initials.

Ultimately, 26 patients with PD and without DBS and 12 patients with ET completed the task. Additionally, 20 control subjects volunteered to participate (Table 1). Patients with PD who participated in the study were significantly older than control subjects (69.69, SD ± 8.61, compared to 58.45, SD ± 10.20, T-test, T = 3.994, p = 0.0002). Patients in the PD group had a mean duration of disease of 7.32 years (SD ± 5.94), compared to a mean duration of 13.46 years in the ET group (SD ± 14.52). Because control subjects were frequently the spouses of participating patients, the distribution of self-identified genders in the patient groups differed from that of the control group, although this difference was only significant in the PD group, in which more males than females participated (Chi-square tests p-values: PD = 2.67 × 10−8; ET = 0.0866).


Table 1. Subject characteristics.

[image: Table 1]

Patients with PD and without DBS were classified according to their phenotype based on previously described analyses of MDS-UPDRS-III subsection scores (31, 32). Briefly, if the ratio of the average of the “tremor” scores to the average of the “postural instability” and “gait difficulty” scores exceeded 1.5, the patient was considered “tremor-dominant” (TD). If this ratio was between 1 and 1.5, the patient is considered “mixed,” and if the ratio was less than 1, the patient was considered “postural instability/gait difficulty” (PIGD).

An additional eight patients with PD with DBS completed the task. Patients with PD with DBS were not significantly different from patients with PD without DBS in age (62.63, SD ± 7.09, compared to 69.69, SD ± 8.61, T-test, T = 2.033, p = 0.0501), disease duration (10.75, SD ± 2.82, compared to 7.32, SD ± 5.94, T-test, T = 1.606, p = 0.118), or hours since last medication dose (3.44, SD ± 2.09, compared to 4.50, SD ± 4.86, T-test, T = 0.569, p = 0.574). However, there were significant differences between the distribution of self-identified gender and handedness between these two groups (Chi-square tests p-values: 3.56 × 10−4 and 0.0067, respectively).



Collection of MDS-UPDRS Scores

For patients with PD, MDS-UPDRS-III scores were assessed immediately prior to administration of the tablet tracking task by one of two board-certified neurologists at Rhode Island Hospital with subspecialty training in movement disorders. This uniform sequence ensured that MDS-UPDRS assessments and task completion occurred in approximately the same drug state, and that task performance did not bias the assessment of the clinician. Additionally, the assessing clinician was not present during the administration of the task. MDS-UPDRS-III scores were obtained for all 26 of the patients with PD and without DBS. Same-day MDS-UPDRS-III scores were available for 24 of the 26 patients with PD who completed the task.



Testing of Patients in “On” and “Off” DBS Stimulation States

Patients with DBS implants were alternately assigned to begin in either the “DBS On” or “DBS Off” state. Patients completed several tasks in each stimulation state with a 15-minute, task-free “washout” period after change in DBS setting. In addition to this washout period, unrelated research tasks were also performed. Cumulatively, performance of the task in each stimulation state was typically separated by approximately one hour.



Task Administration and Data Collection

A touchscreen tablet-based motor task was developed for the iOS system (v.11.4, Apple Inc., Cupertino, California, USA) using the Swift programming language (v.4.1, Apple Inc., Cupertino, California, USA) and XCode integrated development environment (v.9.2, Apple Inc., Cupertino, California, USA). The task presented a continuously-moving target designed to capture goal-directed movement. The target path was calculated stochastically using an algorithm derived from the cubic Bezier curve equation:
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where 0 ≤ t ≤ 1, starting point P0, endpoint P3, and two semi-random control points P1 and P2.

Twenty curves were generated and sequenced into a single continuous path by setting the endpoint of a given curve equal to the starting point of the subsequent curve. Each control point was plotted along the arc of a theoretical circle containing the previous point as the center. The radius of each control point was randomly selected from a range of 2.0–2.4 cm, and the curvature of each control point was selected from a range of 60–75°. The directionality of each curve (clockwise or counterclockwise) was determined randomly unless the target was approaching one of the screen bounds, in which case the path curved away from the edge of the screen. Furthermore, the control points were restricted to collinearity to prevent sharp “kinks” in the path.

The final path was rendered using the Swift UIBezierPath “spline” function, and the target was animated along the path at a constant speed of 4.25 cm per second. Subjects were asked to track the target (a circle with a radius of 4.0 mm) using a pressure-sensing stylus with the dominant hand. The task session was divided into 15 trials, each approximately 25 seconds in duration. The coordinates of both target and subject movements were sampled at a frequency of 100 Hz.



Metric Calculations

Metrics were crafted to capture the heterogeneity of motor dysfunction at each time point t. Many of these metrics are based on previous work that employed a similar approach to motor evaluation (33), albeit in intraoperative patients undergoing DBS implantation with a task that used a joystick, rather than a stylus, to capture data. Notably, this work did not assess patients with ET, nor did it test patients in different stimulation states.

Here, data were divided into 1-second, non-overlapping epochs, and metrics were calculated for each epoch. The equations used to calculate each metric are shown in Table 2. Seven of the eight metrics were calculated using positional data, while “Pressure” reflects variance in the “force” data captured at the stylus-tablet interface. “Distance” indicates the Euclidean distance from the target trace to the cursor trace. “Tremor” corresponds to the magnitude of the 3–10 Hz tremor in the cursor trace. “VectorError” calculates the magnitude of the difference vector between the cursor and target trace vectors. “TrackingAngle” measures the angle between the cursor and target trace vectors. “Slowness” is an exponentially-transformed measure of velocity such that the maximum curvature occurs at the 80th percentile of velocity. “Speed Difference” is the difference between the speed of the cursor trace and the speed of the target trace. Finally, “Excursion Difference” calculates the Euclidean distance between the cursor trace and the origin (0, 0). The non-tremor metrics were calculated using a 3 Hz low-pass filtered trace of the subject's movements to minimize the possibility of a confounding contribution of tremor.


Table 2. Equations used to calculate metrics used to train the SVM classifiers.
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Support Vector Machine Analysis

For n metrics, the epochs of a subject trace were transformed into a vector of metrics, [image: image], where R is the set of real numbers, to the formulas in Table 2. To classify the points of a subject's trace as symptomatic or asymptomatic, an SVM was trained for each subject in Rn. The points of the control traces were labeled “non-movement disorder-associated,” while the points of a movement disorder patient trace were labeled “movement disorder-associated.”

Given the large size of the pooled control subject dataset compared to the single patient dataset to which it was compared, a Monte Carlo method was employed to reduce control bias. For each iteration of this method, control points were randomly subsampled (without replacement) by a factor of [image: image] to yield a 1:1 ratio of symptomatic to non-symptomatic points (this denominator reflects the total number of control subjects). For each classifier, an SVM with a linear kernel was fit to 80 percent of the data with 10-fold cross-validation as a “training” dataset, to generate a hyperplane in Rn with coefficients [image: image] for iteration i, with a constant 0th coordinate, and the 1st through nth coefficients corresponding to the coefficient of each metric. This process was repeated 100 times, and average of the coefficients hi were used to produce a hyperplane with coefficients [image: image]. The SVMs were fit using scikit-learn 0.19.1 (34). The remaining 20 percent of the data were used as a test set for the classifier; validation accuracies are reported from this test dataset. However, “motor error scores” (MES) were calculated from a classifier trained on all of the data to maximize the yield of our dataset. SVM hyperparameters were selected in advance of any of these analysis and were not tuned to individual patients to minimize the possibility of overfitting.

The degree of motor dysfunction at a point was measured by the signed Euclidean distance from that point to the hyperplane; we called these values MES. A positive MES corresponded to increased motor dysfunction. That is, given the coefficients h of a hyperplane and a subject vector mi,
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where h1:n is a vector with the 1st to nth coordinates of h, and h0 is a constant with the first coordinate of h.

The weight of a metric was defined as the square of its corresponding coefficient divided by the sum of the squares of the coefficients. Thus, the weight of the ith metric is given by:
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Other Analyses and Plot Generation

All other statistical analyses were performed using the “stats” library from SciPy (35), and all graphs were generated using the Matplotlib (36) and seaborn libraries (www.seaborn.pydata.org). All analysis and plotting scripts were executed using Python 3 (www.python.org).



Data and Code Availability

De-identified data and analysis code are available upon request for use in collaboration.




RESULTS


Non-redundant Metrics Were Used to Calculate an Inclusive “Motor Error Score”

Using raw positional and pressure data epochs collected during each trial, eight metrics were calculated (Table 1). Across the entire group of either control subjects (Figure 1A) or patients with PD (Figure 1B), correlations between metrics were calculated to assess for potential redundancy. For each metric pair, Pearson's r2 was calculated. In both of these groups, “Tracking Angle” and “Tremor” showed r2 values > 0.7; however, no other metric pairing showed a strong correlation. The overall independence of the metrics suggests that each captures a different component of motor dysfunction, and correlation analysis of the relationships between metrics and MDS-UPDRS sub-scores revealed some evidence, albeit not statistically significant in this sample, in support of this possibility (Supplementary Figure 1).
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FIGURE 1. Generation of MES using non-redundant metrics. (A,B) For each subject, the distribution for each metric was normalized to the pooled control subject data for that metric. The strength of the association was compared between each pair of normalized metric means across all control subjects (A) and patients with PD (B). Pearson's r2 are shown to indicate the strength of correlation. (C,D) The raw trace data from individual trials (top) of control subjects like h0039IH (C) and patients with PD, like s0156LN (D) were used to calculate the eight metrics. These metrics were then used to generate an SVM classifier model by comparing a single subject to a sampling of pooled control subject data. The distance from each point of patient data to the hyperplane for a given epoch corresponds to the MES, which serves as an aggregate, scalar measure of motor dysfunction across a representative trial (bottom). Here, a Gaussian smoothing function was applied to the MES for visualization purposes.


Using these eight metrics, we used SVM, a linear machine learning algorithm, to generate a classifier to differentiate patients with PD and control subjects. Specifically, we produced classifiers to discriminate individual movement disorder subjects from the pooled performance data across control subjects. From these models, we generated a set of “Motor Error Scores” (MES) for each patient, which corresponded to the distance between a given patient's data points and the SVM hyperplane. Thus, these MES are scalar measures of motor dysfunction that capture the constellation of movement abnormalities to reflect the cumulative severity of a patient's disease manifestation in short epochs (Figures 1C,D). To assess the true effectiveness of the SVM-generated classifier, we re-ran the classification on our cohort of clinic patients with PD or ET after randomly shuffling the labels applied to each subject (“control” or “patient”). This label-shuffling resulted in highly significant decreases in classification accuracy, from 0.839 (SD ± 0.140) to 0.477 (SD ± 0.0828) in the PD-control comparison and from 0.892 (SD ± 0.187) to 0.506 (SD ± 0.113) in the ET-control comparison. This loss of specificity with label shuffling indicates that our task and analytic approach differentiated specifically between control subjects and patients with motor dysfunction (Supplementary Figure 2, Wilcoxon signed-rank tests, W = 0.0 and p = 8.256 × 10−6, W = 0.0 and p = 0.00221 for PD and ET analyses, respectively).



Multi-dimensional Metric-Based Analysis Correlated With Clinician-Assessed MDS-UPDRS-III Scores

Of the 26 patients with PD who performed the behavioral task, same-day clinical MDS-UPDRS-III assessments were available for 24. In all cases, patients underwent the clinical assessment and completed the behavioral task in the same medication state, as described in Materials and Methods. We assessed the correlation between MDS-UPDRS-III score and a broad range of percentiles of SVM-generated MES. We calculated the MES for each percentile between 1 and 100 for each patient (a patient's median MES would be represented by the 50th percentile). Then, for a given percentile, the MES for each patient were correlated with their MDS-UPDRS-III scores, and Spearman's rank order correlation analysis was performed. From this analysis, we observed that the p-value for this analysis dropped below the pre-selected alpha level of 0.05 near the 20th percentile of MES. The p-value of this analysis reached its minimum (p = 0.0125) at the 96th percentile of MES. Around this same percentile, we also observed the maximum correlation coefficient (ρ = 0.501) (Figures 2A,B). This analysis suggests that clinicians were likely generating their clinical assessments based more closely on their perception of a patient's maximum symptom severity. There was no correlation between the MES and the patients' point in their inter-dose interval at the time of task completion (Spearman ρ = −0.0969, p = 0.676).
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FIGURE 2. Correlations of MES with MDS-UPDRS-III. (A) Using MDS-UPDRS-III, Spearman's correlation coefficient (red line) and corresponding p-values (blue line) were calculated using percentiles between 0 and 100 of session-wide MES for each patient. Higher percentiles correspond to progressively smaller fractions of higher-valued MES. The dotted line indicates a p-value of 0.05, the selected alpha-level in this analysis. In general, better correlations between MES and MDS-UPDRS were observed when considering patients' epochs of more prominent motor dysfunction; the maximum correlation and lowest p-value occurred at the 96th percentile of MES. (B) MDS-UPDRS-III (Motor Examination subsection) scores plotted with corresponding 96th percentile session-wide MES for 24 patients with PD for which MDS-UPDRS-III scores were available. Strength of association was determined by calculating Spearman's correlation coefficient (ρ = 0.501, p = 0.0125).


A similar analysis was performed using the sum of all components of the MDS-UPDRS-III that assessed symptom severity in the dominant upper extremity (DUE), given that the tracking task collects data related to symptoms only affecting this extremity. In this case, the maximum Spearman's ρ and the minimum p-value occured at the 98th percentile of MES, and were 0.351 and 0.0929, respectively (Supplementary Figure 3B).



Distributions of MES Were Effective Differentiators Between Subject Types

To assess the ability of MES to classify individual epochs as symptomatic or asymptomatic, we performed pairwise analyses between each individual patient and control. For each pair, a unique classifier was generated using SVM as described above. The MES distributions generated from these SVMs were analyzed using receiver operating characteristic (ROC) curves, and discrimination between the distributions was quantified using the area under these ROC curves (AUC). When comparing patients with PD to control subjects using this method, the mean AUC across all pairs was 0.883 (SD ± 0.149), indicating good discrimination between these two subject types at the 1-second epoch timescale (Figure 3A). Lower AUCs were generally grouped by patient with PD, suggesting that these particular patients had less motor dysfunction at the time of task performance. Importantly, there are no similar groupings by control subject, suggesting lower variability of performance across this group. A similar comparison of patients with ET to control subjects yielded an even higher mean AUC of 0.937 (SD ± 0.122) (Figure 3B), meaning that, for these cohorts, the task differentiated patients with ET from control subjects significantly better than it did for patients with PD (Mann-Whitney test, U = 37,899 and p < 0.0001). Like the analysis of patients with PD, lower AUCs were generally grouped by patient and not by control subject.


[image: Figure 3]
FIGURE 3. MES effectively discriminated between movement disorder patients and control subjects. (A,B) The distributions of MES over a session were compared between individual control subjects and (A) patients with PD or (B) patients with ET. Here, unique SVM models were generated for each comparison and the resulting MES for each control subject-patient combination were calculated based on these models. These MES distributions were then compared using a ROC analysis. The AUC for each comparison was then calculated. AUCs for each pair-wise comparison are shown. (C) ROC curves were generated from compiled MES distributions from each subject group. All MES were derived from an SVM comparison of individual subjects within a group with a random sampling of pooled control data. The AUCs were then calculated to quantify the discriminatory ability of each comparison.


We also compared MES distributions of different groups of subjects at the population level (Figure 3C). All MES were derived from SVM classification compared to a random sampling of the pooled control subject data. We then calculated the area under these curves (AUC) to assess the discriminability of experimental groups based upon MES. In our comparison of the MES distributions of patients with PD and control subjects, we found an AUC of 0.701 (p = 0.010 by bootstrapping with 100 re-samplings). A similar comparison of patients with ET and control subjects yielded an AUC of 0.817 (p = 0.010 by bootstrapping with 100 re-samplings). Therefore, in addition to discriminating between epochs in individual patients, our approach has the ability to discriminate between patients with movement disorders and control subjects on a population level.



Metric-based Analysis Highlighted Motor Differences Between PD and ET Patients

The SVM algorithm returns a “weight” for each metric that reflects its relative contribution to generating the classification hyperplane. Thus, these “metric weights” should approximate the heterogeneity of the motor dysfunction in each movement disorder patient. SVM comparison of individual patients with PD and pooled control subjects showed a high degree of such heterogeneity. This diversity was reflected in the relative variability in metric weights in patients with PD and patients with ET. Mixed effect analysis of these data showed a significant interaction between the metrics and the different movement disorders (F = 9.39, p < 0.0001). Multiple T-tests comparing metric weights of patients with PD and patients with ET with p-values adjusted using the Bonferroni-Dunn method showed significant differences between “Tremor” and “Distance” at the p < 0.05 level (t ratios were 3.947 and 3.771; adjusted p-values were 0.00281 and 0.00467, respectively) (Table 3).


Table 3. Comparison of metric weights between patients with PD and patients with ET.
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On average, patients with ET demonstrated higher MES than those with PD (1.931, SD ± 1.407 compared to 1.027, SD ± 0.945, respectively; Mann-Whitney U test, U = 96.0, p = 0.0308) (Figure 4A). We hypothesized that the unique constellation of motor abnormalities observed in PD and ET might contribute to the differentiation between these patients in our analysis. Specifically, the differentiation of patients with ET from control subjects relied heavily on the “Tremor” metric (Figure 4B), while the metric most important for differentiation between patients with PD and control subjects varied in individual cases. To further interrogate these differences, we compared each patient with PD to a random sampling of pooled data from patients with ET. We chose to use the patient with ET data analogously to the control data in this analysis because the ET-control SVM analysis showed relatively homogenous metric weights relative to patients with PD, suggesting less motor feature variability within this cohort. In this analysis, the SVM distinguished individual patients with PD from the pooled ET subject data with an accuracy of 0.924 (SD ± 0.0764), consistent with the ability of our multi-dimensional approach to motor analysis to differentiate between these movement disorders despite some possible overlap in clinical presentation, specifically with regard to tremor.
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FIGURE 4. MES metric weights, particularly tremor, differed between patients that have PD compared to ET. (A) Mann-Whitney U test showed that patients with ET have a significantly higher mean MES on a session-to-session basis than patients with PD (U = 96.0, p = 0.0308). Each point represents the mean MES across a single session for a given patient. (B) For the SVM classifier developed for each patient compared to pooled control subject data, the relative contribution of each of the seven different metrics varied. The left plot shows the metric weights calculated for each patient with PD (gray lines) and the mean metric weights across all patients with PD (purple line). The right plot shows a similar analysis for patients with ET (orange line). (C) Removing the “Tremor” metric from the SVM algorithm reduced the accuracy of the resulting classifier in PD v. pooled control (left, purple) and ET v. pooled control (right, orange) comparisons (Wilcoxon signed-rank tests, test statistics were 13.0 and 0.0, while p-values were 3.656 × 10−4 and 3.346 × 10−3, respectively). (D) Removing the “Tremor” metric from the SVM algorithm reduced the MES generated in PD v. pooled control (left, purple) and ET v. pooled control (right, orange) comparisons (Wilcoxon signed-rank tests, test statistics were 28.0 and 1.0, while p-values were 2.956 × 10−4 and 2.873 × 10−3, respectively).


To confirm the relative importance of tremor in classifying patients with ET compared to those with PD, we repeated our SVM analyses without including the “Tremor” metric (Figure 4C). In the PD-control SVM analysis, excluding “Tremor” reduced the classification accuracy from 0.839 (SD ± 0.140) to 0.772 (SD ± 0.155) (Wilcoxon signed-rank test, W = 13 and p = 3.656 × 10−4), while a “Tremor”-excluded ET-control SVM analysis reduced mean classification accuracy from 0.892 (SD ± 0.187) to 0.672 (SD ± 0.190) (Wilcoxon signed-rank test, W = 0.0 and p = 3.346 × 10−3). Finally, removing the “Tremor” from the PD-pooled ET SVM comparison reduced classification accuracy from 0.924 (SD ± 0.0764) to 0.760 (SD ± 0.140) (Wilcoxon signed-rank test, W = 0.0 and p = 8.277 × 10−6). The mean accuracy difference (with vs. without the “Tremor” metric) in patients with PD was significantly less than the mean accuracy difference in patients with ET (T-test with Welch's correction, T = 2.872 and p = 0.0117). These analyses indicate that “Tremor” is a more critical metric for differentiation of patients with ET from pooled control subject data compared to classification of patients with PD, consistent with the expected phenotypic dominance of the tremor in patients with ET and the more heterogenous clinical phenotype of patients with PD.

We then analyzed the changes in MES after the removal of “Tremor” from the SVM algorithm (Figure 4D). In the PD-control analysis, the mean MES for patients with PD decreased from 1.027 (SD ± 0.945) to 0.760 (SD ± 0.731), a statistically significant change (Wilcoxon signed-rank test, W = 28.0 and p = 2.956 × 10−4). In the ET-control analysis, the mean MES for patients with ET decreased from 1.931 (SD ± 1.407) to 0.535 (SD ± 0.684), also a significant change (Wilcoxon signed-rank test, W = 1.0 and p = 2.873 × 10−3). The mean MES difference was significantly lower in patients with PD compared to those with ET (T-test with Welch's correction, T = 3.382 and p = 0.0051), again consistent with the notion that tremor accounts for a larger component of overall motor dysfunction in ET than in PD.

Examination of these data on the level of individual patients further illuminates the relative differences in the diversity of motor manifestations between patients with PD and ET. In both the MES and classification accuracy analyses, all but two of the 12 patients with ET showed a sharp decline in the “Tremor”-excluded analysis, and the two patients that did not show this decline had mild baseline motor impairment according to their tremor-inclusive MES (0.0562, SD ± 0.195). This observation confirms that, in patients with ET who are relatively symptomatic, tremor is the dominant clinical phenotype.



Multi-dimensional SVM Classification Differentiated Between DBS States

We applied our tablet-based task and multi-dimensional SVM analysis to nine patients with PD with implanted DBS systems to determine the task's ability to differentiate between DBS states within individual patients. One of these nine patients was excluded due to their inability to complete the task in the “DBS Off” state due to symptom severity. Characteristics of the eight patients who completed the task in both stimulation states are described in Table 2.

Patients were alternately assigned to perform the task first either in the “DBS On” or “DBS Off” state to reduce the impact of learning with task repetition affecting results. A single SVM classifier was generated to distinguish between stimulation states within a single patient. The accuracies generated from this analysis were compared to the accuracies produced from an SVM-based analysis for each patient in the DBS state in which labels prior were shuffled prior to generation of the hyperplane. A pair-wise comparison of these analyses showed that shuffling of labels significantly decreased classification accuracy from 0.819 (SD ± 0.108) to 0.507 (SD ± 0.0720) (Wilcoxon signed rank test, W = 0.0 and one-tailed p = 0.0117) (Figure 5A), indicating that the SVM effectively distinguished between the two stimulation states.
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FIGURE 5. SVM analysis differentiated between DBS states in symptomatic patients. Each patient was tested in both the “DBS On” and “DBS Off” states within the span of 1 h. The order of DBS states tested alternated between patients. (A) Accuracies of a single SVM classifier comparing individual patients in two different stimulation states are compared to accuracies produced using an analogous SVM analysis, but with random label shuffling prior to hyperplane generation (Wilcoxon signed rank test, W = 0.0 and p = 0.0117). (B) Metric weights generated by PD patient-pooled control data SVM comparisons were used to examine the relative contributions of each metric in the two different DBS states. The left polar plot depicts the mean metric weights of patients in the “DBS On” state. and the right plot shows the weights of patients in the “DBS Off” state. In each plot, gray lines represent metric weights for individual patients. A two-way ANOVA analysis of these data showed no significant interaction between the metrics and the different movement disorders (F = 1.966, p = 0.0762).


Separately, we generated classifiers to differentiate between each patient in each stimulation state and pooled control subject data to analyze the differences in metric weights. A two-way ANOVA analysis of these data showed no significant interaction between the metrics and the different movement disorders (F = 1.966, p = 0.0762) (Figure 5B).




DISCUSSION

Using data captured from our naturalistic, goal-directed task and an eight-dimensional, metric-based analysis of these data, we found that, across a cohort of patients with PD, our multi-dimensional “MES” correlated with the cumulative score of the Motor Examination subsection of the MDS-UPDRS. This indicates that our method of motor dysfunction assessment can approximate the severity of a patient's condition when compared to the standardized assessments of trained clinicians. While other tools developed for quantification of motor dysfunction correlate more strongly with MDS-UPDRS-III (37), we did not specifically design our task to optimize this relationship. Rather, our goal was to achieve maximal differentiation between normal and abnormal goal-directed movement. Any correlation with MDS-UPDRS-III, in other words, was incidental. While we did not observe correlations between specific metrics and components of the MDS-UPDRS-III, increased data collection across centers facilitated by the objectivity and usability of our task may reveal a relationship between our metrics and MDS-UPDRS-III subscore “factors” of motor dysfunction (11).

Our task's correlation with MDS-UPDRS-III lends it validity, but it was specifically designed to assess motor dysfunction with high temporal precision and thus provide insight into the short-timescale fluctuations in PD symptomatology (38–40). Importantly, such high-resolution temporal measurement of these fluctuations in motor dysfunction is necessary to correlate behavioral phenotypes with neural activity, a crucial step in the development of adaptive or closed-loop DBS systems (41–44). Additionally, this task can be performed in a non-clinical setting, meaning that the frequency of data collection need not be limited to the interval between office visits. More frequent assessment of symptomatology might allow for more robust projection of trends and more timely implementation of beneficial therapeutic changes (16, 18, 24–26).

Analysis of MES distributions offered strong evidence that the task differentiated between control subjects and movement disorder patients using 1-second epochs of motor performance. However, it is important that such a tool detects motor dysfunction specific to the movement disorder of interest. A direct comparison of patients with PD or ET within a single SVM model showed that differences in metric weight patterns across these groups can be used to generate a high-accuracy classifier. Using linear SVM models allowed us to examine the relative contributions of several different measures of performance to the overall MES. In comparing patients with PD to those with ET, these metric weights reflected broad clinical distinctions between the diseases. Within individual patients and across the entire group, patients with PD showed greater symptom heterogeneity, while MES generated for patients with ET relied predominantly on the “Tremor” metric. Comparison of metric weights across groups confirmed that “Tremor” differs the most among subject groups, although “Distance” also differed significantly (Table 3).

Thus, our task and corresponding panel of metrics not only distinguished patients with movement disorders from those without movement disorders, but that it is capable of discriminating between movement disorders directly. Although the textbook clinical pictures of these two movement disorders are distinct, misdiagnosis persists in both directions (45). Some quantitative diagnostic tools designed to distinguish between PD and ET are accelerometer-based and rely on differences in tremor characteristics alone, such as frequency (19, 46, 47). Others require significant training for proper administration, such as those that use electromyography or transcranial sonography (48, 49). Although our task specifically targets PD-associated motor dysfunction without the goal of de novo diagnosis, it is an easily-implemented test that can discriminate between ET and PD, even in cases where tremor characteristics may be ambiguous (50, 51).

Importantly, generating classifiers for individual patients proved effective at differentiating between stimulation states within individual patients with PD. Ultimately, the purpose of a temporally precise, highly quantitative symptom assessment is to correlate behavior with neural activity in order to guide adaptive neuromodulation therapy. This task's ability to detect behavioral changes that correspond to different stimulation states suggests that it has potential to effectively contribute to the understanding of the neural changes related to motor dysfunction in movement disorders.

This study had several limitations. On average, patients with PD were significantly older and more male than control subjects, highlighting two potential confounding factors. Additionally, the task only assesses symptomatology in the dominant upper extremity, which introduces two possible sources of error. Firstly, PD motor dysfunction is generally unilateral, particularly in early stages of the disease, while the tremor of ET is generally bilateral. In our assessment, it is feasible that a patient with PD may have more severe motor dysfunction in their non-dominant hand, while we capture the milder dysfunction in their dominant hand. Secondly, as compared to the MDS-UPDRS-III, our task does not provide a global assessment of the patient's motor dysfunction. We do not assess lower limbs, face, speech, or several other components of this scale. Also, despite screening for significant cognitive impairment, we cannot exclude the possibility that cognitive dysfunction, a well-known sequela of late-stage PD, may affect task performance in a way that our analysis may mistake for pure motor dysfunction. Finally, the tremor phenotypes characteristic of various movement disorders may be unequally assessed by this task. For example, resting tremor is considered a hallmark symptom of PD, although action tremor is still a common finding (52) that correlates with the severity of resting tremor and rigidity, suggesting that it is more likely to be present in advanced disease. Given the small magnitude of movements captured by our task, it likely assesses components of both action and postural tremor. Thus, it may be less effective in patients in earlier stages of PD without components of these two tremor features. Additionally, the action tremor captured through a goal-directed task aligns more closely with the typical clinical phenotype of patients with ET, highlighting the potential problems of a direct comparison of MES of patients with PD and ET. Our study is also limited in terms of its sample sizes, particularly in the assessments of patients with PD and DBS (N = 8) and patients with ET (N = 12). By performing the task with more patients, we could further elucidate the relationship between our metrics and specific clinical symptoms of different movement disorders.

Overall, despite these limitations, our results suggest that an objective, continuous, naturalistic motor task can capture motor impairment patterns that are specific to PD and ET, can distinguish between DBS states in patients with PD, and can be used to quantify the degree of motor dysfunction with high temporal precision.
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Supplementary Figure 1. MDS-UPDRS-III sub-scores weakly correlated with motor dysfunction metrics. Raw metric data for individual patients with PD were normalized to the aggregated data of this group. Metrics were then compared to each of the shown MDS-UPDRS-III sub-scores, and Pearson's correlation coefficients were calculated. Displayed are Pearson's correlation coefficients (r). * indicates p < 0.05.

Supplementary Figure 2. SVM classifiers specifically differentiated patients with motor dysfunction from control subjects. To confirm that the SVM classification was indicative of the task's ability to broadly distinguish between patients with movement disorders and control subjects instead of simply differentiating between individuals based upon idiosyncratic task performance, PD (left) or ET (right) patient and control subject data labels were randomly shuffled before generation of the hyperplane. This shuffling decreased the mean classification accuracy from 0.839 (SD ± 0.140) to 0.477 (SD ± 0.0828) in the PD-control comparison and from 0.892 (SD ± 0.187) to 0.506 (SD ± 0.113) in the ET-control comparison (Wilcoxon signed-rank test, W = 0.0 and p = 8.256 × 10−6 and W = 0.0 and p = 0.00221). Each gray line represents a single patient and black lines represent means.

Supplementary Figure 3. Pooled MDS-UPDRS-III scores for the dominant upper extremity also correlate to calculated MES. (A) The sum of all MDS-UPDRS-III score components from each patient's dominant upper extremity (DUE) were plotted with corresponding, session-wide MES means for 24 patients with PD. Spearman's correlation coefficient (red line) and corresponding p-values (blue line) and were calculated using percentiles between 0 and 100 of session-wide MES per patient. Dotted line indicates a p-value of 0.05, the selected alpha-level in this analysis. The maximum strength of correlation and statistical significance occurred at the 98th percentile of MES. (B) Using MDS-UPDRS-III DUE, Spearman's correlation analysis demonstrated significant association between MDS-UPDRS-III DUE and the 98th percentile of session wide MES for each patient (ρ = 0.351, p = 0.0929).

Supplementary Table 1. Stimulation parameters of patients with PD with DBS. Electrodes were targeted to stimulate either the subthalamic nucleus (STN) or the globus pallidus internus (GPi).



ABBREVIATIONS

ADL, activity of daily living; AUC, area under the curve; DBS, deep brain stimulation; ET, essential tremor; GPi, globus pallidus internus; MES, motor error score; PIGD, postural instability/gait difficulty; PD, Parkinson's disease; ROC, receiver operating characteristic; STN, subthalamic nucleus; SVM, support vector machine; TD, tremor-dominant; MDS-UPDRS, Movement Disorder Society-Sponsored Revision of the Unified Parkinson's Disease Rating Scale.
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Background: Balance deficits in people with Parkinson's disease (PD) are often not helped by pharmacological or surgical treatment. Although balance exercise intervention has been shown to improve clinical measures of balance, the efficacy of exercise on different, objective balance domains is still unknown.

Objective: To compare the sensitivity to change in objective and clinical measures of several different domains of balance and gait following an Agility Boot Camp with Cognitive Challenges (ABC-C) intervention.

Methods: In this cross-over, randomized design, 86 individuals with PD participated in 6-week (3×/week) ABC-C exercise classes and 6-week education classes, consisting of 3–6 individuals. Blinded examiners tested people in their practical off state. Objective outcome measures from wearable sensors quantified four domains of balance: sway in standing balance, anticipatory postural adjustments (APAs) during step initiation, postural responses to the push-and-release test, and a 2-min natural speed walk with and without a cognitive task. Clinical outcome measures included the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) Part III, the Mini Balance Evaluation Systems Test (Mini-BESTest), the Activities of Balance Confidence (ABC), and the Parkinson's Disease Questionnaire (PDQ-39). The standardized response means (SRM) of the differences between before and after each intervention compared responsiveness of outcomes to intervention. A linear mixed model compared effects of exercise with the active control—education intervention.

Results: The most responsive outcome measures to exercise intervention with an SRM > 0.5 were objective measures of gait and APAs, specifically arm range of motion, gait speed during a dual-task walk, trunk coronal range of motion, foot strike angle, and first-step length at step initiation. The most responsive clinical outcome measure was the patient-reported PDQ-39 activities daily living subscore, but all clinical measures had SRMs <0.5.

Conclusions: The objective measures were more sensitive to change after exercise intervention compared to the clinical measures. Spatiotemporal parameters of gait, including gait speed with a dual task, and APAs were the most sensitive objective measures, and perceived functional independence was the most sensitive clinical measure to change after the ABC-C exercise intervention. Future exercise intervention to improve gait and balance in PD should include objective outcome measures.

Keywords: Parkinson's disease, exercise, gait, anticipatory postural adjustments, automatic postural responses, objective measures, clinical measures, wearable technology


INTRODUCTION

Balance dysfunction is one of the characteristic features of Parkinson's disease (PD) and emerges early, with subtle changes present already at the time of diagnosis (1). Balance dysfunction in people with PD includes impairments in many domains of balance control: (1) postural sway during quiet stance (Sway), (2) automatic postural responses (APRs) to external perturbations, (3) anticipatory postural adjustments prior to gait initiation (APAs), and (4) dynamic balance during walking (Gait) (2).

Balance dysfunction in people with PD are notoriously difficult to treat and are not often helped by pharmacological or surgical treatment, while there is evidence that exercise can improve mobility problems in people with PD. Two recent review papers summarized the effects of exercise intervention in people with PD on balance outcomes (3, 4). Both reviews showed improvements in clinical balance and gait outcomes measures, such as gait speed, the Berg Balance Scale (BBS) (5), disease severity (as measured by the Part III of the Unified Parkinson's disease Rating Scale, UPDRS), and activities of daily living (ADL). However, both reviews showed that exercise outcome measures for PD were limited to a stopwatch measure of gait speed and the BBS as a clinical balance scale but did not investigate the effects of exercise on specific balance domains. Clinical measures of balance or disease severity, such as the BBS or UPDRS, may not be sensitive to change with exercise and do not reflect improvements across specific balance domains (6). Only one recent study investigated the effects of exercise for people with PD using the subscores of the Mini Balance Evaluation Systems Test (Mini-BESTest) (7), a clinical scale that includes four balance domains: anticipatory postural adjustments, automatic postural responses, postural sway in stance in different sensory conditions, and gait (8). The results showed that a muscle strengthening program improved three subscores of the Mini-BESTest, excluding the Gait subscore, in people with PD, but the changes in Mini-BESTest were not achieved at the minimal clinically important difference (MCID) (9).

Objective measures of balance have been shown to be more sensitive to subtle impairments than clinical balance measures in people with PD (10, 11). Recently, wearable sensor systems have been shown to be useful to obtain objective measures across different balance domains in clinical settings due to their portability and quick objective analysis capability (12, 13). Recently, we reported clinimetric properties for objective measures of the four domains of balance (Sway, APRs, APAs, and Gait) from six wearable sensors worn on the feet, wrists, sternum, and lumbar spine (13–16). For example, we have shown that levodopa improves speed of gait and APAs but worsens postural sway instance (17). However, it is still unclear which specific objective measures of balance and gait would be useful as outcome measures for balance exercise intervention in people with PD. Previous studies showed that objective gait measures, but not clinical measures of balance or PD (such as the Mini-BESTest and UPDRS), were improved by dance, treadmill, or multimodal training (18, 19). However, it is unclear whether objective measures across all domains of balance are more sensitive than clinical measures to exercise intervention.

Our group recently showed that an Agility Boot Camp training incorporating cognitive challenges (ABC-C) (20–23) resulted in specific improvements in the APAs domain, measured by the Mini-BESTest, and improvements in clinical measures, such as the Postural Instability and Gait Difficulty (PIGD) score in the MDS-UPDRS, Quality of Life [the Parkinson's Disease Questionnaire-39 (PDQ-39) activities daily living (ADL) subscore] (20), as well as dual-cost of gait speed in people with PD (20, 22). Although we reported changes after the ABC-C intervention only in the APAs domain of the Mini-BESTest, we did not previously evaluate the effects of the ABC-C intervention for any objective measures of balance domains.

Thus, in this exploratory analysis, we compared the effects of the ABC-C intervention on clinical vs. objective outcome measures of balance using the four domains of balance (Sway, APRs, APAs, and Gait) within the Mini-BESTest (13–16). To narrow down the total number of objective measures for the four domains, we used those objective measures that recently were found to better discriminate between people with PD and healthy controls (24).

The purposes of this exploratory analysis are (1) to investigate which specific balance domains improved with the ABC-C intervention by using objective measures and (2) to compare responsiveness to the ABC-C intervention of objective vs. clinical outcome measures. We hypothesized that (1) three of four main balance domains that were part of the intervention (not APRs as postural responses were not practiced) would improve and (2) objective outcome measures of balance would be more sensitive than clinical outcome measures for the ABC-C intervention. We also related the most sensitive objective mobility measures to perceived change in Mobility and ADL and calculated the MCID.



METHODS


Participants

Details on the participants' characteristics are reported in a previous publication by Jung et al. (20). Briefly, 94 individuals with idiopathic PD were enrolled in this study. Inclusion criteria were the following: (a) age between 50 and 90 years old, (b) no major musculoskeletal or peripheral or central nervous system disorders (other than PD) that could significantly affect their balance and gait, (c) ability to stand and walk unassisted, (d) no recent changes in medication (6 weeks of stable medications), and (e) meet criteria for idiopathic PD according to the Brain Bank Criteria for PD (25). Exclusion criteria were any other neurological disorders or musculoskeletal impairments that interfere with gait or balance and the inability to follow procedures. All participants signed informed consent forms approved by the Oregon Health & Science University institutional review board (approval no. 4131) and the joint OHSU and Veterans Affairs Portland Health Care System (VAPORHCS) institutional review board (approval no. 8979). All work was conducted in accordance with the declaration of Helsinki (1964). This trial was registered on Clinical Trials.gov (NCT02231073 and NCT02236286).



Procedure

A cross-over, randomized, controlled trial design of a 6-week ABC-C intervention for people with PD was conducted from 2014 to 2018 (21). Participants were randomized into one of two intervention groups, Exercise First or Education First, by a computerized block randomization. The researchers who performed and analyzed all baseline, midpoint, and final tests remained blinded to group assignment throughout the duration of the study. Individuals randomized to Exercise First participated in a 6-week ABC-C intervention and crossed over to receive the 6-week education intervention, and individuals in Education First participated in an education class and crossed over to receive ABC-C intervention. Both interventions were designed to have similar frequency and delivered by the same exercise trainers. More details are reported in Jung et al. (20).

The following clinical scales and questionnaires were used as outcome measures for this analysis: (1) Mini-BESTest, (2) MDS-UPDRS (26), (2) the Activities-Specific Balance Confidence scale (ABC-scale) (27), (3) the Montreal Cognitive Assessment (MoCA) (28), (4) the New Freezing of Gait Questionnaire (NFOGQ) (29), and (5) PDQ-39 (30).

Objective measures of balance were obtained via six wearable sensors (Opals, APDM), each including triaxial accelerometers, triaxial gyroscopes, and magnetometers, placed on both feet, wrists, sternum, and the lumbar region, while performing a total of eight different motor tasks, summarized below and in Figure 1. Participants were tested in their practical Off state after at least 12 h of medication washout. The same battery of clinical and mobility measurements was carried out after 6 weeks of intervention before the participants crossed over into the second intervention and again at the end of the second intervention.


[image: Figure 1]
FIGURE 1. Total objective measures 24. Twenty-four sensitive objective measures have been selected to discriminate between people with Parkinson's disease (PD) and healthy elderly in four postural control domains (20). APAs, anticipatory postural adjustments; APRs, automatic postural responses; ML, mediolateral; AP, anteroposterior; ROM, range of motion; SD, standard deviation.


The protocol for both the ABC-C and Education interventions has been detailed in our previous studies (20–23). Briefly, the ABC-C intervention consisted of a 90-min group exercise session, 3 days per week for 6 weeks, led by a certified exercise trainer. The program included the following: (1) gait training, (2) functional skill training (31), (3) agility course, (4) lunges, (5) boxing, and (6) adapted tai chi (32). Each exercise was engaged for 10–20 min with rest periods in between the exercises (21, 23). Each exercise was systematically progressed from beginning to intermediate to advanced levels by challenging (a) divided attention with secondary cognitive tasks, (b) response inhibition, (c) limiting external sensory cues, (d) increasing the length, complexity, and novelty of whole-body movement sequences, and (e) increasing repetitions, speed, amplitude, resistance, or balance requirements.

In the Education intervention, participants were taught how to live better with their chronic conditions. Classes consisted of a group of participants (up to six) meeting with the same trainer for a 90-min session, once a week for 6 weeks. In order to match the dose of the Education intervention with the ABC-C intervention, participants were provided relaxation tapes to be used at home five times per week for 30 min for an overall education dose of 240 min, similar to the exercise dose. Compliance was recorded for both the ABC-C and Education intervention at each session. The trainer coded the progression of exercise difficulty at the end of each week to determine the level of exercise progression for each participant. Additionally, the level of self-reported exertion (0–10) was recorded to determine the level of challenge of the program and to determine if people were progressively challenged during the exercise over time.



Outcome Measures

The full protocol of mobility tasks has been detailed in our previous study (24). The eight motor tasks included Sway, APRs, APAs, and Gait tasks (see Figure 1). The Sway task consisted of standing still for 30 s on a firm surface with eyes open or closed (EOFirm and ECFirm), and on a foam surface with eyes open (EOFoam). The APRs task consisted of the push and release test in the backward direction (14). An Instrumented Stand and Walk test (15) and a 2-min walk test were used to extract measures of APAs and Gait, respectively. In addition, both APAs and Gait task were performed with and without a concurrent cognitive task (single and dual task) (24). The dual-task condition consisted of serial subtraction by threes from a three-digit number, during both quiet stance and during the gait initiation (APA task) and in reciting every other letter of the alphabet while walking for the Gait task. As objective outcome measures, we used 24 objective measures that were found to be most sensitive in discriminating between people with PD and healthy controls as determined from our previous study (24) (see details in Figure 1). When a Dual task was added, the dual-task cost (DC) was calculated as DC (%) = 100 × (dual-task measure – single-task measure)/single-task measure.

The clinical Mini-BESTest and its four subscores (APAs, APRs, Sway, and Gait) were assessed as a clinical measure of dynamic balance. The total of MDS-UPDRS and the subtotal of Parts II and III were used as measures of disease severity, and the PIGD subscore (sum of items 3.9, 3.10, 3.12, and 3.13 of the MDS-UPDRS) was calculated to assess disease severity focusing on balance. The MoCA score was used as a measure of general cognition. The ABC scale was used to assess balance confidence and balance self-perception. The total PDQ-39 and the Mobility/ADL subscores provided patient-reported quality of life. Lastly, the perceived change in Mobility and ADL after Exercise and Education were determined at the second and third observation according to the following scale: (3) excellent improvement, (2) moderate improvement, (1) mild improvement, (0) no change, (−1) mild worsening, (−2) moderate worsening, and (−3) terrible worsening. For the perceived change in Mobility and ADL, participants were asked the following: “Did you notice a change in the past 6 weeks in your balance and gait?” and “Did you notice a change in the ability to carry out your daily activities in the past 6 weeks?” To determine the MCID of objective measures, the scores after the ABC-C intervention were used for the statistical analysis.



Statistical Analysis

The distribution for each demographic and clinical measure of the two groups (Exercise First/Education First) was examined by the Shapiro–Wilk test at baseline. For data that were nonnormally distributed, the Mann–Whitney U-test was used to determine a difference between groups at baseline. Otherwise, independent samples t-test and chi-squared tests were used to examine possible group differences at baseline.

To investigate whether outcome measures differed between each intervention, a linear mixed model was fit for each objective measure. Since we had three observations for each participant (baseline, midpoint, and final), we calculated the changes due to the ABC-C intervention as midpoint–baseline for the Exercise first group and final–midpoint for the Education first group. Similarly, the changes due to the Education intervention were calculated as final–midpoint for the Exercise first group and midpoint–baseline for the Education first group. The linear mixed-model design included an indicator of intervention effects (Education vs. Exercise), order effects (Exercise or Education first), and period effects (sequence, Education–Exercise or Exercise–Education, differences) to determine whether the “difference in change” differed between Exercise and Education. The intervention term reflected whether the effects of Exercise differed from the effects of Education. A random effects term was included for participants. In addition, the effect of Exercise and Education were calculated as standardized response mean (SRM) for each clinical and objective measure. The SRM was calculated as the mean change between before and after each intervention period divided by the standard deviation (SD) of the change (33). An SRM value of 0.20 represents a small, 0.50 a moderate, and 0.80 a large effect of the intervention (33).

Last, the MCID of the objective measures with a significant difference between both interventions was determined by using two different types of anchor-based approaches based on the perceived change in Mobility or ADL (9, 34). One of the methods to define the MCID was that the delta of objective measures associated with the perceived change in Mobility or ADL 0 (no change) were compared with the delta of objective measures associated with the perceived change in Mobility or ADL 1 (mild improvement) (34). The other anchor-based method used receiver operating characteristic (ROC) curve technique to find the most suitable MCID values following the method described by Hauser et al. (35). Assuming that false-positive and false-negative identifications are equally unwanted, we determined the cutoff value with the most optimal balance between sensitivity and specificity. The optimal cutoff point to distinguish the delta of objective measures between subjects rated as unchanged (value of 0) from subjects rated as mild improvement (value of 1) was estimated as the point on the ROC curve closest to the point of (0,1). It was calculated as the minimum value of the following formula:

[image: image]

For the most optimal cutoff values, the positive (LR+) and negative (LR–) likelihood ratios were also determined using the following formulas:

[image: image]

Furthermore, the area under the curve was calculated to compare the accuracy of the prediction for the perceived change. An area under the curve (AUC) value of 0.56 represents a small, 0.64 a moderate, and 0.71 a high accuracy of the prediction for perceived change (36). Prior to determining the MCID, the association between delta of the objective measures, and the perceived change in Mobility or ADL was calculated using Spearman's rho correlation coefficient. The MCID was detected for the delta of mobility measures that correlated with the perceived change in Mobility or ADL (r > 0.3) (34).

The statistical analysis for the demographic data and clinical measures at baseline and association between delta and the perceived change were processed using SPSS Statistics version 25.0 (IBM, Armonk, NY, USA), and a linear mixed model was calculated using MATLAB R2018b (The Mathworks Inc., Natick, MA, USA) with the Statistics and Machine Learning Toolbox. The statistical significance for this exploratory analysis was set to p < 0.01.




RESULTS

Ninety-four participants were randomly assigned into two groups [Exercise First: n = 46; Education First: n = 45; see cohort diagram in Jung et al. (20)]. Further analysis were performed on the 86 participants who had at least two data points (Exercise First: n = 44; Education First: n = 42). Age, height, weight, and gender were not different between the Exercise First and Education First groups at baseline (Table 1). In addition, there were no significant differences between the Exercise First and Education First group in disease severity (MDS-UPDRS, Hoehn and Yahr stage, and the ratio of freezers), clinical balance function (Mini-BESTest), perceived functional independence (PDQ-39), or general cognitive function (MoCA) before participating this study (details in Table 1).


Table 1. Demographic data.
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The objective measures showing significant improvements after the ABC-C intervention compared to the Education intervention were in the domains of Gait and APAs (see Tables 2, 3 and Figure 2). Specifically, arm swing ROM, foot strike angle, and trunk coronal ROM during single-task walking significantly increased after the ABC-C intervention compared to the Education intervention (p < 0.001, Table 2). In addition, gait speed during dual-task walking was significantly faster after the ABC-C intervention compared to the Education intervention (p < 0.001). Lastly, both the peak ML and the first-step ROM during gait initiation were significantly larger after the ABC-C intervention compared to the Education intervention (p = 0.003 and p = 0.001). None of these measures showed a significant order or period effect (p > 0.01). However, two objective measures in the Gait domain, stance time, and toe-off angle showed a significant period effect (p < 0.01) in the absence of a significant intervention effect (Table 2). In contrast to Gait and APAs, measures of Sway and APRs did not change (p > 0.01, Table 2).


Table 2. Means and standard deviations (SDs) of each outcome measures at baseline and changes at 6-weeks for Education and ABC-C. Standardized Response Mean with confidence intervals is reported.
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Table 3. Results from linear mixed models for the change of each objective measures after intervention.
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FIGURE 2. Significant effects of the Exercise but not Education intervention on objective measures of gait and anticipatory postural adjustments (APAs), but not sway. Mean and standard error of mean (SEM) plots of (A–D) four gait measures and (E,F) two balance measures. (A) Foot strike angle, (B) Arm range of motion (ROM), and (C) trunk coronal ROM, (D) gait speed during a dual-task walk (DT), (E) anticipatory postural adjustments (APAs) involving first-step ROM at step initiation during a single-task walk (ST), and (F) root mean square (RMS) of medio-lateral (ML) sway while standing on a foam surface with eyes open (EOFoam). Plots divide results into the randomized Exercise First and Education First groups with Exercise intervention in red and Education intervention in blue. Histograms summarize the change in each measure before vs. after the Education and Exercise intervention. Error bar shows SEM, and p-value was calculated by a linear mixed model.


Out of the Gait measures, arm swing ROM during single-task walking (SRMABC−C = 0.95, SRMEducation = −0.09), and gait speed during a dual-task walk (SRMABC−C = 0.94, SRMEducation = 0.11) showed the largest effect sizes after the ABC-C intervention but not after the Education intervention (Table 2 and Figure 3A). Foot strike angle (SRMABC−C = 0.45; SRMEducation = −0.09) and trunk coronal ROM (SRMABC−C = 0.45; SRMEducation = −0.13) during a single-task walk showed small effect size after the ABC-C intervention but not after the Education intervention.


[image: Figure 3]
FIGURE 3. Effect size of the (A) objective measure and (B) clinical measure after the ABC-C Intervention (square) and Education intervention (star). All of the plots are displayed in descending order of the difference of standardized response means (SRM) between for the education and Agility Boot Camp with Cognitive Challenges (ABC-C) intervention.


The results of a linear mixed model for the clinical measures have been detailed in our previous paper Jung et al. (20). Figure 3B summarizes the effect size after the ABC-C and Education interventions on the clinical measures. All of the clinical measures showed small or no effect sizes after the ABC-C intervention compared to the objective measures.

Spearman's correlation coefficient showed that Arm ROM during a single-task walk and Gait speed during a dual-task walk were associated with the perceived change in ADL (rho = 0.36 and 0.46, respectively). In addition, Arm ROM during a single-task walk correlated with the perceived change in Mobility (rho = 0.37). Therefore, we calculated the MCID for these two objective measures. Based on the mean change approach, we found 23.0- and 21.2-degrees improvement as the MCID for Arm ROM during a single-task walk with SRM of 1.19 and 1.25 calculated by perceived change in Mobility and ADL, respectively. We also found a 0.14 m/s improvement as MCID Gait speed during a dual-task walk with SRM of 0.86 calculated by perceived change in ADL (Table 4). Based on the ROC approach, the best cut-off value discriminating no change from mild improvement in the perceived change in Mobility and ADL, respectively, was 17.7 and 17.2 with AUC of 0.64 and 0.67 for Arm ROM during a single-task walk. Furthermore, the best cutoff value to detect a perceived change in ADL was 0.13 m/s improvement for Gait speed during a dual-task walk with AUC of 0.67. Table 4 summarizes the MCID for Arm ROM during a single-task walk and Gait speed during a dual-task walk determined by two anchor-based approaches.


Table 4. Mean delta value of objective measures associated with the perceived change score.
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DISCUSSION

Our findings suggest that objective measures of Gait significantly improved with the ABC-C intervention in a group of 86 individuals with PD. In addition, we found small improvements in objective measures of APAs and Sway, as hypothesized. The effect size of objective measures was larger than the effect sizes of all clinical measures after the ABC-C intervention compared to the Education intervention. To our knowledge, this is the first study to systematically compare the responsiveness of objective measures on four different balance domains (Sway, APRs, APAs, and Gait) vs. clinical balance and gait measures to an exercise intervention.

Consistent with previous studies, including our original Agility Boot Camp training (10, 37), the current ABC-C intervention improved objective measures of gait, as well as of APAs. Gait pace (gait speed and foot strike angle), upper body movement during gait (arm ROM and trunk coronal ROM), and APA (peak ML acceleration and first-step ROM) measures showed significant improvements with the ABC-C intervention but not with the Education (active control) intervention. Interestingly, three of the four most discriminative measures to PD compared to age-matched control subjects in Gait (foot strike angle and arm ROM) and APAs (first-step ROM) improved with the ABC-C intervention (24). Thus, the ABC-C intervention seems to improve the most affected balance and gait signs in a group of people with moderate PD.

Of the four most sensitive objective mobility measures to PD, only turning did not improve with the ABC-C intervention. The lack of change in turning velocity may be related to the fact that the ABC-C intervention did not specifically focus on practicing turning, due to difficulty in maintaining safety with three to six subjects in the group exercise program. In addition, it is not clear if an increased velocity during turning would be a safe strategy in people with PD, as it has been shown that when turning faster, people with PD spend more time with the center of mass outside the base of support, a strategy that could be more prone to falls (38).

As hypothesized, postural responses to a perturbation did not improve after the ABC-C intervention. Previous exercise studies have reported improvements of postural responses (39–41), but these studies specifically trained postural responses to external perturbations. For example, previous studies used repetitive pulls to the participant's back (39) or repeated perturbation of a platform (40) or treadmill (41). Although the ABC-C intervention may have included postural perturbations induced by boxing with a contact of gloved fist onto a padded hand, these perturbations to both the boxer and the recipient of the punch (on glove) were relatively mild and could be anticipated by the participants. Studies showing improvements in postural stepping responses exposed subjects to many unexpected and stronger perturbations, and they used the same tests for training and assessing the effects of exercise (39–42).

Lastly, this study also provided MCID values for arm ROM during a single-task walk and gait speed during a dual-task walk, the only two measures significantly associated with perceived changes in Mobility or ADL. The MCID represents the smallest difference in score, which patients perceived as beneficial (9); thus, the value is very useful for assessing effects of a treatment. Both anchor-based approaches gave similar results, and the effect sizes for these two measures were large. Therefore, we considered a 21.2-degree change as the most appropriate MCID for arm ROM during a single-task walk and 0.14 m/s as the MCID for gait speed during a dual-task walk. Furthermore, 28 of 86 participants (32.6%) improved arm swing beyond the MCID of 21.2 degrees with the ABC-C intervention. In addition, the average change in improvement of gait speed in our PD cohort was close to 0.14 m/s MCID, and 44 of 86 participants (51.2%) improved beyond the MCID with the ABC-C intervention.

The clinical outcome measures were less sensitive to change with the ABC-C intervention compared to the objective measures (smaller effect sizes). In fact, we observed a small effect size only for all of the MDS-UPDRS (SRMABC−C: total score = 0.25, Part II = 0.35, Part III = 0.20, and PIGD = 0.49), total score and APAs and Gait subscore of the Mini-BESTest (SRMABC−C = 0.29, 0.23, and 0.35, respectively), and the PDQ-39 total score and ADL subscore (SRMABC−C = −0.24 and −0.22), see Figure 3B. Our results are in keeping with previous studies investigating the effect of exercise in people with PD supporting that the change in objective measures was more sensitive to exercise intervention compared to clinical measures (10, 18, 19). Last, participants averaged 1.73 ± 7.72 points of changed improvement in the PDQ-39 ADL, lower than published MCID from 13.6 to 17.3 points for people with PD (43, 44). The lack of improvement in clinical or patient-reported outcomes may be related to the length of our study. In fact, participants are asked “how often have you had difficulty during the last month?” on the PDQ-39. A 6-week intervention period may be too brief to observe noticeable changes in clinical or perceived measures (8, 18, 45–49). In addition, as the ABC-C intervention was carried out as group exercise, including participants with different disease severity and cognitive abilities in the same group, the program may have been less challenging for people with milder disease severity. Thus, people with more severe symptoms or mildly impaired cognitive abilities may have benefited more from the ABC-C compared to people with PD with mild symptoms and intact cognition (20).

There are several limitations on this study that should be considered when interpreting the results. One limitation is that our larger cohort of people with PD used to identify the most discriminative measures of balance dysfunction included in this analysis is based on the baseline assessment of the participants included here (24). Another limitation was that we did not have a wash-out period; therefore, there could have been a carryover effect of exercise. However, although for few objective measures there was a trend toward a period effect, no objective measures actually showed a significant period effects (at p < 0.01). Lastly, only eight participants (9%) were assessed as Hoehn and Yahr stage IV, so results cannot be generalized to more severely affected people with PD. We did not collect fall data in our subjects or have a follow-up period to determine whether the effects of exercise lasted over time.

Further investigations with longer duration interventions, as well as a parallel design and a longer follow-up period, are needed to determine the longer-term effects of the ABC-C on balance and gait dysfunction. In addition, future interventions to improve balance in PD should also include training of multiple domains of balance, including APRs, standing balance on compliant surfaces and turning quality, as well as APAs and gait mobility. This study supports the use of objective measures of gait and balance, such as from wearable technology, by clinicians, as objective measures may be more sensitive to subtle improvements with exercise than clinical measures.



CONCLUSION

This study showed that the ABC-C intervention improved only certain domains of balance control in people with PD even when these changes in objective measures were not reflected in clinical outcome measures. Specifically, gait pace (foot strike angle and gait speed), upper body movements during gait (arm and trunk ROM), and APAs (first-step length) were the most sensitive to change after the ABC-C intervention compared to the active control Education intervention. Among the clinical outcomes, patient-related outcomes, such as QOL, and balance also improved significantly but were not as sensitive to change as the objective measures. These findings suggest that clinicians should add objective measures of gait and balance, such as from wearable technology, before and after therapy interventions, as objective measures may be more sensitive to subtle changes than clinical rating scales.
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Our primary aim was to determine whether neurovestibular laboratory tests can predict future falls in patients with either Parkinson's disease (PD) or atypical parkinsonism (AP). We included 25 healthy subjects, 30 PD patients (median Hoehn and Yahr stage 2.5, range 1–4), and 14 AP patients (6 multiple system atrophy, 3 progressive supranuclear palsy, and 5 vascular parkinsonism) in a case-control study design (all matched for age and gender). At baseline, all subjects underwent clinical neurological and neurotological assessments, cervical and ocular vestibular evoked myogenic potentials (VEMP), brainstem auditory evoked potentials (BAEP), subjective visual vertical measurements (SVV), and video nystagmography with caloric and rotary test stimulation. After 1 year follow-up, all subjects were contacted by telephone for an interview about their fall frequency (based upon fall diaries) and about their balance confidence (according to the ABC-16 questionnaire); only one participant was lost to follow-up (attrition bias of 1.4%). Cervical and ocular VEMPs combined with clinical tests for postural imbalance predicted future fall incidents in both PD and AP groups with a sensitivity of 100%. A positive predictive value of 68% was achieved, if only one VEMP test was abnormal, and of 83% when both VEMP tests were abnormal. The fall frequency at baseline and after 1 year was significantly higher and the balance confidence scale (ABC-16) was significantly lower in both the PD and AP groups compared to healthy controls. Therefore, VEMP testing can predict the risk of future fall incidents in PD and AP patients with postural imbalance.

Keywords: falls, Parkinson's disease, atypical Parkinsonism, follow-up, neurovestibular


INTRODUCTION

Falls are highly prevalent in patients with Parkinson's disease (PD) or atypical parkinsonism (AP). Approximately 70% of PD patients have at least one fall episode annually (1). Fall incidents often lead to social isolation which may result in a reduced quality of life, because fall incidents can cause a fear of renewed fall episodes, possibly resulting in a self-imposed restriction of daily activities (2–4).

We previously showed that vestibular dysfunction is an independent risk factor for the occurrence of falls in PD and AP patients (4). The results of vestibular tests mainly reflect central neurological vestibular dysfunction, even though these patients usually do not complain of vertigo or dizziness (4). Patients with PD or AP who had experienced prior falls had more abnormal vestibular test results compared to non-falling patients. After exclusion of the well-established causes of falls (e.g., orthostatic hypotension, freezing of gait, cognitive problems and postural instability) 10–18% of the falling PD and AP patients had vestibular system abnormalities as the only identifiable cause for falling (4). We therefore concluded that vestibular system dysfunction, as established with neurovestibular laboratory tests, is an independent and relevant risk factor for falling in PD and AP.

The primary aim of this prospective study was to determine whether neurovestibular laboratory tests have predictive value for the occurrence of future falls in PD and AP patients and, if so, to determine their sensitivity, specificity, likelihood ratio's, and positive/negative predictive values. The secondary aim was to determine the fall frequency and balance confidence in both PD and AP after 1 year of follow-up, as compared with an age- and gender-matched healthy control group.



METHODOLOGY


Study Participants

Previously we described the methodology and baseline measurements of our study cohort in detail (4). Now we present the data after 1 year follow-up (median 12 months, range 12–14 months). Sixty-eight volunteers completed the follow-up study; 25 healthy controls (mean age 67, range 42–81, 15 men), 30 PD patients [mean age 70, range 59–81, 26 men, all fulfilling the UK Parkinson's Disease Society Brain Bank criteria (5), median Hoehn and Yahr stage 2.5, range 1–4], and 13 atypical parkinsonism (AP) patients (mean age 68, range 52–81, 8 men, 5 multiple system atrophy, 3 progressive supranuclear palsy, and 5 vascular parkinsonism, 1 patient with MSA-P was lost to follow-up). The MSA-P patients all fulfilled the diagnostic criteria for probable MSA-P as proposed in the consensus statement by Gilman (6). Supranuclear palsy patients (PSP) all fulfilled the NINDS-SPSP criteria for possible PSP (7). Vascular parkinsonism patients all fulfilled the criteria of the Winikates and Jankovic vascular rating scale (8).

The study was approved by the regional and local medical ethical committee (CMO Arnhem-Nijmegen, the Netherlands, number 2012/393) and was registered as well in the Dutch trial register (Nederlands Trial Register, NTR-3928). All volunteers signed an informed consent. Healthy controls and patients did not have a relevant medical history (i.e., no relevant neurological, otological, ophthalmological diseases, and/or absence of moderate-to-severe cognitive problems) with the exception of PD or AP (in combination with a related cerebrovascular disorder in the vascular parkinsonism group). Controls were matched for age and gender with the PD and AP patients. Sixty-nine volunteers were included in the baseline case-control study. Only one patient with multiple system atrophy with predominant parkinsonism (MSA-P) was lost to follow-up, resulting in an attrition bias of only 1.4%.

The participants were questioned about their medical history, medication, dizziness, gait and balance problems, prior falls and near falls, motor fluctuations, and freezing of gait. They underwent a detailed neurological and neurotological clinical examination with additional measurements for possible orthostatic hypotension (i.e., blood pressure measurement after lying supine for at least 15 min; followed by blood pressure measurements in a standing position after 1, 3, and 5 min). All PD and AP patients were tested during a regular medication on-state.

All participants completed: (a) the 16 items activities-specific balance confidence scale (ABC-16), (b) the dizziness handicap inventory (DHI), (c) the Edinburgh handedness inventory, (d) all subscales of the standardized unified Parkinson's disease rating scale (UPDRS), (e) the modified Hoehn and Yahr scale, (f) the Schwab and England activities of daily life (ADL) scale, and (g) a standardized falls questionnaire.

All participants received a Berg balance scale examination for quantitative balance assessment with additional pull-testing and functional reach testing for the assessment of the degree of postural imbalance. Partial postural imbalance was defined as a normal functional reach test in combination with an abnormal pull-test (i.e., sudden unexpected forceful backward shoulder pull without any specific prior instructions other than to remain standing upright; the patient was able to recover balance in more than two backward steps). Complete postural imbalance was defined as an abnormal pull-test: the patient would have fallen down if the examiner had not been present behind the patient to catch him/her during the fall. Patients that are informed in more detail about this test tend to shift their center of mass more anterior by leaning forwards in anticipation of the backward shoulder pull, which makes the test less reliable. For this reason patients were not informed in more detail prior to the test.

The neurovestibular laboratory tests conducted at baseline were: (a) cervical and ocular vestibular evoked myogenic potentials (VEMPs), (b) subjective visual vertical (SVV), and (c) video nystagmography (VNG) with additional caloric- and rotatory chair stimulation.



Follow-Up by Telephone Interview

All participants were contacted by telephone for an interview 1 year after the baseline measurements. At baseline, they were instructed to keep record of their falls in the coming year. At the end of the baseline examinations, they were asked to keep track of their fall incidents during the following year by means of a fall diary. During the telephone interview, they were questioned about their fall frequency during the previous year, their fear of falling according to the ABC-16 questionnaire (16-items activities-specific balance confidence scale), acquired injuries related to fall incidents, and whether they had received medical treatment for such injuries.



Statistical Analysis

The statistical database software SPSS version 23.0 (SPSS Inc., USA) was used for statistical analyses. The Shapiro-Wilks test was applied to determine whether parametrical tests were applicable (the null hypothesis, that the variable was distributed normally, was rejected when p ≤ 0.05). Because of this test result (Shapiro-Wilks p-values: 0.000 ≤ p ≤ 0.031, therefore the variables were not normally distributed) and due to the limited sample size of our study we had to apply non-parametrical tests for further statistical analyses. The Kruskal-Wallis one-way analysis by ranks test was applied for comparison of the continuous non-parametrically distributed data of the three independent groups (controls, PD, and AP), the Mann-Whitney-U-test for a group to group comparison, and a significance level of 5% was used for all analyses. An ordinal logistic regression analysis was applied for comparison of the categorical variables. We did not perform a multivariate regression analysis of the data due to the limited sample size. Also the sensitivity (number of true positives/(number of true positives + number of false negatives), specificity (number of true negatives/(number of true negatives + number of false positives), positive predictive value [PPV = number of true positives/(number of true positives + number of false positives)], negative predictive value [NPV = number of true negatives/(number of true negatives + number of false negatives)], positive likelihood ratio [sensitivity/(1 – specificity)], and the negative likelihood ratio [(1 – sensitivity)/specificity] were calculated for the different neurovestibular tests in relation to the future risk for falling in the different groups (patients with Parkinson's disease and atypical Parkinsonism).




RESULTS

We refer to Tables 1, 2 for the PD and AP patients' individual data concerning the clinical and neurovestibular neurophysiological baseline results. The individual 1-year follow-up results in relation to the baseline measurements are shown in Table 3, and we refer to Table 4 for the group characteristics. All four tables were adapted from our baseline study (4). Tables 5, 6 show the group characteristics concerning the difference between de falling and non-falling PD and AP patients in the cervical and ocular VEMP tests.


Table 1. Individual clinical characteristics of patients with Parkinson's disease and atypical Parkinsonism.
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Table 2. Baseline individual test results of patients with Parkinson's disease and atypical Parkinsonism.
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Table 3. Individual clinical characteristics concerning the fall frequencies and balance confidence at baseline and during follow-up of patients with Parkinson's disease and atypical Parkinsonism.
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Table 4. Group characteristics and comparison between the groups concerning the different test results in the Parkinson's disease, atypical Parkinsonism, and healthy control groups.

[image: Table 4]


Table 5. Group characteristics concerning the falling and non-falling Parkinson and atypical Parkinsonism patients in the cervical and ocular vestibular evoked myogenic potentials tests.
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Table 6. Group characteristics concerning a selected group of falling and non-falling Parkinson and atypical Parkinsonism patients, with postural instability on pull-testing, in the cervical and ocular vestibular evoked myogenic potentials tests.
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From our data in Table 4 and additional group-to-group comparisons it may be inferred that the number of falling PD and AP patients was statistically significantly higher in comparison to age- and gender-matched healthy control subjects at baseline. However, at follow-up 1-year later only AP patients fell statistically significantly more often. Moreover, the percentage of falling AP patients was higher than the PD patients, however the difference was only statistically significant at baseline.

The PD patients and the AP patients have a statistically significantly higher fall frequency at baseline in comparison to healthy controls, however during follow-up only the difference between the AP patients and healthy controls remained statistically significant.

The 16-items activities-specific balance confidence scale (ABC-16) differed significantly between the groups in total and the non-falling patients both at baseline and during follow-up 1 year later, which showed a higher fear of falling in the PD patients and especially the AP patients in comparison to the healthy controls. The fear of falling in only the falling patients, however, was the same across the groups. The change in ABC-16 scores between the baseline measurements and after 1 year follow-up was statistically significant in the total group, which showed a larger increase concerning the fear of falling in de PD and AP patients in comparison to the healthy controls. Moreover, the AP patients also had a larger increase concerning the fear of falling in comparison to the PD patients during follow-up 1 year later. The fall related injuries both at baseline or during follow-up and their treatments did not differ significantly.



DISCUSSION

Laboratory examinations, and especially the vestibular evoked myogenic measurements, VEMPs (an abnormal VEMP result, defined as having at least one abnormal result at both the cervical and/or ocular VEMP tests combined) have a sensitivity of 100% to predict the occurrence of falls (all 15 falling patients had abnormal test results, see Table 5), at the cost of a low PPV of 48.4% (15 of the 31 patients will fall during follow-up). The specificity is 42.9% (12 of 28 the non-falling PD and AP patients have normal cervical and ocular VEMP results, however also 16 of these 28 non-falling patients have abnormal test results). The NPV when both the ocular and cervical VEMP tests are normal is 100% (none of the 12 patients with normal test results will fall during a 1-year follow-up). The positive likelihood ratio for falling when at least one cervical and/or ocular VEMP test is abnormal is 0.9 (15 patients out of the 31 patients with an abnormal result will fall and the other 16 patients with abnormal test results will not fall during a 1-year follow-up), and 1.0 when both VEMP tests are abnormal. The negative likelihood ratio for falling when both the cervical and ocular VEMP tests are normal is 0 (none of the patients that will fall had normal results and 12 of the non-falling patients had normal results), and 0.4 when the cervical and/or ocular VEMP test was abnormal. Therefore, in our pilot study normal cervical and ocular VEMP results in AP and PD patients have a very high negative predictive value for falling in the following year, which means that these patients have a very low risk for falling in the coming year. However, these tests have a very limited diagnostical usefulness to detect those PD and AP patients ad-risk for falling.

The presence of freezing of gait is also a strong predictor for the occurrence of falls (seven out of eight patients will fall, yielding a PPV of 87.5%). However, the sensitivity for detecting patients at risk for future falls is limited as only seven out of 15 patients will be detected (46.6%). The sensitivity for detecting patients at risk for falling is very high concerning the clinical testing for the presence of postural instability (100%; i.e., all 15 falling patients had postural instability), but the PPV is only 46.9% (only 15 of the 32 patients with abnormal test results will fall during 1-year follow-up).

Therefore, there is no single clinical or laboratory test (that is independent of clinical tests) with a high positive predictive value, high likelihood ratio, and a high sensitivity for detecting patients with a high risk for falling. These three test characteristics are needed to make a screening test that is useful in clinical practice in order to detect all patients at risk, however to also prevent a large number of false positive results which would lower the diagnostic value.

However, when both tests are used in combination (i.e., to use VEMP testing for additional screening for future fall incidents in those patients who at least have partial postural imbalance) the sensitivity will still remain 100% (15 out of the 15 falling patients will be detected, see Table 6); and the PPV will subsequently be 68.2% when only the ocular and/or the cervical VEMP is abnormal (15 out of the 22 patients with positive results will fall during the year follow-up), or 83.3% when both VEMP tests are abnormal (5 out of 6 patients with positive results will fall during the follow-up year; with 5 out of 15 falling patients having abnormal results in both VEMP tests). Respectively, this results in positive likelihood ratio's of 2.1 (when only the cervical and/or ocular VEMP tests is abnormal) or 5.0 (when both the cervical and ocular VEMP tests are abnormal). The NPV will subsequently be 61.5% (when only the cervical and/or ocular VEMP tests is normal) and 100% (when both the cervical and ocular VEMP tests are normal), respectively, resulting in negative likelihood ratio's of 0.6 and 0. Therefore, we conclude that (ab)normal cervical and/or ocular VEMP tests in a selected group op PD and AP patients (i.e., with postural instability) is most useful to detect patients ad-risk for falling and to identify patients with a very low risk for falling.

Cervical and ocular VEMP testing combined with the clinical evaluation for postural instability gives additional information concerning the future fall risk of PD and AP patients compared to clinical evaluation of postural instability alone. However, the presence of freezing of gait is such a strong predictor for future falls in both PD and AP patients (PPV 87.5%; all the falling patients with freezing of gait also had abnormal VEMPs and postural instability) that VEMP testing in these patients does not have any additional value. Therefore, cervical and ocular VEMP testing seems to give additional information concerning the future fall risk in selected PD and AP patients (those patients who have postural instability in the absence of freezing of gait). However, one could speculate whether this additional information (possible increase of the PPV from 46.9% to 68.2–83.3%) will aid in guiding future fall prevention therapies (for instance through physical therapy) as PD and AP patients with postural imbalance already have a high risk for falling. A practical consensus-based overview concerning the risk factors and management of falls in PD was published emphasizing the multifaceted origin of the falls and the need for a personalized approach (9).

Decreasing the risk of falling is important, as fall incidents will result in a lowered subjective balance confidence (as can be concluded from the data in Table 4), secondarily resulting in self-imposed restrictions in daily life, ultimately leading to social isolation (2, 3). Moreover, patients with parkinsonism are more at risk for fall-related injuries, such as hip fractures secondarily leading to a higher morbidity, mortality, and health care costs in comparison to individuals without Parkinsonism (3, 10).

Our study also has some important limitations, which we also mentioned earlier (4). The first limitation relates to the small sample size; this was explained by the strict inclusion/exclusion criteria and the lengthy nature of the neurovestibular testing, which is especially demanding for elderly and AP patients. Therefore, the results from this study need to be interpreted cautiously and as hypothesis-generating for further research, especially in the heterogeneous AP group. This study, to our knowledge, is the first (prospective) study ever conducted to assess whether neurovestibular tests in both PD and AP can predict future fall incidents. Seen as this pilot study offers the first insights in the prediction of future fall incidents, especially in the heterogeneous AP group, we decided to use the data from both the AP and PD groups for further statistical analysis as discussed above. However, due to the limitations mentioned above, we advocate further research concerning the additional value of VEMP testing for predicting the risk of falling in larger PD and AP (sub)groups to confirm our findings. The second limitation is, that the volunteers may have had a bias concerning the recollection of their falling incidents. We tried to overcome this issue by asking the volunteers to keep track of their fall incidents by keeping personalized fall diaries. However, mal-compliance could bias the results possibly leading to an underestimation of the true fall incidence. Therefore, we questioned the volunteers about their fall frequency instead of the absolute number of falls, to minimize the effects of mal-compliance and recollection bias.

To conclude, we found a high prevalence in the number of falling patients and fall incidents in our follow-up study after 1 year in both PD and AP patients. After 1 year, especially the frequency of the fall incidents in the AP group increased in comparison to the PD and control group, which was not statistically significant (probably as a result of the small group size) as the other groups did also show a less pronounced increase in the number of fall incidents. The risk of future falls in PD and AP patients can be predicted better when patients with postural imbalance on clinical testing are additionally tested by means of cervical and ocular VEMP testing (with the exclusion of patients with freezing of gait). However, it remains unclear if the increase in future fall risk (possible PPV increase from 46.9% to 68.2–83.3%) will aid in the different utilization of fall prevention strategies as PD and AP patients with postural imbalance already have a high risk of falling.
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Background and Objective: Parkinson's disease developed from essential tremor (ET-PD) is a distinct clinical syndrome that is different from essential tremor (ET) and Parkinson's disease (PD). There is currently a lack of research on ET-PD. Tremor characteristics (amplitude and frequency) are primary quantitative indexes for diagnosing and monitoring of tremors. In this study, we aimed to explore specific clinical and electrophysiological biomarkers for the identification of ET-PD.

Methods: The study included patients with ET-PD (n = 22), ET (n = 42), and tremor-dominant PD (t-PD, n = 47). We collected demographic data, clinical characteristics (including motor and non-motor symptoms), and tremor analysis. The frequency, amplitude, contracting patterns of resting tremor and postural tremor were collected. The analysis of ET-PD and ET/t-PD was compared. The receiver operating characteristic (ROC) curve was used to analyze the electrophysiological features in distinguishing ET-PD from ET or t-PD.

Results: Compared with ET, hyposmia, bradykinesia, rigidity, postural abnormality, and resting tremor were more common in the ET-PD group (P = 0.01, 0.003, 0.001, 0.001, 0.019, respectively). The postural tremor frequencies of the head, upper limbs, and lower limbs were significantly lower in the ET-PD than in the ET (P = 0.007, 0.003, 0.035, respectively), which were the most appropriate variables for distinguishing ET-PD from ET (AUC: 0.775, 0.727, and 0.701, respectively). Compared with t-PD, bradykinesia, rigidity, postural abnormality (both P < 0.001), and resting tremor (P = 0.024) were less common in the ET-PD. The postural tremor amplitudes of the head and upper limbs were significantly higher in the ET-PD than in the t-PD (P = 0.022, 0.001, respectively), which were the most appropriate variables for distinguishing ET-PD from t-PD (AUC: 0.793 and 0.716).

Conclusions: Hyposmia and electrophysiological biomarkers (postural tremor frequencies and amplitudes) help early recognition of ET-PD.

Keywords: Parkinson's disease, essential tremor, tremor, clinical, electrophysiological


INTRODUCTION

Essential tremor (ET) and idiopathic Parkinson's disease (PD) are two of the most common movement disorders. PD's motor and non-motor features may overlap with ET, making it difficult to distinguish them based on clinical characteristics (1). For example, besides the typical resting tremor, patients with PD also often exhibit postural tremor, which is more often observed in patients with ET (2). In turn, in a population-based setting, resting tremor is a common clinical feature in patients with ET, and the prevalence can reach nearly 50% (3). ET patients have significant movement slowness compared to healthy controls, and a considerable number of ET patients have movement abnormalities similar to those observed in PD patients (4). Depression, anxiety, cognitive disorders, and family history of tremors/PD were similar in both patient groups (5, 6). Thus, clinical and experimental evidence indicates that there are similarities between ET and PD.

It has been reported that patients with ET seem to be about four to five times more likely to develop PD than the general population (7). ET that eventually develops into PD is called essential tremor–Parkinson's disease (ET-PD) (8). Clinically, patients with ET-PD can exhibit different types of tremor, including PD-associated resting tremor and ET-associated postural tremor. Whether ET-PD is a co-occurrence of two relatively common pathologies or if ET is a prodromal stage of PD in some patients is yet to be elucidated. Electromyographic (EMG) examination is a useful tool for tremor analysis and can characterize different tremor types according to tremor amplitude, frequency, and pattern (9). Interestingly, a recent study demonstrated that patients with ET-PD, unlike patients with tremor-dominant PD (t-PD), exhibited the synchronous pattern of resting tremor (10). However, the exact phenomenology and etiology of this finding remain unclear. Besides, due to the scarce clinical data for ET-PD, it remains unknown which clinical and tremor features can differ it from ET or t-PD. This also means that the objective factors to predict the progression of ET to PD are limited. Thus, it is difficult to obtain an accurate diagnosis of ET-PD in the early stages. Considering that electrophysiological methods can effectively characterize tremor, we systematically analyzed differences in clinical and neurophysiological features between patients with ET-PD and ET/t-PD to determine clinical and electrophysiological markers of ET-PD in order to obtain useful and targeted treatment in the early stage of ET-PD.



MATERIALS AND METHODS


Patients

From March 2018 to October 2019, patients with ET-PD (n = 22), ET (n = 42), and t-PD (n = 47) were recruited from Beijing Tiantan Hospital. A diagnosis of PD was made according to the Movement Disorders Society Clinical Diagnostic Criteria for Parkinson's disease in 2015 (11). The t-PD group's inclusion criteria were as follows: patients had at least one-limb resting or postural tremor, and the age of onset was >50 years old. Exclusion criteria for the t-PD group were as follows: (1) secondary parkinsonism; (2) atypical PD; and (3) severe heart disease, liver or kidney disease, or any other chronic disease meaning that the patient could not complete the examinations. A diagnosis of ET was made using criteria from the Movement Disorder Society Tremor Investigation Group (12). A diagnosis of ET was not assigned if bradykinesia, rigidity, or resting tremor appeared within 5 years of the onset of tremor attributed to ET.

Inclusion criteria of the ET-PD (13) group were as follows: (1) ET had been diagnosed at least 5 years before the PD diagnosis and (2) when they had received a previous diagnosis of ET, patients exhibited significant characteristics of postural tremor without any symptoms or signs of PD. Exclusion criteria for ET-PD were as follows: (1) age at PD diagnosis <40 years old; (2) atypical PD or secondary parkinsonism; and (3) patients with a history of postural or action tremor <5 years.

For all patients, we collected demographic data (sex and age), clinical data including motor symptoms, non-motor symptoms, age of onset of PD, disease duration, tremor location, tremor pattern, past medical history, family history, medication history, and anti-tremor drug responsiveness. The Unified Parkinson's Disease Rating Scale (UPDRS) and the Hoehn & Yahr (H&Y) scale in an “off” phase (>12 h after the last dose of dopaminergic medication; >24 h after anticholinergics or β-blockers) were evaluated for the t-PD and ET-PD groups (14).

This study was approved by the Ethics Committee of Beijing Tiantan Hospital and was performed in accordance with the Declaration of Helsinki. All patients provided informed consent.



Definition of Non-motor Features

Constipation was defined according to the Rome III diagnostic criteria (15).

Olfactory function was evaluated with the 12-item Sniffin' Sticks test (Burghart Messtechnik GmbH, Wedel, Germany). Patients were considered to have rapid eye movement sleep behavior disorder (RBD) when they fulfilled the criteria determined by the REM Sleep Behavior Disorder Screening Questionnaire (RBDSQ) (16).

Depression was assessed using the Hamilton Depression Rating Scale (HAMD) (17), and anxiety was assessed using the Hamilton Anxiety Rating Scale (HAMA) (18).

Cognitive status was assessed using the Mini-Mental State Examination (MMSE) scale (19) and the Montreal Cognitive Assessment (MoCA) scale (20).



Tremor Analysis

Tremor was recorded using an electromyography evoked potential meter (Nicolet EDX, USA), which has four pairs of surface electrodes and two piezoresistive accelerators. The recording electrodes were placed on the muscle bellies of the flexor carpi and extensor carpi of both forearms and lower limbs. The reference electrode was placed on the corresponding tendon, and the accelerator was fixed at the proximal end of the third metacarpal of the ipsilateral hand. For head tremor examination, the recording electrode was placed at the midpoint of the sternocleidomastoid muscle, and the reference electrode was placed in the supraclavicular fossa. The EMG parameters were as follows: amplifier sensitivity at 100 μV/div, sweep speed at 100 ms/div, and a filter width of 10.0 Hz−10.0 kHz; piezoresistive accelerometer sensitivity at 2.2 mV/g and a filter width in the range 0.5–30.0 Hz.

Tremor was assessed under the following six conditions: (1) resting tremor of the head was assessed while patients sat in an armchair, leaning their head and back against the chair back, and relaxing their head; (2) resting tremor in the upper limbs was assessed while patients sat in an armchair with the forearms and hands completely rested on the armrests; (3) resting tremor in the lower limbs was assessed while patients sat in an armchair, with their feet placed flatly on the ground, and while they were utterly relaxed; (4) postural tremor in the head was assessed while patients sat in an armchair, keeping their head upright; (5) postural tremor in the upper limbs was assessed while patients sat in an armchair with wrists/fingers outstretched on a horizontal plane; and (6) postural tremor in the lower limbs was assessed while patients sat in an armchair with both sides of their toes touching the ground and with their heels hanging. Each measurement session lasted for 30 s. The EMG data were analyzed using the TRAS system (21). All tests were performed during the patients' “off” state (22). Resting and postural tremor frequency, tremor amplitude, and systolic patterns were recorded.



Statistical Analysis

Analyses were performed using SPSS 24.0 software (SPSS Inc., Chicago, IL, USA). Graphs were delineated by using Prism 7.0 (GraphPad software, La Jolla, CA, USA). The normality of distribution of continuous variables was tested by one-sample Kolmogorov–Smirnov test. Continuous variables with normal distribution were presented as mean ± standard deviation (SD). The differences in continuous variables between the ET-PD and ET/t-PD groups were assessed using independent samples Student's test when the data were normally distributed and using Mann–Whitney U test if the data were not normally distributed. A chi-square test was used to compare categorical variables between the groups. Sensitivity and specificity for differentiating ET-PD from ET or t-PD were calculated using the optimal cutoff value determined by receiver operating characteristic (ROC) curve analysis. The optimum cutoff value for the ROC curve was determined using the Youden Index. Differences with a P < 0.05 were considered to be statistically significant.




RESULTS


Comparison of Demographic, Clinical, and Electrophysiological Features Between Patients With Essential Tremor–Parkinson's Disease and Essential Tremor
 
Differences in Demographic Variables

The demographic data are shown in Table 1. Compared with the ET group, there was no difference in the ET-PD group regardless of sex or age.


Table 1. Comparison of demographic, clinical, and electrophysiological features between patients with ET-PD and ET.
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Differences in Clinical Characteristics

All clinical data are shown in Table 1. The ET-PD group had an older mean age at onset of ET than the ET group (P = 0.025). The average latency of ET to PD diagnosis in the ET-PD group was 12.30 ± 2.18 years. Hyposmia was significantly more common in the ET-PD group than the ET group (P = 0.01), but no other significant differences in non-motor features were found between these two groups. Concerning motor features, the proportion of patients with ET-PD with asymmetric motor symptoms (59%) was higher than that in the ET group (P = 0.029). Bradykinesia, rigidity, and postural abnormalities were more common in the ET-PD group than the ET group (P = 0.003, 0.001, 0.001, respectively). Resting tremor was found in 73% of the ET-PD group, which was a significantly higher proportion than that in the ET group (P = 0.019). Lower limb tremor was significantly more common in the ET-PD group than that in the ET group (P < 0.001), as was mandibular tremor (P = 0.029).



Difference in Electrophysiological Results

Postural tremor was observed in almost all patients in the ET-PD and ET groups. However, the postural tremor frequency differed between the ET-PD and ET groups. The postural tremor frequencies of the head, upper limbs, and lower limbs were significantly lower in the ET-PD group than those in the ET group (P = 0.007, 0.003, 0.035, respectively; Table 1). The cutoff value of head postural tremor frequency to distinguish patients with ET-PD from ET was 5.20 Hz, with a sensitivity of 67% and specificity of 100%. The cutoff value of postural tremor frequency to distinguish patients with ET-PD from ET was 5.45 Hz for the upper limbs and 5.98 Hz for the lower limbs, with a sensitivity of 100% and specificity of 83%, respectively (Table 3, Figure 1A). Furthermore, upper limb postural tremor patterns were less synchronous in the ET-PD group than those in the ET group (Table 1).


[image: Figure 1]
FIGURE 1. Receiver operating characteristic (ROC) curve differentiating essential tremor–Parkinson's disease (ET-PD) from essential tremor (ET) or tremor-dominant Parkinson's disease (t-PD). (A) ROC curve of postural tremor frequency to differentiate ET-PD from ET. (B) ROC curve of postural tremor amplitude to differentiate ET-PD from t-PD.





Comparison of Demographic, Clinical, and Electrophysiological Features Between Patients With Essential Tremor–Parkinson's Disease and Tremor-Dominant Parkinson's Disease
 
Differences in Demographic Variables

The demographic data are shown in Table 2. Compared with the t-PD group, there was no difference in the ET-PD group regardless of sex or age.


Table 2. Comparison of demographic, clinical, and electrophysiological features between patients with ET-PD and t-PD.
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Differences in Clinical Characteristics

All clinical data are shown in Table 2. The ET-PD group had an older mean age at onset of PD than the t-PD group (P = 0.004). Some non-motor features were significantly less common in the ET-PD group than the t-PD group, including constipation (P < 0.001), hyposmia (P = 0.044), and RBD (P = 0.033). The HAMD, HAMA, MMSE, and MoCA scores did not differ between the two groups. Concerning motor features, the proportion of patients with ET-PD with asymmetric motor symptoms was lower than that in the t-PD group (P < 0.001). Bradykinesia, rigidity, and postural abnormalities were less common in the ET-PD group than the t-PD group (both P < 0.001). Resting tremor was found in 73% of the ET-PD group, which was lower than that in the t-PD group (P = 0.024). Head tremor was more common in the ET-PD group than the t-PD group (P < 0.001). Mandibular tremor was less common in the ET-PD group than the t-PD group (P = 0.038).



Difference in Electrophysiological Results

The head and upper limbs' postural tremor amplitudes were significantly higher in the ET-PD group than those in the t-PD group (P = 0.022, 0.001, respectively; Table 2). To distinguish patients with ET-PD from t-PD, the cutoff value of head postural tremor amplitude was 477.50 μV, with a sensitivity of 57% and specificity of 90%. For the upper limbs, the postural tremor amplitude cutoff value was 393.00 μV, with a sensitivity of 86% and specificity of 60% (Table 3, Figure 1B).


Table 3. Sensitivity, specificity, and AUC of electrophysiological features in distinguishing ET-PD patients from ET and t-PD patients.
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DISCUSSION

ET-PD and ET/t-PD can be clinically difficult to differentiate because of overlapping motor and non-motor symptoms. This study showed that hyposmia and electrophysiological biomarkers (postural tremor frequencies and amplitudes) could distinguish patients with ET-PD from those with ET or t-PD.

Epidemiological and clinical evidence has supported the view that the lifetime risk of developing PD was higher in patients with ET than those without ET (23). A long latency could be up to 50 years (24). Like previous studies (6, 25), we found that the average latency for ET patients to develop PD was 12.30 ± 2.18 years. Furthermore, in the ET-PD group, the age of onset of ET tended to be older than that in the ET group, while the age of onset of PD was older than that in the t-PD group. There was no significant difference between the ET-PD and ET groups concerning sex, which is in accordance with a previous study (25) but conflicts with another study that reported a male predominance of ET-PD (26). It may need a further prospective study to explore the epidemiological characteristics of ET-PD.

In our cohort, the HAMD, HAMA, MMSE, and MoCA scores did not differ between ET-PD and ET/t-PD. However, constipation, hyposmia, and RBD were more common in the t-PD group than the ET-PD group, while hyposmia, rather than constipation or RBD, was more common in the ET-PD group than the ET group, which was consistent with previous studies (5, 25). Another study found no significant differences between patients with ET-PD and ET with regard to non-motor features (10). These conflicting results may be due to different mean durations of ET development into PD and/or the different methodologies used in each study. In our study, early non-motor features, especially the appearance of hyposmia, may indicate that ET is beginning to develop into ET-PD. Hyposmia may be an early symptom of ET-PD/PD and is associated with cellular damage in the olfactory bulb (27).

Among the motor features, we found that bradykinesia, rigidity, and postural abnormality were more common in patients with ET-PD than ET. Bradykinesia is the cardinal motor symptom in PD, which has also been reported in ET (4, 28). Several studies have shown that cerebellar dysfunction is involved in the pathophysiology of movement slowness in ET (4, 29). As in ET, the cerebellum is thought to be involved in the pathophysiology of bradykinesia in ET-PD, which is now considered a network disorder (30). Together with basal ganglia–cortical loops, the cerebellum may be involved in the execution of repetitive movements, which play a role in movement feedback and compensate for impaired basal ganglia function (30). Moreover, bradykinesia, rigidity, and postural abnormalities are all related to the parkinsonism, resulting from decreased dopaminergic transmission in the motor region of the striatum, involving connectivity of the globus pallidus to the cortico-basal ganglia-cerebello motor circuit (31). Several recent clinicopathological studies suggested that the dramatic loss of these dopaminergic neurons starts before the onset of motor symptoms (32). Maybe the appearance of motor features in patients with ET-PD is also related to the change in their dopamine levels and could be an early symptom of the conversion from ET to ET-PD.

EMG examination is a convenient and inexpensive tool to discriminate patients with ET-PD from ET/t-PD (33) compared with the magnetic resonance support vector machine (34). In accordance with previous studies (8, 26), resting tremor was significantly more common in the ET-PD group than the ET group in our study. Recent studies observed higher connectivity of the globus pallidus pars interna (GPi) and putamen to the cerebello–thalamic circuit (35) and an impairment of the basal ganglia–thalamocortical loop (36, 37). Another study showed that the globus pallidus, caudate nucleus, and supplementary motor area were specifically damaged in ET patients with resting tremor (38). These works suggested that dopaminergic loss in the pallidum might induce hyperactivity in the cerebello–thalamic circuit, leading to resting tremor. Since it was found that a subset of patients with ET eventually developed PD (5), we hypothesized that resting tremor may be a prominent feature of early-stage ET-PD, which may involve similar pathological loops as those in t-PD patients (10).

Besides resting tremor, we also observed that postural tremor frequencies of the head, upper limbs, and lower limbs were significantly lower in patients with ET-PD than those with ET. Furthermore, the head and upper limbs' postural tremor amplitudes were significantly higher in patients with ET-PD than those with t-PD. The cutoff values to distinguish patients with ET-PD from those with ET/t-PD have high sensitivity and specificity. Indeed, the exact central oscillators in the genesis of postural tremor in ET-PD are not fully understood. Some studies have concluded that postural tremor is triggered by the basal ganglia (39, 40) and mediated by the cerebello–thalamic–cortical network (41, 42). Tremor amplitude and frequency are primary quantitative indexes for diagnosing and monitoring of tremors. There is evidence that the tremor frequency decreases with time, which could be an essential factor leading to a deterioration of ET (43). Another study showed that patient's conditions directly affect neural oscillations related to tremor frequencies (44). Central oscillators control tremor frequency while peripheral nerves and muscles exert a modulatory influence on tremor amplitude. The reduction of tremor amplitude is accompanied by increased variability of tremor frequency due to the desynchronization of central oscillators (39). We observed that the postural tremor amplitudes were higher in the ET-PD group than those in the t-PD group, and that the postural tremor frequencies were lower in the ET-PD group than those in the ET group. We try to explain this phenomenon as a consequence of increasing the number of active central oscillators and an increased synchronization of central oscillators in the ET-PD group.

To our knowledge, very few studies were conducted to explore the quantitative electrophysiological biomarkers for ET-PD at present. Furthermore, this is also the highlight of our research. This study may be the first research about the clinical and electrophysiological characteristics of ET-PD and ET/t-PD in Chinese populations. However, our research also has some limitations. For example, the sample size of this study is small, and the definite diagnosis of these patients was not confirmed by the pathological results. Nonetheless, all patients were carefully evaluated by professional movement specialists during hospitalization.



CONCLUSION

In the current study, we present the clinical characteristics to distinguish patients with ET-PD from those with ET, including the early appearance of hyposmia and motor symptoms. Our findings indicate that quantitative electrophysiological biomarkers, including a distinct frequency and amplitude of postural tremor, could be useful for the earlier recognition of ET-PD and beneficial to further patient treatment.
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Parkinson's disease (PD) management requires the involvement of movement disorders experts, other medical specialists, and allied health professionals. Traditionally, multispecialty care has been implemented in the form of a multidisciplinary center, with an inconsistent clinical benefit and health economic impact. With the current capabilities of digital technologies, multispecialty care can be reshaped to reach a broader community of people with PD in their home and community. Digital technologies have the potential to connect patients with the care team beyond the traditional sparse clinical visit, fostering care continuity and accessibility. For example, video conferencing systems can enable the remote delivery of multispecialty care. With big data analyses, wearable and non-wearable technologies using artificial intelligence can enable the remote assessment of patients' conditions in their natural home environment, promoting a more comprehensive clinical evaluation and empowering patients to monitor their disease. These advances have been defined as technology-enabled care (TEC). We present examples of TEC under development and describe the potential challenges to achieve a full integration of technology to address complex care needs in PD.
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INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disorder with motor and non-motor clinical manifestations (NMS) that dictate the accrual of loss of autonomy and increasing complexity of care. The increase in life expectancy and expected doubling of PD prevalence in coming years (1) further support the development of PD management strategies with high dissemination and greater usability potential.

The organization of healthcare teams dedicated to care delivery for people living with PD (PwP) is an active research field. The vast majority of system-based approaches consist of care delivery models centered in a PD tertiary center either in the form of an all-in-one multidisciplinary clinic or as a hub of a care network articulated with regional healthcare centers.

The use of technology in PD has gathered great interest. The potential to generate a more continuous and remote health monitoring and the enhancement of patient care communication are bound to deliver a revolution in PD care.

In this review, we first introduce concepts and state-of-the-art knowledge about the use of technology in PD evaluation, the approaches to multidisciplinary care, and the concept of technology-enabled care (TEC). We provide real-world scenarios on how these three concepts can be implemented jointly in a digital revolution for care today and in the future.



TECHNOLOGY IN PD: OVERVIEW AND CORE CONCEPTS

In the last decades, there has been a growing interest in improving health-related outcomes using technology. In PD, technology-based solutions have been developed mainly with the aim of generating an accurate, objective, and reproducible measurement of motor function. Novel sensor-based and wearable technologies enable a shift of the evaluation of PD from the traditional clinical examination and clinical scales to one based on more objective health monitoring of daily function in an everyday-life naturalistic environment. For example, the detailed analyses of movement patterns in the home are expected to provide greater insight on patients' clinical status and their response to treatment.

The most relevant new technologies supporting this paradigm change are inertial measurement units (IMUs). Most IMUs have a triaxial accelerometer and gyroscope, although a magnetometer is frequently included. IMU-based devices are based on the same general principles: (a) preprocessing of the signal generated by the IMU, (b) extraction of the essential characteristics of the movement signal, and (c) creation of a summary variable of the pattern of movement (2). Other examples of technologies being used include virtual reality (VR)-based systems, optoelectronic systems, or a combination of these (3).

IMUs have been embedded in devices worn by the patient (i.e., wearable sensors and systems) in the clinic and, for remote monitoring, in the home setting. As such, wearable technology may more realistically portray motor function for clinical and research purposes. Currently, technologies developed for the management and treatment of PwP have enabled measurement of variations in movement parameters, such as frequency and amplitude that have moderate to high agreement with traditional motor standards such as the Movement Disorders Society-Unified Parkinson Disease Rating Scale (MDS-UPDRS) (3, 4). These data could potentially allow clinicians to assess the full spectrum of PD's clinical manifestation including the presence and severity of the cardinal features and treatment-related motor complications of PD (4). Less frequently, technology may be used to monitor NMS such as cognition, sleep, dysautonomia, and neuropsychiatric features (3). The main challenges to the mature development of these technologies include the ability to capture the full spectrum of the disease, standardize validation protocols, use naturalistic environments to determine ecological validity, and enhance the maturation processes of assessment systems with a particular focus on the definition of the context of clinical use from early stages of development (5).

Ultimately, the development of sensor-based and wearable technologies and the growing internet-enabled access to information and mass data storage would facilitate the integration of these technologies in a multisensor/multidomain healthcare framework that we describe below (see the Technology-Enabled Care section).



MODELS OF MULTISPECIALTY CARE

Currently, allied health interventions are carried out most commonly in isolation, with insufficient collaboration and communication with other disciplines involved in PD care (6, 7). The actions of a broad group of physicians and other healthcare professionals in PD care warrant a dedicated organization to optimize care delivery to PwP. The different approaches to multispecialty care can be broadly divided into three categories. (i) In multidisciplinary care, each care provider is responsible for a specific patient care need in the absence of standardized coordination. Commonly, the care providers in this care model are colocated in a single location, raising issues of feasibility and wide dissemination for providing a holistic care for PwP. (ii) In interdisciplinary care, there is active collaboration of healthcare team members to make group decisions. (iii) In integrated care, a care plan is delivered by a coordinated team of healthcare providers (2) guided by consensus building and engagement of patients as team members (3, 4). Integrated care involves the support to the navigation of care resources available in the hospital and community and, more commonly, includes patient education and self-management combined with a structured clinical follow-up and case management. Initial evaluations of integrated care delivered as a PD-dedicated care network in the community with a specialized PD nurse playing the role of a care integrator documented an improvement in quality of life (QoL) and patient and caregiver satisfaction over 6 months (6, 7).



TECHNOLOGY-ENABLED CARE

Technology can play a significant role in care delivery in PD as it is designed to increase the engagement of people in their healthcare and foster self-management in a highly personalized way. The term TEC has been adopted to express the transformative potential of different technological solutions such as telemedicine, online coaching, and self-care apps for care. TEC aims to cover the following goals in the PD care paradigm: (i) assess and measure a wide range of symptoms to capture subtle changes at the prodromal stage and document clinical progression, (ii) support therapeutic choices especially in the presence of multimorbidity, (iii) facilitate rehabilitation and physical activity, and (iv) facilitate remote care.

There are two critical gaps in the care of PwP that technology can help overcome. First, most commonly, each specialty provides care in a silo. Second, with few exceptions, the patient's current assessment is restricted to the hospital or clinic setting. Three main technological breakthroughs can enable care integration supported by technology. One is the digitalization of medicine, which permits patients' connectivity with the hospital from the home environment and the connection between specialists (8); second is the availability of wearable devices that can objectively monitor the patient outside of the hospital/outpatient environment as described before. Finally, technologies for neurorehabilitation are also enabling some models of care in the home setting.

An important aspect to highlight is that not all systems bear the same degree of development. Like drug trials, where the different phases reflect how close a new drug is from being approved for medical use, in technology, the maturity or “readiness level” reflects how close a system is to being validated for use in routine care. The Technology Readiness Level (TRL) scale developed by NASA in the 1970s is a scale commonly used for this purpose (9) (Figure 1). We will review the status of the different technological breakthroughs introduced here.


[image: Figure 1]
FIGURE 1. Technology readiness levels (TRLs) and systems mentioned in the review. IMUs, Inertial Measurement Units; EHS, Electronic Health Records; LSVT, Lee Silverman Voice Treatment Device; LOPES, Lokomat, ReoAmbulator, Lower Extremity Powered ExoSkeleton. 1Based on two authors' (MHGM, ASF) consenus opinion after reviewing available literature as of June 23, 2020. 2https://www.movementdisorders.org/MDS/About/Committess––Other-Groups/Telemedicine-in-Your-Movement-Disorders-Practice-A-Step-by-Step-Guide/Step-1-Obtain-Necessary-Equipement-and-Software-Equipement.htm.



Digital Health and the Connectivity of Patients and Specialists

Digital health technologies, namely, telemedicine, telehealth, and health information technologies, have the potential to reduce the burden of care by connecting patients with the specialist and deliver personalized health services directly to the home (10), supporting multidisciplinary care to manage the complex care needs of PwP (7). Multiple online digital health platforms are available and have a TRL9 (Figure 1) for connectivity between patients and clinicians (10). Web-based video conferencing solutions may offer similar clinical benefits to in-person care, while saving patients and caregivers an average of 100 miles of travel and 3 h compared with regular in-person visits (11). In addition, digital heath initiatives suggest that comprehensive PD home-based care models are feasible and have the potential to integrate multispecialty data and care (e.g., physiotherapy, speech therapy, and telerehabilitation). The most advanced initiative is the ParkinsonNet, a multidisciplinary care model in the Netherlands. In this network, remotely supervised home-based aerobic exercise was feasible and had a positive impact on the motor aspects of PD (12). Despite their proven added value, current online platforms do not provide integration and real-time communication among different care providers and have a low technological maturity (TRL2) for this specific use.

Digitalization is also characterized by the progressive use of electronic health records (EHRs), which in the last decade has been an essential advance for the efficient transformation of medical care institutions. EHRs have proven essential for preventing medical errors, improving efficiency and quality, increasing costumers' trust, improving medical care, and cutting down on healthcare costs (13). Electronic repositories can overcome the ineffectiveness of traditional paper-based records, usually used to store and organize an ever-increasing number of diverse data. EHRs enable the complete integration of PwP health status across providers, generating an interactive and flexible platform to communicate. For instance, Epic Systems Corporation (EPIC), iPatientCare EHR, ReLi Med Solutions (ReLiMedEMR), or 75Health proposes a software solution to support patient care, namely, patient registration, visit scheduling, and medical staff access.

The SARS-CoV2 pandemic has amplified the need to adopt digital healthcare (14). Both health professionals and patients demand technologies that enable integrated multispecialty care beyond the hospital and facilitate knowledge exchange among professionals, a concept called “liquid hospitals” by some (15). Despite this need, its implementation is challenging (16). Other barriers worth mentioning are internet access, preservation of privacy, and data protection. In summary, the digitalization of medicine positions itself as the main driver of TEC, once the integration between different specialists can be widely used securely and privately.



Sensor Technology

Another key element of TEC is the sensing of different health-related phenomena at “home,” more specifically, the natural environment of the patient. Wearable devices enable the remote assessment of patients' conditions in their natural settings (17) and measure relevant outcomes (e.g., physical activity, sleep, and falls), which are hard to assess in a regular outpatient clinical visit using clinical interview, patient recall, and clinical exam time-locked to a given visit.

As mentioned earlier, IMUs represent the most widely used technology used in PD and may well-serve the goal of providing data meaningful for healthcare. Over time, IMU-based sensors have become more refined and portable, allowing for unobtrusive monitoring of PD in the home environment. Currently, the main applications of these sensors include (i) the accurate evaluation of cardinal motor features (mainly for bradykinesia and tremor) (18, 19) and (ii) the detection of complications that appear throughout the disease (e.g., the exact quantification of on vs. off states and motor fluctuations or the freezing of gait and falls in a home environment) (20, 21) (Figure 2). For example, the Kinesia™ system uses an IMU placed on the patient's index finger or the heel and can differentiate between a healthy subject and a patient with bradykinesia and measure the presence of tremor (18, 26). Other systems like the PDMonitor® (multisensors), the PKG® (clock-shaped IMU), or Mobility Lab System-APDM® can continually record several motor signals and differentiate between motor patterns, on–off states, and dyskinesia (19, 22, 23). On the other hand, other devices can detect movement transition changes (e.g., falls and posture transitions). Significantly, the STAT-ON® device, a waist position device, can detect motor fluctuations (on–off periods) for PD advanced stages or even freezing of gait, which is potentially groundbreaking progress for PD management (24). Currently, the above-mentioned devices created for the evaluation of PwP have reached the maximum level of development (i.e., TRL9) (Table 1) and have been approved by regulatory agencies in the EU and USA for routine clinical practice (e.g., for the remote monitoring of axial motor symptoms, bradykinesia, and tremor) (18, 20, 22, 27). Other systems using other types of sensors or tailored to detect other manifestations have a lower TRL (3).


[image: Figure 2]
FIGURE 2. Inertial measurement unit devices approved for used in movement disorders. Relevant examples of different devices and the generated information are presented according to their main application (i.e., the Kinesia system can also be used for dyskinesia and gait, see Table 1). The different results obtained with the use of each of the devices are presented. Images provided by Kinesia™, Great Lakes NeuroTechnologies; PKG®, Global Kinetics Corporation; PDMonitor®, PD Neurotechnology® Medical Solutions; STAT-ON, Sense4Care; Opal, APDM Wearable Technologies. Adapted from Monje MHG and Sánchez-Ferro A. Sistemas inerciales y análisis del movimiento. In: Manual de Nuevas Tecnologías en Trastornos de Movimiento, 2020 (in press).



Table 1. Currently available systems with advance regulatory status for the objective quantification of movement in Parkinson's disease patients.

[image: Table 1]

The collection of wearable sensor data at home requires increased computing power, mass data storage capacities, and widespread internet access, which imply that the digitalization of medicine is enabled. The integration of multiple devices within the home environment may have a two-fold impact, allowing for a more comprehensive clinical assessment and empowering patients to monitor their disease in a delivery of highly personalized care (5). In the near future, we may witness the use of different sensors for a more comprehensive remote evaluation. Current technology-based gaps and challenges have been described elsewhere. The main barriers for TEC include the lack of integration among different wearable systems, the lack of consensus on patient-centered digital outcomes, and easiness to adopt technology (5). It is vital that standards of validation for these devices are widely used to overcome these barriers. Together with digitalization and connectivity, the expanding capabilities of sensors will allow movement of care from the hospital to the home in an integrated manner.



Technologies for Neurorehabilitation

The field of neurorehabilitation is an ideal example of how technology could be implemented to support medical care. VR and augmented reality (AR) have become more popular recently in this field to enable remote care. A virtual environment established by a computer is used in VR, while in AR, the experience of a real environment is enhanced by computer-generated perceptual information. Since 2008, VR research in PD has been conducted with the first studies of gait evaluation using VR (28) Another more recent example is the use of smart glasses in PwP (29). Other studies have suggested that training in fully immersive VR can improve motor function, balance and coordination, cognitive function and mental health, QoL, and activities of daily living (30). Furthermore, VR offers the possibility of replicating real-life scenarios and may improve the effect of conventional rehabilitation therapy with a better performance in some PD manifestations, especially in balance and gait parameters (31, 32). However, more rigorously designed studies are necessary to provide stronger evidence.

In addition, commercial video games (VGs) like video games, exergames, serious gaming, PlayStation, Nintendo, Wii, Wii Fit, Xbox, or Kinect have shown positive results in combination with traditional physical therapy. VGs seem to be effective for treating gait, balance, and strength PD symptoms (33). Neurorehabilitation by exergaming has been confirmed as safe and flexible, has high adherence rates, and may enhance cognitive performance (34). However, due to the large variability in the protocols used (e.g., intervention of duration and number of sessions), studies linking game parameters with conventional assessments methods, such as MDS-UPDRS scores, are required. Likewise, insights into task-oriented exercises for transferring VG rehabilitation goals to real-life functionality are needed (33, 34).

VGs let patients interact in a two-dimensional environment real time and may represent a strategy to engage both mental and motor functions at the same time, possibly enhancing several PD cognitive domains (35). Exergames could be considered either as a supplemental treatment to conventional rehabilitation or as a strategy to extend the benefits of conventional programs at home (36).

Apart from that of cognitive functions, technological implementation for rehabilitation of other clinical manifestations such as speech and language is unfortunately limited. However, communication and swallowing problems, together with hypomimia, are highly prevalent in PD (37). A limited number of studies with the Lee Silverman Voice Treatment showed benefits on swallowing and reduced parkinsonian hypomimia (38). Maintenance of functional communication and swallowing over time is a considerable challenge for PwP, and more technological solutions are urgently required.

Exoskeletons and robotic devices are one of the technological advances in the field of neurorehabilitation. To date, several systems have been developed like the Lokomat, ReoAmbulator, Lower Extremity Powered ExoSkeleton (LOPES), and Anklebot (39). Although more data are required, some benefits have been found. Robotic-assisted gait seems to play a significant role in improving gait function and reducing freezing-of-gait episodes in PD (39–41), but the complexity and high costs of this multimodal integration must be carefully considered. In addition, the quality of evidence of current literature remains low. The studies are chiefly case reports (41).




INTEGRATION OF TECHNOLOGY IN PD CARE: POTENTIAL, CHALLENGES, AND FUTURE OUTLOOK

All the technologies described in the previous section and others not described here have the potential to reformulate PD management routines. Current standards for PD clinical care rely on assessment using clinical scales such as the MDS-UPDRS, Hoehn and Yahr staging, the Schwab and England rating of activities of daily living, and self-reported patient diaries (42). Although these are the most widely used scales in research and clinical routine, there are significant limitations. First, PwP often do not easily recognize motor features like dyskinesia, tremor, or motor fluctuations to fill in their diaries (43). Second, NMS like cognitive dysfunction, dysautonomia, fatigue, and pain contribute significantly to frailty and worsen QoL but are frequently underdiagnosed. To date, only a few comprehensive global scales are available, such as the Scales for Outcomes in Parkinson's disease and the Movement Disorder Society Non-motor Rating Scale (44). Moreover, the clinimetric limitations of clinical scales may lead to suboptimal measurement of motor symptoms and NMS, which in turn can negatively impact the provision of care (45). In the last decade, there has been growing interest in measuring health-related outcomes using technological devices and in the validation of digital endpoints. Therefore, many studies have investigated the characteristic manifestations of PD using technology-based devices, addressing a gap in the ability to monitor PD features over a long period. Technology objective measures in PD have been considered the cutting edge of unbiased measurements but remain yet to fully prove their clinical utility.

Traditional models of care focused on the management of a single chronic condition do not fit the paradigm of care required for PwP characterized by multimorbidity and frailty. In most healthcare systems, the “interface” between inpatient and outpatient management remains unsatisfactory and fragmented, which often leads to PwP receiving suboptimal care. Although elderly PwP will have other chronic diseases, most clinical guidelines focus almost exclusively on motor manifestations and neglect clinical heterogeneity (46, 47). Only recently have clinicians started to consider stratifying PwP based on progression of their functional disability, a process that may benefit from more profound integration of technology in routine care (48).

Wearable sensors, accelerometers, gyroscopes, and non-wearable devices have been tested as ambulatory devices to assess motor parameters such as gait, kinematic features, sway, physical activity, tremor, and bradykinesia (49, 50). These technologies can result in safe, objective, real-time behavioral assessments in clinical routine and facilitate the identification of care problems with more time dedicated to developing management plans and provide patient education during a clinical encounter. NMS have been less amenable to gyroscopic or accelerometer analysis in spite of their prevalence and significance for PwP. Albeit many aspects of cognition may be effectively monitored through neurocognitive tests applications, mood disorders are still complex to tackle. Simple technological approaches have failed in successful remote monitoring of anxiety or depression. In case of monitoring of sleep quality, biometric and sleep actigraphy monitors are already commercially available. In connection, sleep studies employed polysomnography and actigraphy to evaluate the quality of sleep in PD (51, 52) or even to diagnose PD-associated sleep conditions. For assessing large body movement during sleep, accelerometers have also been employed in several studies; however, the results have not been tied to any sleep quality. On the other hand, autonomic dysfunction remains underrecognized in PD (53), in part because its confirmation relies on cardiovascular autonomic testing available only in a few specialized laboratories (54). Overall, NMS technological development is imperative.

There are significant challenges in the implementation of technology objective measures in day-to-day clinical practice. PD is a progressive disorder, with a significant compromise of functional independence, self-care, and QoL. Moreover, it is frequently associated with multimorbidity, requiring a considerable number of clinical visits and hospital care, resulting in high medical and economic burden (55–57). The integration of technology in PD care needs to be safe, effective, patient-centered, timely, efficient, equitable, and secure. Several barriers exist for the appropriate clinical validation of available devices. Robust accuracy and validity in metrics are necessary with a high degree of confidence. The definition of compliance and feasibility for users is of particular relevance. In the absence of a proper definition and validation of TEC utility, the lack of accuracy, sensitivity, and reproducibility standards may lead to heterogeneous implementation and usage. Therefore, a future key development of healthcare technology is the need to create standard definitions using a multidisciplinary approach. Moreover, financial issues and universal technology access are also delaying the migration of care to the home. Thus, it is time to take this technological chance and face this challenge (5, 58–60).

The current technological development offers the opportunity to achieve an eHealth environment, where gaps of current care models are overcome and a more effective model of care is established. The foundational steps include implementing patient-operated digital platforms integrated with sensors and clinical and non-clinical applications, information sharing (e.g., health monitoring data, visit scheduling and timeline, and educational material) among patients and caregivers and healthcare providers, to complement face-to-face visits and enhance standard care pathways. The design of this technology needs to ensure engagement and effective use in real life. Suitable systems will be defined and used to support sensible and appropriate healthcare usage going beyond the traditional “telehealth” approach. The objective is to develop a system where multidisciplinary care managers and empowered patients operate and enable timely and coordinated access to healthcare providers.



INTEGRATION OF TECHNOLOGY IN PD CARE: REAL-LIFE EXAMPLES

Thanks to the advances described above, new models of care delivery in PD begin to emerge, profiting from the advances in telecommunications (and technology at large), that enable the emerging generation of digitalization of medicine at “home.” Yet few of these models are integrated widely into PD management. Emerging care modalities require the unification of multispecialty teams and the migration of patient necessities into their home or community. In this context, PD-Pal, a multicenter European medical project, proposes an innovative approach to the care and management of PwP in the most advanced stages. At this stage, symptoms are complex, and treatment is challenging, with a severe compromise of QoL of patients and family members. Moreover, in this advanced PD stage, patient care necessities change frequently, which makes management difficult and leads to a high number of clinical visits. By integrating electronic tools to monitor movement and cognitive functions at home, for example, and defining the standards for an integrated multidisciplinary path, it will be possible to validate this approach. To achieve this goal, the project will incorporate the integration of a new wearable technology system, PDMonitor®, for remote patient monitoring in their natural environments. This device will inform the management of advanced PD patients overcoming architectural barriers and social isolation. The PD-Pal project could successfully shape multidisciplinary palliative care in PD, integrating technology at home and defining new European standards for care pathways in the advanced stages of PD (61).

The multinational consortium iCARE-PD is another example of technology integration for care delivery. iCARE-PD aims to develop an innovative, pragmatic healthcare model that shifts the hub of care from outpatient care to home-based community across a wider spectrum of disease stages in PD. This model consists of an integrated care network supported by a digital platform shaped as a virtual PD coach that incorporates principles of integrated care, self-management support, and TEC and integrates various eHealth solutions for PwP using co-design (62, 63). Co-design incorporates the input of stakeholders, namely, patients, care partners, and healthcare providers, in the development of technological solutions. The co-design in iCARE-PD is expected to enhance a patient-centered care delivery and, ultimately, to increase usability. Another aspect that characterizes the development of the virtual PD coach is the use of an agnostic platform. This feature will help to address the challenges of a hyperdynamic development of new technological solutions as it allows by design for any TOM to be incorporated at any time as a module of the virtual PD coach.

Another example is the vCare European project. vCare stands for virtual coaching activities for rehabilitation in the elderly and aims at improving rehabilitation for people as they age. vCare will develop and validate new information and communications technology based on a virtual coaching approach for empowering and motivating people with chronic diseases like PD. vCare proposes to support the recovery to an active and independent life at home, providing rehabilitation guidance and guaranteeing the continuity of care in the home environment. This project has the following aims: (i) coaching activities based on the underlying care pathway system; (ii) integration of a semantic layer enabling technologies such as reasoning, machine learning, behavioral models, and predictive analytics; and (iii) a continuous personalization regarding the cognitive, physical, and social conditions with seamless context integration and non-obtrusiveness in a home environment using open platforms like FIWARE (64). Therefore, this system would allow integration of clinical pathways, allowing a patient-specific adjustment of the rehabilitation program. The coaching environment will provide configurable services to personalize the intensity, content, and requests for optimal engagement of the patient to the individual rehabilitation program. Adequate health promotion can lead to a long-term behavioral change of habits, which decreases the economic effects and the probability of a relapse. This is especially so in the case of chronic diseases. Thereby, it becomes also an essential supplement for direct contact with the clinical specialists (65).

A final example of integrative PD management is a stand-alone technological integrated solution, the PD-manager. The PD-manager uses a set of mobile and wearable devices such as a smartwatch, smartphone, and sensor insoles for monitoring and collection of adherence data. The core of the system is a cloud system that provides all the necessary functionality for users and services communication, along with computing power for data processing and storage. This mHealth platform is accessible through the patients' mobile application and can be shared to clinicians to perform a clinical evaluation using a dedicated medical mobile application. Among the functionalities of the PD-manager, there is a pillbox to optimize medication intake, a dedicated nutritional study, game-based physiotherapy at home, and personalized management suggestions through education.



CONCLUDING REMARKS

The current landscape of technology applied to PD evaluation and care is full of potential. The integration of technology in PD care is not a matter of possibility but how to fulfill the promise. For a successful implementation of TEC, it is urgent to create standards of validation for the intended clinical use of each technological modality and for their integration in a manner that is usable by patients. Ongoing and future collaborative projects will inform how the future eHealth environment will emerge to reduce care inequities and provide a more comprehensive care for empowered patients.
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Background: Parkinson's disease (PD) is a neurodegenerative disease that can lead to impaired motor function and execution of activities of daily living (ADL). Since clinicians typically can only observe patients' symptoms during visits, prescribed medication schedules may not reflect the full range of symptoms experienced throughout the day. Therefore, objective tools are needed to provide comprehensive symptom data to optimize treatment. One such tool is the Parkinson's KinetiGraph® (PKG), a wearable sensor that measures motor symptoms of Parkinson's disease.

Objective: To build a mathematical model to determine if PKG data measuring Parkinson's patients' motor symptoms can predict patients' ADL impairment.

Methods: Thirty-four patients with PD wore the PKG device for 6 days while performing their ADL. Patients' PKG scores for bradykinesia and dyskinesia, as well as their responses to a questionnaire asking if their ADL-level had been impacted by various motor symptoms, were used to build a multiple regression model predicting the patients' Movement Disorder Society-Unified Parkinson's Disease Rating Scale (MDS-UPDRS) part II scores.

Results: Calculation of bradykinesia score response to medication showed that using a dosage response time of 30 min yielded a greater bradykinesia response than when the response time was set to 40, 50, 60, 70, 80, or 90 min. The overall multiple regression model predicting MDS-UPDRS part II score was significant (R2 = 0.546, p < 0.001).

Conclusion: The PKG's ability to provide motor symptom data that correlates with clinical measures of ADL impairment suggests that it has strong potential as a tool for the assessment and management of Parkinson's disease motor symptoms.

Keywords: Parkinson's disease, PKG, subjective and objective data, motor symptoms, wearable device, activities of daily life (ADL), UPDRS, mathematical model


INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disease that affects more than 10 million people worldwide. The disease is characterized by motor symptoms such as tremor, rigidity, bradykinesia, motor complications such as dyskinesia, and non-motor symptoms such as cognitive difficulties (1).

In recent years, wearable sensors that detect motor symptoms have been used to monitor and manage the treatment of PD. These sensors can be worn on the body and use algorithms to determine the presence and severity of these symptoms. Currently, wearable sensors are capable of measuring several various Parkinsonian motor symptoms and complications, such as bradykinesia (slow movements and a decreased ability to move the body), dyskinesia (involuntary muscle movements), and tremors (2).

Parkinsonian patients may experience difficulty in recognizing and reporting their symptoms, and subjective recordings, such as surveys and diaries, can be prone to bias and inaccuracies (3). Thus, wearable sensors can provide objective symptom data that can help clinicians modify medications to more effectively manage symptoms of Parkinson's disease (4, 5). While studies involving these sensors often compare device results to clinical assessments, to our knowledge, no study so far has analyzed device results in conjunction with patients' subjective experiences regarding their motor symptoms (6–8).

This article aims to evaluate the potential of the Global Kinetics Corporation's Parkinson's KinetiGraph® (PKG) wearable device in accurately monitoring motor symptoms of Parkinson's disease. Using a multiple regression model, PKG measurements of patients' motor symptoms were compared to patients' subjective experiences of their motor symptoms and to their score from the Movement Disorder Society—Unified Parkinson's Disease Rating Scale (MDS-UPDRS) part II, a validated scale for measuring motor aspects of experiences of daily living (9).



MATERIALS AND METHODS


Patients

We examined 34 patients with mild to moderate Parkinson's disease (Hoehn and Yahr scale 2–3 in ON state) aged 50–75 years who had had symptoms of Parkinson's disease for 3–7 years and had no dementia. All patients met the United Kingdom Brain Bank diagnostic criteria for PD (10). The patients were recruited from the Movement Disorder Clinic of Zealand University Hospital in Roskilde, Denmark as well as from a recruitment notice in a magazine for members of the Danish Parkinson's Association. The patients were clinically assessed for the presence and nature of their motor symptoms before joining the study, and patients' motor symptoms and motor complications were clinically assessed after inclusion using the MDS-UPDRS part III and part IV (data not reported). Age, gender, disease duration, number of Parkinson's drugs taken, number of doses per day, and illness severity (Hoehn and Yahr scale) data were recorded.

A control group was not used as part of this study, but a previous study by Griffiths et al. (11) has shown that the PKG reports different bradykinesia and dyskinesia score distributions between control subjects and patients with Parkinson's disease.



PKG Monitoring

The necessary permissions to use the PKG hardware were obtained from the copyright holders of the product (Global Kinetics Corporation).

Patients were asked to wear the accelerometer at home over a period of seven days, during which they performed their normal daily activities. Each patient wore the PKG device on his or her most affected side. The PKG device contains a rechargeable battery, a triaxial accelerometer, flash memory, and sensors that detect when the device is being worn (11). The PKG was programmed to vibrate to alert the patient that a dose of medication was due, and the patient confirmed the actual time of the dose by placing his or her thumb on the screen of the PKG.

The PKG accelerometer measured bradykinesia and dyskinesia levels during 2-min epochs from 5:00 a.m. to 11:00 a.m. This time period was chosen to specifically study the response to dopaminergic treatment in the morning, as many patients who experience bradykinesia have poor motor function before the first medication dosage has been administered, known as Early Morning OFF episodes (EMOs) (12).

The PKG's algorithms recognized bradykinesia as movements that have low acceleration and amplitude, with long intervals between movements. Dyskinesia was recognized as movements with normal acceleration and amplitude, but with shorter intervals that contained no movements (11). Using the algorithm, the PKG produced a bradykinesia score and dyskinesia score for each 2-min epoch, for a total of 180 data points per symptom per patient per day over the course of the 6-h period of monitoring (ibid.).



MDS-UPDRS Part II

The MDS-UPDRS part II provides a clinical measure of ADL-impairment and has been shown to highly correlate with other disability rating scales (13). The rating system quantifies motor experiences of daily living using 13 self-assessed items (speech, saliva and drooling, chewing and swallowing, eating tasks, dressing, hygiene, handwriting, doing hobbies and other activities, turning in bed, tremor, getting out of a bed, car, or deep chair, walking and balance, freezing). A score was determined for each patient using the scale 0 = normal, 1 = slight, 2 = mild, 3 = moderate, and 4 = severe to assess each item, yielding an overall possible score range of 0 to 52. Results are summarized in Table 1.


Table 1. Demographic characteristics of the patients.
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Questionnaire

The questionnaire section was comprised of eight yes/no questions regarding four specific motor symptoms and complications: bradykinesia, dyskinesia, fluctuations, and early morning off-periods. Four of these eight questions asked the patient if they felt their ADLs were significantly impacted by the respective symptoms; these questions constituted the subjective component of the questionnaire. The remaining four questions asked if the patient had demonstrated the respective symptoms according to the PKG measurements; these questions were completed by the clinician, and constituted the objective component of the questionnaire. For each question, a response of “no” corresponded to a score of 0, and a response of “yes” corresponded to a score of 1. Thus, the overall score could take values from 0 to 8, where a low score would correspond to a low level of motor symptom impact on ADLs, and a high score would correspond to a high level of motor symptom impact on ADLs.



Data Analysis

Data analysis was performed using Microsoft Excel's Data Analysis ToolPak and MATLAB R2019a.

Since most patients did not put on the PKG device until partway through the first day, only the data from the second through seventh day were used for data analysis. All PKG data collected within this timeframe were used; percent of time with immobility (PTI) was tested using an analysis of variance (ANOVA) test and was not shown to be significantly different among patients.

An essential measure of drug effect is the bradykinesia response to medication. To determine the time until the drug took effect, bradykinesia score changes were calculated using seven different “response times,” representing the time until the medication took effect. Clinical experiences and statements from the patients regarding medication effects suggested that most patients experienced the ON state 30- to 60-min after medication was administered; as a result, response times of 30, 40, 50, 60, 70, 80, and 90 minutes post-dosage were chosen to examine the time until maximum bradykinesia reduction.

To calculate the response to medication for the 30-min analysis, the average bradykinesia score from the “pre-medication” and the “post-medication” period were calculated for each patient. The “pre-medication” score was defined as the average bradykinesia score from the beginning of the measurement period (5:00 a.m.) until 30 min after the first dosage, and the “post-medication” score was defined as the average bradykinesia score from 30 min after the first dosage until the end of the measurement period (11:00 a.m.). If a patient took more than one dose of levodopa within the 5:00 a.m. to 11:00 a.m. time window, the analysis was only conducted over the period before the second dose was taken. Then, the difference between the pre-medication and post-medication averages was calculated to obtain a “BK change” score for each patient. The process was repeated for the 40-, 50-, 60-, 70-, 80-, and 90-min response time analyses.

For the questionnaire results, two-sample t-tests were conducted to determine if there was a significant difference in the overall average bradykinesia and dyskinesia scores of those who responded “yes” to a question vs. those who responded “no” to a question. These t-tests were conducted on the results of both the subjective questions, which asked patients about their experiences with Parkinson's symptoms, and the objective questions, which used PKG data to place patients in the “yes” group or the “no” group.

Multiple linear regression models were made to determine the impact of bradykinesia response, dyskinesia score, and questionnaire score (dependent variables) on the UPDRS part II score (independent variable), which measures the impact of motor symptoms on ADLs.




RESULTS


Patient Data

Thirty-four patients fulfilled the required criteria and completed the data collection period. All patients received typical drug combinations of levodopa, dopamine agonists, MAO-B, and/or COMT inhibitors, with 32 out of 34 (94%) patients receiving levodopa. The clinical and sociodemographic characteristics of the sample are shown in Table 1.



Dosage Response Time

Onset of bradykinesia improvement after levodopa intake is strongly correlated with plasma dopamine levels, so dosage response time was calculated by determining bradykinesia score change (14). Using seven time values representing time until medication response occurs (30, 40, 50, 60, 70, 80, 90 min), bradykinesia change was calculated in the manner described in the Data Analysis section. To account for the variability in medication response time that can occur on daily basis, the analysis was conducted on the averaged bradykinesia scores of all 34 patients over 6 days. Calculations showed that the largest change in bradykinesia score occurred when the medication response time was set as 30 min, with a decrease of 31.11 points in bradykinesia score (Table 2).


Table 2. Bradykinesia (BK) score change for seven dosage response times.
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Questionnaire Responses

Sixteen t-tests were conducted to determine if there was a significant difference in the overall average bradykinesia and dyskinesia scores of those who responded “yes” to a question vs. those who responded “no” to a question.

Four of the t-tests of average bradykinesia scores of responders were significant. Patients who experienced bradykinesia symptoms during more than 50% of waking time had significantly higher average bradykinesia scores than those who did not, and patients who reported that severe bradykinesia impacted their ADL also had significantly higher average bradykinesia scores than those who reported no impact. With regards to dyskinesia impact on ADL, patients who experienced dyskinesia symptoms during more than 50% of waking time had significantly lower bradykinesia scores than those who did not, and patients who reported that severe dyskinesia impacted their ADL also had significantly lower bradykinesia scores than those who reported no impact (Table 3).


Table 3. Mean overall bradykinesia scores of “yes” responders and “no” responders.
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Three of the t-tests of average dyskinesia scores of responders were significant. Patients who experienced bradykinesia symptoms during more than 50% of waking time had significantly lower dyskinesia scores than those who did not, and patients who reported that severe bradykinesia impacted their ADL also had significantly lower dyskinesia scores than those who did not report an impact. Patients who experienced dyskinesia during more than 50% of waking time had significantly higher dyskinesia scores than those who did not (Table 4).


Table 4. Mean overall dyskinesia scores of “yes” responders and “no” responders.
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Regression Modeling

Multiple regression analysis was performed with UPDRS part II score as the output variable, modeled by three input variables. The first input variable, called BK change, represents the change in the before-medication average bradykinesia score and the after-medication average bradykinesia score using a medication response time of 30 min. The second variable, called DK average, is the patient's overall average dyskinesia score over 6 days. The third variable, called subjective, is the sum of the responses to the eight questions in the questionnaire where, for each question, a response of “yes” equals 1, and a response of “no” equals 0. The results of the regression indicated that the model explained 54.6% of the variance and that the model was a significant predictor of UPDRS part II score [F(3,30) = 12.033, p < 0.001].

The multiple regression equation predicting UPDRS score is:

[image: image]

Therefore, patients' predicted UPDRS part II score was inversely correlated with their bradykinesia change score (Figure 1) and their dyskinesia score (Figure 2), and positively correlated with their subjective score (Figure 3). Specifically, UPDRS part II score decreased 0.112 points for each one-point increase in bradykinesia change, decreased by 0.297 points for each one-point increase in dyskinesia score, and increased by 1.376 points for each one-point increase in subjective score. All three coefficients had p < 0.05; the BK change coefficient had p = 0.006, the DK average coefficient had p = 0.007, and the subjective score coefficient had p = 0.0009. Therefore, each variable had a statistically significant effect on UPDRS part II score.


[image: Figure 1]
FIGURE 1. Line fit plot of bradykinesia response vs. UPDRS part II score.
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FIGURE 2. Line fit plot of average dyskinesia score vs. UPDRS part II score.



[image: Figure 3]
FIGURE 3. Line fit plot of subjective score vs. UPDRS part II score.





DISCUSSION

The main findings of this paper are as follows. First, the maximum reduction of bradykinesia symptoms occurred 30 min after intake of medication. Second, PKG data averages for 30-min bradykinesia change and overall dyskinesia, combined with patients' score on the eight-question subjective questionnaire, were used to create a significant multiple regression model predicting UPDRS part II score. The statistical significance of the model (R2 = 0.546) in predicting UPDRS part II score, a validated scale in predicting motor aspects of daily living (9), suggests that PKG measurements correlate with motor symptoms of Parkinson's disease.


Dosage Response Time

Analysis of bradykinesia response to medication showed that there is a greater reduction of bradykinesia symptoms when a dosage response time of 30 min is used than when a dosage response time of 40–90 min is used. This result is a generalization based on the averaged responses of 34 patients taking different combinations of medications, and potential variations in patient responses as well as differences in patients' plasma drug concentration levels must also be considered. However, this metric could prove to be a useful baseline in determining the medication response time of individual patients. Several recent studies have shown that motor symptom data from wearable devices can help clinicians to better assess motor symptoms as well as to potentially alter medication schedule for better treatment and management of the disease (4, 15–17). Patients wearing a PKG or other similar wearable sensor could provide their motor symptom data to clinicians, who would be able to use sensor data in conjunction with this response time finding to determine the magnitude of the response to medication as well as the individual's expected response time.



Two-Sample t-Tests

Two-sample t-tests yielded several significant results. The t-tests suggested that there is an inverse relationship between bradykinesia and dyskinesia; the average bradykinesia scores of those experiencing dyskinesia more than 50% of the time were significantly lower than those who did not, with p < 0.001, and the average dyskinesia scores of those experiencing bradykinesia more than 50% of the time were significantly lower than those who did not, with p < 0.001.

The inverse relationship between bradykinesia and dyskinesia can be attributed to the way in which levodopa dosages affect these symptoms. While levodopa treatment reduces bradykinesia symptoms by increasing dopamine levels, levodopa treatment can also increase dyskinesia symptoms in patients, especially when levodopa has been administered for a long period of time (18). Therefore, low average bradykinesia scores indicate that motor symptoms are well-treated with levodopa, but this is associated with the side effect of high average dyskinesia scores.



Multiple Regression Analysis

The multiple regression analysis produced a model that had negative coefficients for the bradykinesia response and average dyskinesia variables, and a positive coefficient for the subjective score variable. This implies that a smaller (worse) bradykinesia response to medication, a lower average dyskinesia score, and a higher subjective score (high impact of motor symptoms on ADL) are each associated with a higher UPDRS part II score.

The bradykinesia response relationship to UPDRS part II score and the subjective score relationship to UPDRS part II score are not unexpected; patients who see less bradykinesia symptom improvement after taking medication would be expected to have higher levels of ADL impairment as measured by the UPDRS part II, and patients who report that they have a greater number of motor symptoms that impact their ADL would similarly be expected to have a higher UPDRS part II score. This result is in agreement with previous results that associate bradykinesia with lower quality of life (19). The inverse relationship between overall dyskinesia score and UPDRS part II score is also not unexpected, as previous studies have shown correlation between dyskinesia levels and quality of life (20, 21).

The overall regression model was significant, showing that data obtained from the PKG, combined with patients' subjective experiences of the impact of motor symptoms on their ADL, can provide an estimation of ADL impairment that is close to the actual UPDRS part II score. Significantly, this model incorporates both the patients' subjective experiences and their UPDRS part II score.

This study is, to the best of the authors' knowledge, the first PKG study to use a subjective questionnaire about motor symptoms as an evaluation tool. The significant result of the model suggests that the symptom data from the PKG can provide an accurate assessment of patients' overall level of impairment, and that the PKG has potential for use in evaluating and managing motor symptoms of Parkinson's disease. When used at home for extended periods of time, the data obtained from the PKG can give clinicians a more complete and realistic picture of a patient's experiences with motor symptoms, and aid in clinical decision-making (5, 22, 23).



Limitations

One limitation in this study was the high amount of variability observed in the PKG data; for some patients, bradykinesia and dyskinesia averages would vary considerably between days. The presence of potentially outlying data points was attempted to be reduced by using more robust methods, such as averaging data over several days to produce a single score, but nonetheless may have negatively impacted the overall accuracy of the multiple regression model. This could be remedied by using a larger group of patients in order to minimize the influence of outliers. While the focus of this study was on response to dopaminergic treatment in the morning, results could also possibly be improved by recording PKG data throughout the day rather than just in the morning.

The high variability in PKG data also limited the dosage response time analysis. In particular, when calculating BK change for response times of fewer than 30 min, patients' average BK score for the pre-medication period would vary significantly on a day-to-day basis due to the small number of data points used to calculate the average pre-medication score. Due to the high degree of variance observed when calculating BK change for these short response times and clinical experiences with time until medication effect, only the response times of 30–90 min were reported. However, in order to verify our finding that a 30-min response time provided the greatest reduction in bradykinesia, it would be necessary to test additional response times.

Another potential limitation of this study is that two of the 34 patients did not receive levodopa, and only received agonist treatment. Exclusion of the two patients who only received agonist treatment may impact medication response time and model predictions, although previous statistical analysis on the same patient cohort showed that there was no significant difference between the number of PD drugs taken and the patients' MDS UPDRS part II score (p < 0.076) (24).



Future Directions

In the future, similar studies could be done with a larger number of patients for a longer period of time so that data patterns would not be as strongly impacted by outliers. Experiments could also be done with patients who had more severe Parkinson's disease to see if the same results apply. In addition, PKG data could be used to predict different measures of disease severity and act as a “red flag” indicating the transition into the advanced phase of Parkinson's disease, thus enabling physicians to begin the appropriate treatment within a narrower timeframe. Hopefully, future studies will be able to supplement this study's findings about how wearable technologies can be used to both improve the quality of life of Parkinson's patients and clarify the relationship between management of ADL and response to medication.
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Caffeine is considered to be a neuroprotective agent against Parkinson's disease (PD) and is expected to offer a blood-based biomarker for the disease. We herein investigated the ability of this biomarker to discriminate between PD and neurodegenerative diseases. To quantify caffeine concentrations in serum and plasma, we developed a specific competitive enzyme-linked immunosorbent assay (ELISA). To validate the diagnostic performance of the assay, we conducted a case control-study of two independent cohorts among controls and patients with PD and multiple system atrophy (MSA). Parallelism, recovery rate, and intra- and inter-assay precision of our assay were within the standard of acceptance. In the first cohort of 31 PD patients, 18 MSA patients and 33 age-matched controls, serum caffeine levels were significantly lower in PD patients than in Controls (p = 0.018). A similar trend was also observed in the MSA group, but did not reach the level of significance. In the second cohort of 50 PD patients, 50 MSA patients and 45 age-matched controls, plasma caffeine levels were significantly decreased in both PD and MSA groups compared to Controls (p < 0.001). This originally developed ELISA offered sufficient sensitivity to detect caffeine in human serum and plasma. We reproducibly confirmed decreased blood concentrations of caffeine in PD compared to controls using this ELISA. A similar trend was observed in the MSA group, despite a lack of consistent significant differences across cohorts.

Keywords: caffeine, biomarkers, Parkinson's disease, multiple system atrophy, ELISA


INTRODUCTION

Many reports have examined the relationship between Parkinson's disease (PD) and caffeine in epidemiology, animal experiments, and clinical pharmacology. Epidemiologically, caffeine intake has been established to exert neuroprotective effects against onset and progression of PD (1–4). In a PD animal model treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, caffeine attenuates the degeneration of dopaminergic neurons by inhibiting the adenosine A2A receptor (5). Based on clinical trial results, a selective adenosine A2A receptor antagonist of istradefylline improved motor symptoms of patients with PD (6). Recent metabolome analyses have shown that blood levels of caffeine metabolites were significantly lower in PD patients than in healthy subjects, and could be used as a candidate biomarker for predicting progression of PD (7–9).

In those reports, however, plasma caffeine concentration was quantified using mass spectrometry, which is ill-suited to application in clinical practice due to the high running costs. For clinical usage, cost-effective measurements of molecule concentration using an apparatus capable of easy maintenance, such as enzyme-linked immunosorbent assay (ELISA), still need to be developed. Moreover, the utility of quantifying caffeine concentration has not been confirmed as useful for discriminating PD from other neurodegenerative diseases, such as multiple system atrophy (MSA).

This study aimed to develop a novel caffeine ELISA applicable to human plasma/serum and to validate the method. We then conducted case-control studies of two independent cohorts to compare plasma and serum caffeine concentrations among control participants and individuals with PD and MSA.



METHODS


Participants and Study Design

All study subjects provided written informed consent before participation in this study. The study protocols were approved by the medical ethics committees at Kyoto Prefectural University of Medicine (approval number: RBMR-C-559-5 and ERB-C-1702) and Hokkaido University Graduate School of Medicine (approval number: 14-004). Informed consent was obtained from each subject when possible, or from the appropriate legal guardian when not possible. All study procedures were designed and performed in accordance with the Declaration of Helsinki. According to a priori power analysis (with 80% power and 5% type I error rate) of the results of previous studies (9, 10), the minimum number for the sample was found to be 24 patients for the comparative study of the blood caffeine level in PD and control groups.

In the first cohort (discovery cohort), caffeine levels in serum were measured. Serum samples were collected from the registrations for dementia and related disorders in Kyoto Prefectural University of Medicine (KPUM) from September 2009 to March 2014. Clinical data, including Hoehn & Yahr (H&Y) stages, Unified Parkinson's Disease Rating Scale motor section (UPDRS-III) scores, heart/mediastinum (H/M) ratio in the early phases of myocardial imaging with 123I-metaiodobenzylguanidine (MIBG), and levodopa equivalent daily dose (LEDD) were evaluated within 1 month of sample collection. Plasma samples of the second cohort were collected at Hokkaido University from July 2008 to July 2018.

Patients were eligible for inclusion if they had been diagnosed according to the internationally standardized criteria of PD (11) and MSA (12). We enrolled age-matched participants with PD and controls in the first cohort as well as with PD, MSA, and controls in the second cohort. On the other hand, the age-matching between PD and MSA in the first cohort was incomplete because of an insufficient number of MSA patients. Subjects were excluded if they had a history of cancer, aspiration pneumonia, or collagen vascular diseases. Serum and plasma samples were obtained via venous puncture under resting conditions in the hospital. Subjects were asked not to eat anything or to drink caffeinated beverages for at least 3 h before sampling. After collection, serum and plasma were separated by centrifugation for 15 min at 2,000 g, then stored at −80°C until analysis.



Caffeine ELISA

ELISA plates (96-well RIA/EIA Clear Flat Bottom Polystyrene High Bind Microplate; Corning Inc., Corning, NY) were coated by overnight incubation at 4°C with 2 μg/ml of anti-caffeine monoclonal antibody (CalBioReagents, San Mateo, CA) at 100 μl/well diluted in phosphate-buffered saline (PBS). Each plate was washed five times with PBS containing 0.05% Tween 20 (PBST) and incubated with blocking buffer (2% bovine serum albumin) for 30 min at 37°C. After washing five times with PBST, 50 μl of standard solutions (Caffeine OQ/PV sample; Agilent Technologies, Santa Clara, CA) or samples, and 50 μl of horseradish peroxidase-conjugated caffeine (CalBioReagents) was added to each well. After 30 min of incubation at 37°C, plates were washed, and 100 μl per well of substrate solution (1 step ultra TMB ELISA; Thermo Fisher Scientific, Rockford, IL) was added. After incubation for 15 min at room temperature in a dark room, color development was stopped with 100 μl/well of 1 mol/L sulfuric acid and absorbance was measured at 450 nm using a microplate spectrophotometer (SpectraMax Plus 384; Molecular Devices Corporation, Tokyo, Japan). For quantitation, standards were fitted to a logistic model curve. Both standards and samples were determined in triplicate on each plate.



Validation of ELISA Methods

The procedure of method validation was conducted according to the guiding principles of the previous report (13). All experiments were performed using serum samples as well as plasma samples.


Precision

We collected two samples with known high and low concentrations of caffeine and made 20 aliquots of each sample. On days 1–4, we measured five replicates on each sample and calculated the mean, SD, and coefficient of variation (%CV) for both repeatability and intermediate precision.



Limits of Quantification and Detection

We prepared 16 aliquots of a blank sample (PBS solution), measured “background” signals by caffeine ELISA, and calculated the mean and SD of the signal. The lower limit of quantification (LOQ) and lower limit of detection (LOD) of the assay were determined as an interpolated caffeine concentration derived from signals of mean minus 10 SD and 2.5 SD of the value of signals for blank samples, respectively.



Dilution Linearity and Parallelism

Serial dilutions of three samples, which were diluted with PBS in small vials until the theoretical concentration was below the lower LOQ, were analyzed in duplicate, on the same plate and compensated for the dilution factor. For each sample, %CV was calculated using results from the dilutions.



Recovery

Three samples with determined concentrations of caffeine were collected. Three aliquots of the same sample were prepared and spiked with 0 and 100 μg or 200 μg of caffeine for spike recovery experiments. Recovery rates were calculated using the following formula:
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Concentration After Caffeine Intake

We measured caffeine levels for three healthy volunteers in their thirties before and 2 h after drinking commercially available coffee. They did not eat anything or drink caffeinated beverages for at least 3 h before first sampling. Two of the volunteers drank 2 mg/kg of caffeine and the other drank 4 mg/kg of caffeine.



Statistical Analysis

Mean differences in caffeine between PD, MSA, and Control groups were analyzed by one-way ANOVA and Bonferroni's multiple comparison test. Regression lines between caffeine levels and clinical parameters were assessed using the Spearman rank correlation test. We also derived receiver operating characteristic (ROC) curves for the diagnosis of PD and MSA using caffeine levels as the predictor and estimated area under the curve (AUC; AUC = 0.5 indicates no discrimination, AUC = 1 indicates a perfect diagnostic test) to evaluate the diagnostic utility of caffeine. Significance was accepted for values of p < 0.05. Statistical analyses were performed using GraphPad Prism software (GraphPad, La Jolla, CA).




RESULTS


Quality Performance of Caffeine ELISA

Intra-assay %CV, as a predictor of the precision of repeatability, was 13.4% in the sample with a low concentration of caffeine (621 ng/ml), and 15.1% in the sample with a high concentration of caffeine (7,914 ng/ml). Inter-assay %CV, as a predictor of immediate precision, was 12.1% in the former group and 15.1% in the latter group. Lower LOQ and LOD from caffeine ELISA were 3.66 and 0.35 ng/ml, respectively.

Figure 1 shows dilution curves between the lower and upper LOQ of the assay based on the results of dilutional linearity and parallelism. Upper LOQ was estimated as 150 ng/ml. Goodness of fit was 0.99 on Sample 1, 0.98 on Sample 2, and 0.99 on Sample 3. The recovery rate of each sample was 87–113% (Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Dilutional linearity. After screening various control plasma samples, we chose three serum samples representing low (Sample 1), middle (Sample 2), and high (Sample 3) levels of caffeine. A serum dilution study was then undertaken to analyze linearity and slope in those three samples. X and Y axes indicate dilution rates and concentrations of caffeine (ng/ml).


Similar results were obtained in the experiments with plasma samples (Supplementary Table 2).



Changes in Serum Caffeine Concentration With Coffee Intake

Caffeine concentration in serum increased with coffee intake in proportion to the volume of intake (Table 1). Consuming caffeine led to an 8- to 12-time elevation in serum caffeine signals on ELISA.


Table 1. Caffeine concentrations in serum samples before and after coffee intake.
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Serum Concentrations of Caffeine in the First Cohort

We enrolled 82 subjects, comprising 31 patients with PD [mean (± SD) age, 65.2 ± 12.9 years; range, 41–84 years; 23 men, eight women] and 18 patients with MSA (mean age, 60.9 ± 8.3 years; range, 44–75 years; eight men, 11 women), and 33 age-matched disease controls (mean age, 61.5 ± 17.7 years; range, 16–84 years; 24 men, nine women). Disease controls included patients with cranial and peripheral neuropathy (n = 11), cervical spondylosis (n = 11), myopathy (n = 3), disuse syndrome (n = 2), benign positional vertigo (n = 1), idiopathic intracranial hypertension (n = 1), hyponatremia (n = 1), Asperger syndrome (n = 1), head drop syndrome (n = 1), and dysarthria (n = 1). The demographic data are shown in Supplementary Table 3. Caffeine concentrations in serum samples from the first cohort are summarized in Figure 2A significant overall difference among the three groups was observed from one-way ANOVA. Post-hoc analysis showed that serum concentrations were significantly lower in patients with PD compared to Controls, but only tended to be lower in the MSA group compared to Controls, with no significant difference (PD vs. Control: p = 0.022; MSA vs. Control: p > 0.999; PD 1,608 ± 1,966 ng/mL, MSA 3,212 ± 3,172 ng/mL, Control 4,650 ± 5,308 ng/mL; Figure 2A). The difference between PD and MSA groups was not significant (PD vs. MSA, p = 0.079). The AUC of ROC curves for the classification of patients with PD and disease controls was 0.687 (Figure 2B).


[image: Figure 2]
FIGURE 2. (A) Scatter plots of caffeine levels in the first cohort showing serum levels of caffeine in the MSA (n = 18), PD (n = 31), and control (n = 33) groups. Bars indicate median values. Levels of caffeine were significantly lower in the PD group than in the Control group. No significant difference in plasma caffeine levels was seen between PD and MSA groups (PD vs. MSA: p = 0.079). (B) Receiver operating characteristic (ROC) curves of caffeine for differential diagnosis of PD and Controls in the first cohort. Area under the curve (AUC) is 0.687.




Plasma Concentrations of Caffeine in the Second Cohort

The second cohort comprised 50 patients with PD (mean age, 71.5 ± 6.9 years; range, 53–84 years; 25 men, 25 women), 50 patients with MSA (mean age, 68.6 ± 7.0 years; range, 53–81 years; 25 men, 25 women) and 45 age-matched healthy controls (mean age, 70.4 ± 7.0 years; range, 56–80 years; 25 men, 25 women). As with the first cohort, a significant overall difference was seen between groups. Plasma caffeine concentrations were significantly lower in patients with PD than in Controls (PD vs. Control, p < 0.001; MSA vs. Control, p < 0.001; PD 1,459 ± 1,616 ng/mL, MSA 1,484 ± 1,805 ng/mL, Ctrl 4,186 ± 2,740 ng/mL; Figure 3A) in post-hoc tests. Moreover, plasma concentrations of caffeine in patients with MSA were significantly decreased compared to Controls, and did not differ significantly from those in PD (MSA vs. PD: p > 0.999). AUCs of ROC curves for patients with PD and MSA compared with disease controls were 0.821 and 0.810, respectively (Figures 3B,C).


[image: Figure 3]
FIGURE 3. (A) Scatter plots of caffeine levels in the second cohort showing levels of plasma caffeine in the MSA (n = 50), PD (n = 50), and control (n = 45) groups. Bars indicate median values. Levels of caffeine were significantly lower in the PD and MSA groups than in the Control group. Plasma caffeine levels did not differ significantly between PD and MSA groups (MSA vs. PD: p > 0.999). (B,C) Receiver operating characteristic (ROC) curves of caffeine for differential diagnosis of PD and Controls (B) and for differential diagnosis of MSA and controls (C) in the second cohort. Area under the curve (AUC) is 0.821 for PD and controls and 0.810 for MSA and controls.




Correlation Between Caffeine Level and Clinical Characteristics of Patients With PD and MSA

Serum caffeine levels in the PD group did not correlate with H&Y stage, UPDRS-III score, or H/M ratio of MIBG uptake (Supplementary Figures 1A–D). Serum caffeine levels in the PD group did not correlate with duration from onset (Supplementary Figure 1E). No significant correlation was identified between serum caffeine levels and age in the PD, MSA, and Control groups (Supplementary Figures 1F–H).




DISCUSSION

The originally developed ELISA examined in this study offered sufficiently high sensitivity to detect caffeine in human serum and plasma. Both intra- and inter-assay precision (%CV) of our assay were below 20%, which is the recommended acceptance criterion for single-laboratory accuracy of a biomarker (14). Consuming caffeine led to an 8- to 12-time elevation in serum caffeine signals on ELISA. This rate of increase supports the findings of a previous observation (15), suggesting that this caffeine ELISA system reasonably worked even in vivo.

The assays in the first cohort showed a significant decrease in serum caffeine concentration for PD patients as compared to Controls. This result was reproducibly observed in plasma levels of caffeine in the second cohort. Those findings were consistent with previous metabolomic analyses (8, 9) and also matched with a report stating that serum concentrations of the caffeine metabolite, theophylline, were significantly decreased in the PD group compared to controls (10). In the second cohort, plasma caffeine concentration of MSA was significantly decreased compared to that of the control group. A similar trend was observed in the first cohort despite the lack of significance. This result implied that plasma and serum caffeine levels in MSA might be lower than those in controls, similar to the case of PD. Fujimaki et al. speculated that impaired gastrointestinal dysfunction and dysmotility in PD were responsible for reduced caffeine levels, based on the lack of correlation between caffeine intake and blood caffeine levels in their PD cohort. The decreased plasma caffeine levels in MSA, which also cause serious autonomic failure including intestinal dysfunction, could support this speculation.

Serum caffeine levels in the PD group of the first cohort did not correlate with age, duration from onset, severity of disease, or H/M ratio of MIBG uptake. These results are consistent with those of previous reports (8, 9).

We acknowledge that the small sample size represents a major limitation to this study. As other limitations, no information was available regarding the daily caffeine intakes or genetic backgrounds of participants. In the future, case-control studies involving sufficient numbers of participants with information on caffeine consumption as well as genetic information affecting caffeine pharmacokinetics (e.g., ADORA2A and CYP1A2 gene polymorphisms) are needed to confirm our findings (16). Moreover, it remains unclear in the current study why PD (and MSA) patients have lower blood caffeine levels. It might be because of less consumption, less absorption in the gastrointestinal tract, or quicker metabolism of caffeine. To test these hypothetical ideas, comparison of time-dependent changes of blood caffeine levels after caffeine ingestion between PD/MSA patients and controls would be also important in future studies.



CONCLUSION

We have developed a specific ELISA system for detecting caffeine in blood and performed method validation. This originally developed ELISA offered sufficiently high sensitivity to detect caffeine in human serum and plasma. We reproducibly confirmed decreased blood caffeine concentrations in PD compared to controls by ELISA. These findings confirm previous observations from retrospective case-control studies, and provide evidence that this ELISA can work as a diagnostic biomarker for PD. A similar decreasing trend was also observed in the MSA group. This result implies potential clinical utility of blood caffeine levels as a biomarker for MSA. Future validation studies are still needed for this issue, because of a lack of consistent significant differences across cohorts.
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Neuropsychiatric symptoms (NPS) are common in Parkinson's disease (PD) and have demonstrated an association with the p. Val66Met, a polymorphism in the BDNF gene. Mild behavioral impairment (MBI) is a validated syndrome describing emergent and persistent NPS in older adults as a marker of potential cognitive decline and dementia. This study investigated if PD patients with the Met allele were more likely to have MBI and whether they had impairments in specific domains of MBI using the Mild Behavioral Impairment Checklist (MBI-C) as the MBI ascertainment tool. One hundred forty-six PD patients were screened for neuropsychiatric and cognitive impairments with the MBI-C and the Montreal Cognitive Assessment (MoCA). All participants were genotyped for the BDNF p.Val66Met single-nucleotide polymorphism (SNP) using TaqMan Genotyping Assay. Statistical analysis was performed using multiple linear and logistic regression models. Met carriers had a 2 times higher likelihood of being MBI positive (MBI-C total score ≥8) than Val carriers. Met carriers had significantly higher MBI-C total scores and significantly greater impairments in the mood/anxiety and the psychotic domains of MBI-C compared to Val carriers. These findings indicate that the BDNF Met allele is associated with a higher neuropsychiatric burden in PD.

Keywords: BDNF, Parkinson's disease, mild behavioral impairment, neuropsychiatric symptoms, depression


INTRODUCTION

Neuropsychiatric symptoms (NPS) are common in Parkinson's disease (PD) patients. These NPS include depression, anxiety, psychosis, etc., which occur more frequently in PD patients than in the general population (1, 2). NPS can be present at early stages of PD and even precede the emergence of cardinal motor symptoms of PD (1). They have a severe social and emotional impact on the quality of life in PD patients and their families/caregivers (3). Mild behavioral impairment (MBI) is a validated syndrome characterized by the emergence of persistent NPS in older adults as an at-risk state for incident cognitive decline, and for some, MBI is the index manifestation of dementia, emerging in advance of cognitive symptoms (4). Early evidence in PD has linked MBI to altered corticostriatal connectivity, middle temporal lobe atrophy, and cognitive impairment which suggest a higher risk of developing dementia (5, 6).

Brain-derived neurotrophic factor (BDNF) is a crucial protein in the central nervous system (CNS) with a substantial role in differentiation, survival, and protection of CNS neurons (7). Studies have investigated a potential role for p.Val66Met (G758A, rs6265), a single-nucleotide polymorphism (SNP) in exon 11 of the BDNF gene, and PD (8–10). The p.Val66Met SNP substitutes a valine (Val) residue at position 66 with a methionine (Met) residue in the pro-domain of the BDNF protein (7).The Met allele has been found to be associated with cognitive impairments in PD patients and late-life psychiatric symptoms in the general population (8, 9, 11). This substitution is not transferred to the final form of BDNF; however, this structural change in the BDNF protein precursor can significantly decrease the secretion of BDNF extracellularly and subsequently reduce its availability to the CNS neurons (7). Recent evidence suggests a role of the Met allele in the induction of long-term depression (LTD) in the brain, likely via altered interaction of BDNF pro-domain with sortilin receptors (12, 13). The altered interaction might explain the connection of this polymorphism with NPS in the general population and in neurodegenerative diseases (14, 15). Recent longitudinal data in Alzheimer disease (AD) patients revealed strong evidence of Met association with depression (15). Moreover, recent meta-analysis reported higher likelihood of mild cognitive impairment in PD patients with the Met allele (9). These evidences suggest a link between the p.Val66Met polymorphism and NPS in PD patients and therefore encourage an investigation of this relationship.

In this study, we tested whether the p.Val66Met SNP in PD patients is associated with MBI burden using the Mild Behavioral Impairment Checklist (MBI-C). Specifically, we hypothesized that PD patients with at least one Met allele (Met carriers) would have greater likelihood of having MBI and higher total MBI-C score than those who are Val homozygotes (Val group). Additionally, we hypothesized that Met carriers would have higher MBI-C domain scores compared to Val group.



METHODS


Participants

One hundred forty-six PD patients at Hoehn and Yahr stages II–III were recruited. Patients had a confirmed diagnosis of idiopathic PD by a Movement Disorder Clinic neurologist, meeting the UK Brain Bank criteria for idiopathic PD. All patients were on prescribed dopaminergic medication and were responsive to it. Exclusion criteria were the following: (1) any neurological disorder other than PD; (2) alcohol dependency; (3) history or presence of a severe psychiatric disorder; and (4) cerebrovascular disorders. The severity of motor symptoms was assessed using the motor section of the Unified Parkinson's Disease Rating Scale (UPDRS-III). All participants provided written informed consent according to the declaration of Helsinki, and the study was approved by the Conjoint Health Research Ethics Board (REB14-2463) at the University of Calgary.



Genotyping

A blood sample was collected from each participant, and DNA was extracted using the MagMax DNA Multi-Sample Ultra 2.0 kit and the King Fisher Duo Prime Robot (Thermo Fisher Scientific). DNA samples were screened for the BDNF p.Val66Met SNP (rs6265) using TaqMan SNP Genotyping Assay C-11592758-10 on C-1000 Touch Thermal cycler (Bio-Rad). TaqMan assay reading was done on Applied Biosystems QuantStudio 7 Flex Real-Time PCR system (Fisher Scientific) according to the manufacturer's instructions. The TaqMan assay results were analyzed using the Bio-Rad CFX Maestro software.



Neuropsychiatric and Cognitive Assessment

NPS in all participants was evaluated using the MBI-C (16, 17). The MBI-C contains 34 questions to cover the five domains of MBI including the following: (1) impaired drive/motivation (apathy); (2) emotional dysregulation (mood and anxiety symptoms); (3) impulse dyscontrol (agitation, aggression, abnormal reinforcement, and reward salience); (4) social inappropriateness (impaired social cognition); and (5) abnormal thoughts/perception (psychotic symptoms). This checklist is completed by each patient's caregiver/close family member. Consistent with the MBI criteria, symptoms should have lasted for at least 6 months and present a meaningful change of behavior from longstanding patterns. An MBI-C total score cut point of ≥8 was used to classify a patient as MBI case positive (5, 18, 19). All participants completed the Montreal Cognitive Assessment (MoCA) for a brief cognitive assessment and completed a questionnaire on their demographics and daily activity level.



Statistical Analysis

Statistical analyses of continuous variables were performed using either the student T test or Mann-Whitney (M-W) U test based on the data normality. The Fisher exact and chi-square tests were used to test the categorical variables. Logistic regression was used to test the relationship between the MBI positive condition (the categorical dependent variable) and the two BDNF genotype groups, including any independent variables that were significantly different between the two conditions.

MBI-C total score (the continuous dependent variable) was compared between the two groups using a multiple linear regression model after checking for the multiple linear regression model assumptions. The independent variables that were correlated with MBI-C total score were included in the regression model. Values of p < 0.05 were considered significant for single tests, and significance of 0.01 was used to test MBI-C domains using Bonferroni correction. The same analysis was used to study association of p.Val66Met and MBI-C domain scores. All statistical tests were performed using IBM SPSS Statistics for Mac v. 26 (IBM Corp., Armonk, N.Y., USA). Power analysis was performed using G-Power software 3.1.9.6 (20).




RESULTS


Demographics of Participants

The demographic and clinical characteristics of the participants are summarized in Table 1. Ten patients were identified as outliers based on values that were more than three standard deviation away from the mean of each allelic group for the following variables: age, education, UPDRS, Levodopa equivalent daily dosage (LEDD), disease duration, MoCA, and MBI-C total score.


Table 1. Demographic and clinical characteristics of PD participants.
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Among the 136 remaining PD participants, Val homozygous patients (GG) represented the majority of the cohort (n = 90). Because of the low number of homozygous Met/Met patients (n = 4), all Met carriers were pooled as one group. Forty-six patients were heterozygous or homozygous for the Met allele (GA, AA) with a frequency of 0.18, which was in accordance with Hardy-Weinberg equilibrium. The two groups had no significant differences in any of their demographic or clinical characteristics, ethnicity, and weekly exercise level (Table 1).



Association of Val66Met and MBI-C Score

Met carriers were twice as likely to be MBI positive than the Val carriers; 39% of Met carriers were MBI positive, whereas in the Val group only 20% of patients were MBI positive. The Met group had a significantly greater mean value for MBI-C total score than Val carriers (7.39 vs. 4.06, respectively). Two factors were included in the multiple logistic regression as independent variables in addition to the BDNF groups based on significant differences between the two groups in the Mann-Whitney U test; MoCA and UPDRS-III (M-W U = 1230.5, p = 0.005, and M-W U = 2441.5, p = 0.002, respectively). The logistic regression analysis revealed a significant contribution of the Met allele for the likelihood of being MBI positive (OR = 2.88, CI 95% = 1.22–6.78, p = 0.02) (Table 2).


Table 2. Multiple logistic regression analysis of BDNF p.Val66Met and MBI positive likelihood.
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Most Val Carriers had Either Zero or Very Low MBI-C Total Score (Figure 1).


[image: Figure 1]
FIGURE 1. Population pyramid frequency MBI-C score by BDNF genotype groups.


MBI-C total and MoCA scores were negatively correlated [Pearson's r = (134) 0.17, p = 0.04]. Also, UPDRS-III and MBI-C total scores had a positive correlation [Pearson's r = (134) 0.23, p = 0.007]. These factors were included in the multiple linear regression model. The difference between the MBI-C total score between the two allelic groups was statistically significant when controlling for MoCA and UPDRS-III scores in the regression model [r2 = 0.13, Beta = 0.25, F (3, 135) = 6.36, p = 0.013, Cohen's f 2 = 0.15]. A power analysis was conducted, which revealed that our samples size of 136 would yield a power of 0.99 assuming type-I error rate of 0.05.

Association results of BDNF alleles with MBI-C domain scores are shown in Table 3. Patients with the Met allele had significantly higher MBI-C scores for the mood/anxiety (r2 = 0.10, Beta = 0.24, p = 0.004) and the psychosis domains (r2 = 0.12, Beta = 0.23, p = 0.006) when controlling for MoCA and UPDRS-III scores (Table 3).


Table 3. MBI-C total and domain scores.
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We performed an extra analysis in order to confirm that MBI classification results were derived from BDNF alleles and not driven by a few participants with marginally higher or lower MBI-C total score than the cutoff value (≥8). All participants with an MBI-C total score of 7 and 8 were excluded from the sample, and analysis was repeated. In total, 10 patients were removed; only one Met-carrier had the score of 7. In the Val group, three patients had the score of 7, and six patients had the score of 8 for MBI-C. Similar to the main analysis, two factors were included in the multiple logistic regression as independent variables in addition to the BDNF groups, based on their significant differences between the two groups in the Mann-Whitney U test; MoCA and UPDRS-III (M-W U = 1024.5, p = 0.02, and M-W U = 1914.5, p = 0.007, respectively). Results revealed a significant contribution of the Met allele for the likelihood of being MBI positive (OR = 4.38, CI 95% = 1.72–11.14, p = 0.002) (Table 4).


Table 4. Multiple logistic regression analysis of BDNF p.Val66Met and MBI positive likelihood after removing participants with total MBI-C score of 7 and 8.
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Each MBI-C domain score was compared between the two groups using Mann-Whitney U test (Table 5). The results were similar to the whole cohort analysis. Met carriers had significantly higher MBI-C total score than the Val group. Also, Met carriers had significantly higher score for the mood/anxiety domain when compared to the Val group and a trend for higher psychosis score (Table 5).


Table 5. MBI-C total and domain scores after removing participants with total MBI-C score of 7 and 8.
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DISCUSSION

To our knowledge, the present study is the first to explore the association of the BDNF p.Val66Met SNP and MBI in patients with PD. Patients with at least one Met allele had significantly higher MBI-C total score and significantly higher scores in the emotional dysregulation and the abnormal thoughts/perception domains. Furthermore, PD patients with at least one Met allele had a significantly higher prevalence of MBI than patients in the Val group using MBI-C as the case ascertainment instrument. Our findings implicate the BDNF p.Val66Met SNP in the pathogenesis of MBI in PD patients and suggest this variant as a genetic risk factor for MBI in PD with a medium effect size (Cohen's f 2 = 0.15). These findings are consistent with the evidence in the AD, which imply that the Met allele can be a risk factor for incident cognitive decline and dementia in PD (4, 15, 21).

An increasing body of evidence suggests a link between the development of NPS and cognitive decline in different types of dementia (5, 22–24). Studies demonstrating that BDNF p.Val66Met SNP is found to be associated with both NPS and cognitive impairments in AD are consistent with a biological understanding of NPS (25–29), and previous evidence linking BDNF and NPS (8, 15). The presence of amyloid-β pathology in PD patients together with Lewy body pathology might be a possible explanation of similar NPS profile in AD and PD patients. However, it should be mentioned that different studies have teased apart how the psychiatric profile of PD and AD patients are different (30, 31).

Patients who experience NPS in the early stages of PD show an increased risk of cognitive decline (1, 5), which is consistent with the findings in non-PD dementia (24, 32–36). A recent study reported that PD patients with a variety of NPS, for example, depression, apathy, and hallucinations, displayed impairments in at least one of the main cognitive domains (executive function, language, memory, attention, and visuospatial) and in global cognition (5). These findings hint at the importance of early diagnosis of sustained NPS as markers of cognitive decline in PD patients, in order to identify patients at risk of incident cognitive decline and dementia.

A recent meta-analysis reported an association between the BDNF Met allele and cognitive impairments in PD for 532 patients and 802 controls (p = 0.003). However, the cognitive impairments were found to be more specific to the Caucasian populations (9). Several studies suggested that p.Val66Met SNP might have an association with depression, particularly geriatric depression (14, 37, 38). Nonetheless, this association might differ based on a variety of factors, e.g., the origin of the study population, sex, and the fundamental issue of whether depression is chronic, recurrent, or of later life onset as most depression rating scales do not differentiate (8, 33). The association of BDNF Met allele and geriatric depression was investigated in a meta-analysis including 523 cases and 1,220 controls (age ≥ 60 years) (14). An association between the Met allele and an increased risk for late-life depression was reported (p = 0.004) (8). However, one study reported that the Val allele is associated with anxiety and depression using the Beck Depression Inventory (BDI) and Beck Anxiety Inventory (BAI) in 104 PD patients. Nevertheless, their population structure was greatly different than the one in our study. Seventeen percent of their participants had early onset PD with a positive family history (39), while in our sample there were only two participants (1.4%) with early onset PD and all of the participants had a confirmed diagnosis of idiopathic PD. Other reasons explaining the different results between the Cagni et al., (39) study and ours are linked to measurement differences of NPS. The BDI and BAI are self-report measures assessing the presence of mood and anxiety symptoms over the last 2 and 4 weeks, respectively. In contrast, the MBI-C measures later life emergent and persistent (for at least 6 months) NPS, identified by a reliable informant. These are quite different approaches to measurement of symptoms, with the MBI-C developed explicitly to capture later life emergent symptoms that either serve as risk factors for cognitive decline and dementia or more likely represent early manifestations of dementia.

Furthermore, BDNF involvement in depression/anxiety disorders has been confirmed through measuring peripheral BDNF levels as well (40, 41). A meta-analysis reported a strong evidence of an association between depression and a decrease in BDNF levels (p < 6.8 × 10−8) (40). These meta-analyses highlight the crucial role of BDNF in depressive disorders and specifically the impact of p.Val66Met SNP on geriatric depression. The Met allele exhibits LTD properties, reduces the neural plasticity, and can also substantially affect the docking of BDNF secretory vesicles into the cellular membrane and decrease its release into the synaptic cleft (7). The BDNF pro-domain with a Met residue is shown to have an independent function by induction of LTD, reducing spine density and neuronal plasticity. These molecular changes are linked to depression and anxiety disorders in both animal models and clinical studies (7, 42, 43). These findings are in agreement with our results that PD patients with at least one Met allele are more susceptible to impairments in the affective/mood dysregulation and abnormal thoughts/perception domains of MBI-C.

We found a strong association between abnormal thoughts/perception in PD patients and Met allele in our cohort. Abnormal thoughts/perception represent psychotic symptoms, specifically hallucinations and delusions, which are associated with impairments in global cognition (1, 44). An abrupt visual memory function is suggested as a potential cause of visual hallucinations. Since BDNF plays a prominent role in the molecular mechanisms of memory in hippocampus, this indicates a possible role for BDNF in the development of such NPS (1, 7). Meta-analytical results of p.Val66Met SNP and psychotic disorders, for example, schizophrenia, are inconclusive at the moment (8, 45). However, the Met allele was found to be linked to higher susceptibility to hippocampal volume loss and deteriorated memory abilities in bipolar patients (46). These findings are in agreement with our results that PD patients with at least one Met allele are more susceptible to symptoms in the affective/mood dysregulation and abnormal thoughts/perception domains.

This study has some limitations that need to be considered. Although the findings of this study showed a fair level of robustness, the sample size is relatively small. The results of this study need to be replicated in a larger sample with an age-matched control group. Nevertheless, the post hoc power analysis indicates sufficient power in our cohort to detect the true effect of BDNF p.Val66Met. A full cognitive assessment of participants would benefit the exploration of p.Val66Met SNP impact on the aging brain, specifically in PD. Antidepressant medications was not considered. It has been shown that antidepressant medications can elevate peripheral BDNF and improve reversible NPS (40).

In conclusion, we observed an association between the BDNF p.Val66Met SNP and susceptibility for the development of late-life behavioral changes in PD patients. PD patients with at least one Met allele had a higher likelihood of MBI compared to non-carriers. Moreover, PD patients with one Met allele had a greater tendency to exhibit mood and anxiety symptoms as well as psychotic symptoms compared to the Val carriers. These findings indicate a potential role for the BDNF p.Val66Met SNP in late-life psychiatric impairment, subsequent cognitive decline, and dementia in PD patients.



DATA AVAILABILITY STATEMENT

The data that support the finding of this article are available from the corresponding author, upon request. Requests to access the datasets should be directed to Oury Monchi, Monchioury.monchi@ucalgary.ca.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Conjoint Health Research Ethics Board (REB14-2463) at the University of Calgary. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MR: study design, data analysis, interpretation, manuscript writing, and revision. JR, KM, MK, ZJ, IK, TH, JC, EL, DM, JS, ZG-O, and GP: data collection. ZI: study design, analysis, and manuscript revision. OM: study design, data analysis, supervision, and manuscript revision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by a project grant from the Canadian Institutes of Health Research (CIHR) (PJT-166123), the Tourmaline Oil Chair in Parkinson's Disease, and the Canada Research Chair in non-motor symptoms of Parkinson's disease to OM. MR received a scholarship from the Parkinson Association of Alberta.



ACKNOWLEDGMENTS

The authors would like to thank all the PD patients and their families who were willing to participate and provide information for this study.



REFERENCES

 1. Gallagher DA, Schrag A. Psychosis, apathy, depression and anxiety in Parkinson's disease. Neurobiol Dis. (2012) 46:581–9. doi: 10.1016/j.nbd.2011.12.041

 2. Weintraub D, Simuni T, Caspell-Garcia C, Coffey C, Lasch S, Siderowf A, et al. Cognitive performance and neuropsychiatric symptoms in early, untreated Parkinson's disease. Mov Disord. (2015) 30:919–27. doi: 10.1002/mds.26170

 3. Martinez-Martin P, Rodriguez-Blazqueza C, JoãoForjaz M, Frades-Payo B, Agüera-Ortizc L, Weintraub D, et al. Neuropsychiatric symptoms and caregiver's burden in Parkinson's disease. Parkinsonims Relat Disord. (2015) 21:629–34. doi: 10.1016/j.parkreldis.2015.03.024

 4. Ismail Z, Smith EE, Geda Y, Sultzer D, Brodaty H, Smith G, et al. Neuropsychiatric symptoms as early manifestations of emergent dementia: provisional diagnostic criteria for mild behavioral impairment. Alzheimers Dement. (2016) 12:195–202. doi: 10.1016/j.jalz.2015.05.017

 5. Yoon E, Ismail Z, Hanganu A, Kibreab M, Hammer T, Cheetham J, et al. Mild behavioral impairment is linked to worse cognition and brain atrophy in Parkinson's disease. Neurology. (2019) 93:e766–77. doi: 10.1212/WNL.0000000000007968

 6. Lang S, Yoon EJ, Kibreab M, Kathol I, Cheetham J, Hammer T, et al. Mild behavioral impairment in Parkinson's disease is associated with altered corticostriatal connectivity. NeuroImage Clin. (2020) 26:102252. doi: 10.1016/j.nicl.2020.102252

 7. Hempstead BL. Brain-derived neurotrophic factro: three ligands, many actions. Trans Am Clin Climatol Assoc. (2015) 126:9–19.

 8. Tsai SJ. Critical issues in BDNF Val66Met genetic studies of neuropsychiatric disorders. Front Mol Neurosci. (2018) 11:156. doi: 10.3389/fnmol.2018.00156

 9. Wang Q, Liu J, Guo Y, Dong G, Zou W, Chen Z. Association between BDNF G196A (Val66Met) polymorphism and cognitive impairment in patients with Parkinson's disease: a meta-analysis. Braz J Med Biol Res. (2019) 52:e8443. doi: 10.1590/1414-431x20198443

 10. Mogi M, Togaria A, Kondo T, Mizuno Y, Komure O, Kuno S, et al. Brain-derived growth factor and nerve growth factor concentrations are decreased in the substantia nigra in Parkinson's disease. Neurosci Lett. (1999) 270:45–8.doi: 10.1016/S0304-3940(99)00463-2

 11. Altmann V, Schumacher-Schuh AF, Rieck M, Callegari-Jacques SM, Rieder CR, Hutz MH. Val66Met BDNF polymorphism is associated with Parkinson's disease cognitive impairment. Neurosci Lett. (2016) 615:88–91. doi: 10.1016/j.neulet.2016.01.030

 12. Kowianski P, Lietzau G, Czuba E, Waskow M, Steliga A, Morys J. BDNF: a key factor with multipotent impact on brain signaling and synaptic plasticity. Cell Mol Neurobiol. (2018) 38:579–93. doi: 10.1007/s10571-017-0510-4

 13. Hempstead BL. Brain-derived neurotrophic factro: three ligands, many actions. Transactions of the American Clinical and Climatological Association. (2015) 126:9–19.

 14. Pei Y, Smith AK, Wang Y, Pan Y, Yang J, Chen Q, et al. The brain-derived neurotrophic-factor (BDNF) val66met polymorphism is associated with geriatric depression: a meta-analysis. Am J Med Genet B Neuropsychiatr Genet. (2012) 159B:560–6. doi: 10.1002/ajmg.b.32062

 15. Bessi V, Mazzeo S, Bagnoli S, Padiglioni S, Carraro M, Piaceri I, et al. The implication of BDNF Val66Met polymorphism in progression from subjective cognitive decline to mild cognitive impairment and Alzheimer's disease: a 9-year follow-up study. Eur Arch Psychiatry Clin Neurosci. (2019) 270:471–482. doi: 10.1007/s00406-019-01069-y

 16. Ismail Z, Aguera-Ortiz L, Brodaty H, Cieslak A, Cummings J, Fischer CE, et al. The mild behavioral impairment checklist (MBI-C): a rating scale for neuropsychiatric symptoms in pre-dementia populations. J Alzheimers Dis. (2017) 56:929–38. doi: 10.3233/JAD-160979

 17. Creese B, Griffiths A, Brooker H, Corbett A, Aarsland D, Ballard C, et al. Profile of mild behavioral impairment and factor structure of the mild behavioral impairment checklist in cognitively normal older adults. Int Psychogeriatr. (2020) 32:705–17. doi: 10.1017/S1041610219001200

 18. Mallo SC, Ismail Z, Pereiro AX, Facal D, Lojo-Seoane C, al. e. Assessing mild behavioral impairment with the mild behavioral impairment checklist in people with subjective cognitive decline. Int Psychogeriatr. (2019) 31:231–9. doi: 10.1017/S1041610218000698

 19. Mallo SC, Ismail Z, Pereiro AX, Facal D, Lojo-Seoane C, Campos-Magdaleno M, et al. Assessing mild behavioral impairment in people with subjective cognitive complaints (SCCS) with the mild behavioral impairment checklist (MBI-C): a pilot study. J Alzheimer Assoc. (2017) 13:364–5. doi: 10.1016/j.jalz.2017.06.312

 20. Faul F, Erdfelder E, Lang A, Buchner A. G*Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res. (2007) 39:175–91. doi: 10.3758/BF03193146

 21. VanDam D, Vermeiren Y, Dekker AD, Naudé PJW, DeDeyn PP. Neuropsychiatric disturbances in alzheimer's disease-what have we learned from neuropathological studies? Curr Alzheimer Res. (2016) 13:1145–64. doi: 10.2174/1567205013666160502123607

 22. Chiu PY, Tsai CT, Chen PK, Chen WJ, Lai TJ. Neuropsychiatric symptoms in parkinson's disease dementia are more similar to alzheimer's disease than dementia with lewy bodies: a case-control study. PLoS ONE. (2016) 11:e0153989. doi: 10.1371/journal.pone.0153989

 23. López-Pousa S, Vilalta-Franch J, Garre-Olmo J, Pons S, Cucurella MG. Characterisation and prevalence of the psychological and behavioural symptoms in patients with dementia. Europe PMC. (2007) 45:683–8. doi: 10.33588/rn.4511.2007535

 24. Taragano FE, Allegri RF, Heisecke SL, Martelli MI, Feldman ML, Sánchez V, et al. Risk of conversion to dementia in a mild behavioral impairment group compared to a psychiatric group and to a mild cognitive impairment group. J Alzheimer's Dis. (2018) 62:227–38. doi: 10.3233/JAD-170632

 25. Naude J, Gill S, Hu S, McGirr A, Forkert N, Monchi O, et al. Plasma neurofilament light: a marker of cognitive decline in mild behavioural impairment. J Alzheimes Dis. (2020) 76:1017–27. doi: 10.3233/JAD-200011

 26. Andrews SJ, Ismail Z, Anstey KJ, Mortby ME. Association of Alzheimer's genetic loci with mild behavioral impairment. Am J Med Genet B Neuropsychiatr Genet. (2018) 177:727–35. doi: 10.1002/ajmg.b.32684

 27. Gill S, Mouches P, Hu S, Rajashekar D, MacMaster FP, Smith EE, et al. Using machine learning to predict dementia from neuropsychiatric symptom and neuroimaging data. J Alzheimes Dis. (2020) 75:277–88. doi: 10.3233/JAD-191169

 28. Creese B, Brooker H, Aarsland D, Corbett A, Ballard C, Ismail Z. Genetic risk for Alzheimer disease, cognition and Mild Behavioral Impairment in healthy older adults. medRxiv. [Preprint]. doi: 10.1101/2020.05.13.20100800

 29. Lussier FZ, Pascoal TA, Chamoun M, Therriault J, Tissot C, Savard M, et al. Mild behavioral impairment is associated with β-amyloid but not tau or neurodegeneration in cognitively intact elderly individuals. Alzheimers Dement. (2020) 16:192–9. doi: 10.1002/alz.12007

 30. Aarsland D, Cummings JL, Larsen JP. Neuropsychiatric difference between Parkinson's disease with dementia and Alzheimer's disease. Int J Geriatr Psychiatry. (2001) 16:184–91. doi: 10.1002/1099-1166(200102)16:2<184::aid-gps304>3.0.co;2-k

 31. Noe E, Marder K, Bell KL, D. M. J, Manly JJ, Yaakov Stern Y. Comparison of dementia with lewy bodies to alzheimer's disease and parkinson's disease with dementia. Mov Disord. (2004) 19:60–7. doi: 10.1002/mds.10633

 32. Matsuoka T, Ismail Z, Narumoto J. Prevalence of mild behavioral impairment and risk of dementia in a psychiatric outpatient clinic. journal of alzheimer's disease. (2019) 70:505–13. doi: 10.3233/JAD-190278

 33. Ismail Z, Gatchel J, Bateman DR, Barcelos-Ferreira R, Chantillon M, Jaeger J, et al. Affective and emotional dysregulation as pre-dementia risk markers: exploring the mild behavioral impairment symptoms of depression, anxiety, irritability, and euphoria. Int Psychogeriatr. (2018) 30:185–96. doi: 10.1017/S1041610217001880

 34. Ismail Z, McGirr A, Gill S, Hu S, Forkert ND, Smith EE. Mild behavioral impairment and subjective cognitive decline predict mild cognitive impairment. medRxiv. [Preprint]. (2020). doi: 10.1101/2020.05.24.20112284

 35. Creese B, Brooker H, Ismail Z, Wesnes KA, Hampshire A, Khan Z, et al. Mild behavioral impairment as a marker of cognitive decline in cognitively normal older adults. Am J Geriatr Psychiatry. (2019) 27:823–34. doi: 10.1016/j.jagp.2019.01.215

 36. Mortby ME, Black SE, Gauthier S, Miller DS, Porsteinsson A, Smith EE, et al. Dementia clinical trial implications of mild behavioral impairment. Int Psychogeriatr. (2018) 30:171–5. doi: 10.1017/S1041610218000042

 37. Taylor WD, Züchner S, McQuoid DR, Steffens DC, Speer MC, Krishnan KRR. Allelic differences in the brain-derived neurotrophic factor Val66Met polymorphism in late-life depression. Am J Geriatr Psychiatry. (2007) 15:850–7. doi: 10.1097/JGP.0b013e318050c9d5

 38. Hwang JP, Tsai SJ, Hong CJ, Yang CH, Lirng JF, Yang YM. The Val66Met polymorphism of the brain-derived neurotrophic-factor gene is associated with geriatric depression. Neurobiol Aging. (2006) 27):1834–7. doi: 10.1016/j.neurobiolaging.2005.10.013

 39. Cagni FC, Campelo C, Coimbra DG, Barbosa MR, Junior LGO, Neto ABS, et al. Association of BDNF Val66MET polymorphism with Parkinson's disease and depression and anxiety symptoms. J Neuropsychiatry Clin Neurosci. (2017) 29:142–7. doi: 10.1176/appi.neuropsych.16040062

 40. Sen S, Duman R, Sanacora G. Serum brain-derived neurotrophic factor, depression, and antidepressant medications: meta-analyses and implications. Biol Psychiatry. (2008) 64:527–32. doi: 10.1016/j.biopsych.2008.05.005

 41. Suliman S, Hemmings, S. M., Seedat, S. Brain-derived neurotrophic factor (BDNF) protein levels in anxiety disorders: systematic review and meta-regression analysis. Front Integr Neurosci. (2013) 7:55. doi: 10.3389/fnint.2013.00055

 42. De Vincenti AP, Rios AS, Paratcha G, Ledda F. Mechanisms That modulate and diversify BDNF functions: implications for hippocampal synaptic plasticity. Front Cell Neurosci. (2019) 13:135. doi: 10.3389/fncel.2019.00135

 43. Rex CS, Lauterborn JC, Lin CY, Kramar EA, Rogers GA, Gall CM, et al. Restoration of long-term potentiation in middle-aged hippocampus after induction of brain-derived neurotrophic factor. J Neurophysiol. (2006) 96:677–85. doi: 10.1152/jn.00336.2006

 44. Aarsland D, Marsh L, Schrag A. Neuropsychiatric symptoms in Parkinson's disease. Mov Disord. (2009) 24:2175–86. doi: 10.1002/mds.22589

 45. Goren JL. Brain-derived neurotrophic factor and schizophrenia. Ment Health Clin. (2016) 6:285–8. doi: 10.9740/mhc.2016.11.285

 46. Cao B, Bauer IE, Sharma AN, Mwangi B, Frazier T, Lavagnino L, et al. Reduced hippocampus volume and memory performance in bipolar disorder patients carrying the BDNF val66met met allele. J Affect Disord. (2016) 198:198–205. doi: 10.1016/j.jad.2016.03.044

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ramezani, Ruskey, Martens, Kibreab, Javer, Kathol, Hammer, Cheetham, Leveille, Martino, Sarna, Gan-Or, Pfeffer, Ismail and Monchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	BRIEF RESEARCH REPORT
published: 25 January 2021
doi: 10.3389/fneur.2020.603582






[image: image2]

Hypomimia in Parkinson's Disease: What Is It Telling Us?

Teresa Maycas-Cepeda1,2*, Pedro López-Ruiz1,2, Cici Feliz-Feliz3, Lidia Gómez-Vicente1,2, Rocío García-Cobos1,2, Rafael Arroyo1,2 and Pedro J. García-Ruiz3,4


1Department of Neurology, Hospital Universitario Quironsalud Madrid, Madrid, Spain

2Department of Clinical Medicine, Universidad Europea Madrid, Madrid, Spain

3Department of Neurology, Fundación Jimenez Diaz, Madrid, Spain

4Department of Medicine, Universidad Autónoma de Madrid, Madrid, Spain

Edited by:
Mayela Rodríguez-Violante, Manuel Velasco Suárez Instituto Nacional de Neurología y Neurocirugía, Mexico

Reviewed by:
James Mac Shine, The University of Sydney, Australia
 Jaime Kulisevsky, Hospital de la Santa Creu i Sant Pau, Spain

*Correspondence: Teresa Maycas-Cepeda, tmaycas@gmail.com

Specialty section: This article was submitted to Movement Disorders, a section of the journal Frontiers in Neurology

Received: 07 September 2020
 Accepted: 01 December 2020
 Published: 25 January 2021

Citation: Maycas-Cepeda T, López-Ruiz P, Feliz-Feliz C, Gómez-Vicente L, García-Cobos R, Arroyo R and García-Ruiz PJ (2021) Hypomimia in Parkinson's Disease: What Is It Telling Us? Front. Neurol. 11:603582. doi: 10.3389/fneur.2020.603582



Introduction: Amimia is one of the most typical features of Parkinson's disease (PD). However, its significance and correlation with motor and nonmotor symptoms is unknown. The aim of this study is to evaluate the association between amimia and motor and nonmotor symptoms, including cognitive status, depression, and quality of life in PD patients. We also tested the blink rate as a potential tool for objectively measuring upper facial bradykinesia.

Methods: We prospectively studied amimia in PD patients. Clinical evaluation was performed using the Unified Parkinson's Disease Rating Scale (UPDRS) and timed tests. Cognitive status, depression, and quality of life were assessed using the Parkinson's Disease Cognitive Rating Scale (PD-CRS), the 16-Item Quick Inventory of Depressive Symptomatology (QIDS-SR16), and the PDQ-39, respectively. Amimia was clinically evaluated according to item 19 of UPDRS III. Finally, we studied upper facial amimia by measuring resting blink frequency and blink rate during spontaneous conversation.

Results: We included 75 patients. Amimia (item 19 UPDRS III) correlated with motor and total UPDRS (r: 0.529 and 0.551 Spearman), and its rigidity, distal bradykinesia, and motor axial subscores (r: 0.472; r: 0.252, and r: 0.508, respectively); Hoehn and Yahr scale (r: 0.392), timed tests, gait freezing, cognitive status (r: 0.29), and quality of life (r: 0.268) correlated with amimia. Blinking frequency correlated with amimia (measured with item 19 UPDRS), motor and total UPDRS.

Conclusion: Amimia correlates with motor (especially axial symptoms) and cognitive situations in PD. Amimia could be a useful global marker of overall disease severity, including cognitive decline.

Keywords: facial bradykinesia, Parkinson's disease (PD), hypomimia, amimia, motor symptom, non-motor symptom


INTRODUCTION

Hypomimia, amimia, facial bradykinesia, or reduced facial expression (amimia for short) is present in several conditions, including dementia and depression (1–4). Amimia is one of the most classical features of Parkinson's disease (PD) (1, 2, 4–8). It has been well recognized since classic texts (9, 10). In 1860, Charcot described the characteristics of “masked face” in PD (11), and some years later, Wilson gave a vivid description of the parkinsonian facial expression: “The parkinsonian face is a mask,” “the patient has a reptilian stare,” and “little or no play of expression animates his/her countenance.” Wilson used the term amimia to include this typical facial signature of PD (10).

Cattaneo et al. summarized some interesting aspects of human facial expression (12). Facial movements differ from limb movements in critical characteristics, including the lack of joints, visual feedback, the conventional proprioceptive feedback system (13), and the absence of the characteristic triphasic EMG pattern seen in limb movements (14, 15). In addition, there is a dissociation between voluntary and emotional facial movements, critically influenced by the amygdala and the limbic system (12).

More recently, Bologna and Marsili summarized the main characteristics and distinctive physiological features of facial bradykinesia in PD (7, 8). Amimia is a peculiar parkinsonian sign: in contrast to limb bradykinesia, amimia is rarely asymmetric (16–18), and it may be present in very early stages of the disease, being evident often years before the clinical diagnosis of PD (19, 20).

Nevertheless, despite being a well-known clinical sign of PD, the relationship between amimia and other motor and nonmotor symptoms of PD is largely unknown.

The main objective of this study is to evaluate the association between amimia and motor and nonmotor symptoms, including cognitive status, depression, and quality of life in PD patients. We also study whether amimia correlates with motor complications, such as freezing of gait and dyskinesias. In addition, we tested the blink rate as a potential tool for objectively measuring upper facial bradykinesia.



METHOD

Patients were recruited between December 2016 and June 2018 from the outpatient Movement Disorders Units of Hospital Universitario Quironsalud Madrid and Hospital Fundación Jiménez Díaz (Madrid).

The diagnosis of PD was made according to the UK Brain Bank criteria definition (21). Patients with features consistent with atypical parkinsonism were excluded from the study (such as early and severe loss of postural reflexes, supranuclear gaze abnormalities, dementia during the first 2 years, or significant autonomic symptoms). Patients were also excluded if they suffered from any clinical condition that could potentially affect gait, mobility, or facial movements (including facial paralysis or hemifacial spasm, among others). The clinical evaluation of amimia was based on item 19 of UPDRS III. We also studied upper facial bradykinesia by measuring blinking frequency (the blinking rate was defined as the number of blinks per minute) both resting and during spontaneous conversation. Facial evaluations were recorded on video in order to calculate the blinking rate.

The PD clinical assessment was performed using the Schwab and England Activities of Daily Living Scale, the Hoehn and Yahr Scale, the Unified Parkinson's Disease Rating Scale (UPDRS) (22), and the four timed tests of the CAPIT protocol (23, 24) [including pronation–supination (PS), finger dexterity (FD), movement between 2 points (MTP), and the walking test (WT)]. Tremor score was calculated as the sum of items 20 (tremor at rest) and 21 (action or postural tremor) of UPDRS III; rigidity score was the sum of item 22 of UPDRS III (rigidity of neck and upper and lower extremities); distal bradykinesia score was the sum of items 23 (finger tapping), 24 (hand movements), 25 (rapid alternating movements), and 26 (leg agility); and axial motor score was calculated as the sum of items 18 (speech), 27 (arising from chair), 28 (posture), 29 (gait), and 30 (postural stability) of UPDRS III (25).

Patients were classified according to their main symptom into akinetic-rigid PD, tremor-dominant PD, or mixed PD.

Cognitive and psychiatric aspects of PD were assessed using the Disease-Cognitive Rating Scale (PD-CRS), the 16-Item Quick Inventory of Depressive Symptomatology (QIDS-SR16), and the Parkinson's Disease Questionnaire (PDQ-39).

All patients were evaluated in the mid-morning, after taking their regular medication, in a stable ON condition in order to assess the clinical condition of our patients as similarly as possible to everyday clinical practice.

The present study was performed in accordance with the ethical standards of the WMA Declaration of Helsinki and was approved by the Local Ethics Committee. Written informed consent was obtained from all participants.


Statistical Analyses

Qualitative variables were expressed as absolute (n) and relative (%) frequencies. The Shapiro-Wilk test was used to evaluate the normality of the quantitative variables. Mean values ± standard deviation (SD) are given for normal distributions; for non-normal distributions, the data are reported as medians with interquartile range (IQR).

The correlation between amimia (item 19 UPDRS III) and the continuous variables was performed using the Spearman correlation. For quantitative variables, Student's t or Mann-Whitney U tests (depending on the normality distribution) were applied to analyze differences between dementia and nondementia group values; chi-square or Fisher's exact test were used for qualitative variables. Finally, univariable linear regression analyses were performed between amimia and age, disease duration, UPDRS and its subscores, rigidity, distal bradykinesia, motor axial, freezing, PD-CRS, PDQ39, and blink rate. Multivariable analyses were performed with the variables that resulted in significant association.

Data analysis was performed with the IBM-SPSS statistical software program, version 21.0 (IBM Inc., Chicago, IL, USA). The significance level was set as p < 0.05.




RESULTS

We included 75 PD patients. Demographic and descriptive results are shown in Table 1.


Table 1. Demographic and descriptive results.

[image: Table 1]

1) Amimia (measured by item 19 UPDRS III) correlated with clinical scales including total (p < 0.01, r: 0.551) and motor UPDRS (p < 0.01, r: 0.529) (Figures 1A,B). Amimia correlated with rigidity score (p < 0.001, r: 0.472), distal bradykinesia score (p: 0.029, r: 0.252), and axial motor score (p < 0.001, r: 0.508). In contrast, amimia did not correlate with tremor score.


[image: Figure 1]
FIGURE 1. (A,B) Correlation between facial bradykinesia (item 19UPDRS III) and UPDRS (A. motor-UPDRS; B. Total UPDRS). (C) Correlation between facial bradykinesia (item 19UPDRS III) and blink rate at rest. (D–F) Correlation between facial bradykinesia (item 19UDPRS III) and cognitive test. (D) PD-CRS subcortical score; (E) PD-CRS cortical score; (F) Total PD-CRS.


2) Amimia scores also correlated with bradykinesia measured by timed tests: PS (p < 0.05, r: 0.257), FD (p < 0.01, r: 0.395), and MTP (p < 0.01, r: 0.437) (Table 2).


Table 2. Main correlation results using Spearman test.
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3) Concerning nonmotor symptoms, amimia correlated with cognitive performance, including PD-CRS total, cortical, and subcortical (p = 0.010, r:−0.29; p = 0.019, r:−0.27; and p = 0.011, r:−0.29) (Figures 1D–F). Cognitive decline (defined as PD-CRS ≤ 64) (26) also correlated with amimia (p < 0.05; r = −0.282). The distribution score for amimia was clearly different between those patients with dementia compared with those without dementia (p < 0.05) (Table 3). In contrast, no correlation was found between amimia and depression scores.


Table 3. Comparison between patients with and without dementia.
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4) Regarding motor complications, amimia correlated with the frequency of gait freezing episodes (p < 0.05, r: 0.282) and with the presence of dyskinesias (p < 0.01, r:−0.391) (Table 2).

5) We also found correlation between amimia and PDQ-39 scores (p < 0.05, r: 0.268) and disease duration (p < 0.01, r: 0.378) (Table 2).

6) Upper facial bradykinesia measured by resting blink frequency correlated with total UPDRS (p < 0.01, r:−0.30), motor UPDRS (p < 0.05, r:−0.246), and cortical PD-CRS (p < 0.05; r:−0.262) but not with the rest of the studied variables. Amimia measured by item 19 UPDRS III correlated with resting blink rate (p < 0.01; r:−0.36) (Figure 1C), but not with blink frequency while participating in spontaneous conversation (p > 0.05, r: −0.198).

7) Finally, we carried out a multivariable regression analyses taking into account age, UPDRS III, rigidity, axial and distal bradykinesia subscores, freezing of gait, and cognition. Amimia was the dependent variable. Only distal bradykinesia (ß−0.500; 95% CI−0.178-0.08, p < 0.05) and UPDRS III scores (ß 1.155; 95% CI−0.019-0.155, p < 0.05) were significant.



DISCUSSION

The current study was designed to explore the relationship between amimia and other motor and nonmotor symptoms of PD and to evaluate the clinical impression that patients with higher amimia scores have a more severe illness, not only regarding motor symptoms, but also in terms of cognitive status.

Although loss of facial expression is a recognized parkinsonian sign that is well described by classic authors (9–11), its significance and correlation with other PD symptoms is poorly understood. Amimia is one of the most distinctive clinical features in PD and may be one of the earliest symptoms (19). However, in many cases, early amimia might be misinterpreted as lack of interest or depression by attending physicians and families (27). Bologna et al. summarizes several distinctive characteristics of facial expression in PD (7). It is worth recalling that rigidity and tremors scarcely affect the face in PD (15), amimia is rarely asymmetric (7, 16–18), and its response to levodopa and DBS is highly variable (14). For all these reasons, amimia is a peculiar PD symptom, much more laborious to assess than the rest of the PD signs. Furthermore, at this moment, the lack of objective tools to measure amimia makes its evaluation even more difficult.

Our sample shows the usual characteristics of a typical PD population sample (28). In our series, amimia correlated with most motor and nonmotor symptoms. It correlated with motor and total UPDRS scores, and in addition, amimia correlated with timed tests, an objective measure of bradykinesia. Globally, amimia is an indicator of motor impairment as a whole, including axial symptoms and freezing of gait. These results are in line with those from a very recent article published by Ricciardi et al. in which patients with hypomimia had a more severe burden of motor symptoms and higher axial scores (29).

A remarkable result of our study is the possible relationship between amimia and other axial symptoms, such as gait freezing. The results of Riccardi et al. support our findings, describing that patients with amimia have more severe axial symptoms (29). Previous reports also show that patients with freezing of gait often present a nontremor phenotype and have a worse cognitive status (30–32), but to the best of our knowledge, this is the first time that the relationship between amimia and gait freezing has been directly studied.

In our study, amimia also correlated with cognitive status measured by standard scales. Indeed, patients with dementia had greater amimia scores compared with the nondementia PD group. Previous studies report contradictory results about the relationship between amimia and dementia. Recently, Ricciardi et al. find that facial expression is not related to cognitive impairment (29) although Gasca-Salas suggests that de novo PD patients with mild cognitive impairment have more severe hypomimia than patients with normal performance in cognition tests (33). The cohort of Riccardi is younger than ours, which could explain, at least in part, the discrepancies in our results (70.7 ± 9.6 in our series vs. 60.3 ± 6.75) (29). According to our findings, the relationship between amimia and cognitive impairment is supported by previous reports in which patients with Lewy Body Disease exhibited more facial bradykinesia compared with PD patients (2, 34–36).

Amimia can be misdiagnosed as depression, a nonmotor symptom of PD (4); however, the relationship between amimia and depression is unclear. Although some studies associate amimia with poor facial emotion recognition and impaired simulated facial expressions (7, 36–38), we find no correlation between depression and facial bradykinesia as previously described (4, 29).

Finally, we aimed to develop an objective method for assessing amimia. In contrast to limb bradykinesia, facial bradykinesia is difficult to estimate based on clinical assessment (14). In order to find a complementary and more objective score than item 19 of UPDRS III, we studied upper facial bradykinesia by measuring both spontaneous resting blink rate and that during conversation. Unfortunately, blink rate correlated poorly with other symptoms of PD. However, resting blink frequency correlated with some motor scores (UPDRS III) as reported by Agostini and Korosec (39, 40), but it had a poor correlation with nonmotor symptoms. Additionally, spontaneous speaking blink frequency was a poor predictor of facial bradykinesia. Although most patients with PD hypomimia have a decrease in blinking frequency, it is suggested that some patients with advanced PD may have an increased spontaneous blink frequency as a form of dystonia (41). Our results suggest that the assessment of amimia should evaluate facial motility as a whole and not upper face motility alone.

Limitations of the present study include the difficulty in making an objective evaluation of amimia as item 19 UPDRS is the only clinically validated tool. At the same time, we did not evaluate the effect of dopa therapy because we assessed patients in the ON situation in order to have a sample as representative as possible of everyday patients. In addition, patients with different levels of severity were included, and for some of them, it would have been difficult to come to our outpatient clinic in an OFF condition.

On the other hand, this study was conducted prospectively on a wide spectrum of idiopathic PD patients with different cognitive and functional situations. We used a comprehensive clinical and cognitive study, including objective timed-test assessment of bradykinesia.

In conclusion, our results suggest that amimia is a potential predictor of global PD severity, including axial symptoms and cognitive decline. Nevertheless, an objective measurement of amimia that is more accurate than UPDRD19 is needed.
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Objectives: Freezing of gait (FOG) is generally considered as an independent symptom of Parkinson's disease (PD) with a complex pathophysiology. There is a wide range of associated clinical features of FOG reported from different studies without consistent conclusion. Thus, a multicenter, cross-sectional study was designed to investigate the prevalence and clinical features of FOG together with its unique contribution quality of life in Chinese PD patients.

Methods: Eight hundred and thirty eight PD patients were consecutively recruited into this study from 12 hospital centers in six provinces in China. Clinical information, including motor and neuropsychological features as well as pharmacological details, was collected.

Results: Of 827 PD patients, 245 (29.63%) reported FOG. The prevalence of FOG was strongly correlated with modified H-Y stages and symptomatic duration (p < 0.01). 84.90% freezers experienced FOG during turning and 88.98% experienced when initiating the first step. Compared with non-freezers, freezers reported longer disease duration (7.73 ± 5.44 vs. 4.69 ± 3.94, p < 0.000), higher frequent PIGD phenotype (61.22 vs. 35.91%, p < 0.000), higher scores of UPDRS III (32.85 ± 15.47 vs. 22.38 ± 12.89, p < 0.000), HAMA (10.99 ± 7.41 vs. 7.59 ± 6.47, p < 0.000), HAMD (15.29 ± 10.29 vs. 10.58 ± 8.97, p < 0.000) and lower MMSE score (25.12 ± 5.27 vs. 26.63 ± 3.97, p < 0.000), and higher daily levodopa dosage (432.65 ± 264.31 vs. 319.19 ± 229.15, p < 0.000) with less frequent initial use of dopaminergic agonist (8.57 vs. 14.78%, p < 0.05). Using binary logistic regression, the associated factors of FOG might be non-tremor dominant onset (OR = 3.817, p < 0.000), the presence of anxiety (OR = 2.048, p < 0.000) and imbalance (OR = 4.320, p = 0.012). Freezers had poorer quality of life than non-freezers and FOG impacted PDQ-8 independently.

Conclusion: Nearly one third of the PD patients experienced FOG. Its frequency increased with PD progression and FOG reduced independently the quality of life. Non-tremor dominant, disease progression, and anxiety were risk factors of FOG.

Keywords: parkinson's disease (PD), freezing of gait (FOG), anxiety, quality of life, prevalence, epidemiological investigation


INTRODUCTION

Freezing of gait (FOG) was one of the most disabling symptoms in Parkinson's disease (PD). FOG was defined as “a brief episodic absence or marked reduction of forward progression of the feet despite the intention to walk” (1). Its sudden and unpredictable nature contributed to PD patients' fallings, which lead to the immobility and loss of independence (1, 2). Currently, the pathogenesis of FOG is still unclear. Studies demonstrated that FOG was poorly associated with parkinsonian cardinal motor features and had selective response to levodopa (1, 3). It suggested that non-dopaminergic pathophysiologic mechanisms might be involved in FOG development. As a poor indicator of PD patients' quality of life (QoL), FOG still lacks effective treatments. Therefore, it would be more meaningful to clarify the risk factors of FOG to help clinicians make proper treatment therapies to delay the occurrence of FOG.

The prevalence and clinical factors related to FOG have been reported in several studies (4–16). However, the data varied depending on diverse detection methods or genetic backgrounds or populations (1, 4–13). It reached no consistent conclusion on the FOG associated factors of gender, motor fluctuation, some non-motor symptoms like hallucination, depression, anxiety as well as the usage of antimuscarinic drugs (6–12, 14–16). Notably, the relationship between dopamine replacement therapy and FOG was debated (5, 6, 12, 14), and little information was acquired about FOG's association with the initial antiparkinsonian medications which was an interventive factor. Additionally, PD patients always experienced various motor and non-motor symptoms, it was unclear about FOG' contribution value to the decline of PD-QoL among all these symptoms.

At this background, we conducted this large sample, multi-center, cross-sectional study in Chinese PD patients to clarify the FOG's prevalence and associated factors, together with its unique contribution to the QoL.



PATIENTS AND METHODS


Participants

PD patients' data were obtained from a multicenter, cross-sectional, observational study (clinical registration No: NCT03026595). The recruitment, which lasted for 1 year from October 2017 to November 2018, was conducted in outpatient clinics and hospitalization in 12 hospital centers from six different regions of China. All participants were diagnosed with PD according to the UK Brain Bank Diagnostic Criteria for PD, with the age above 18 years old. The exclusion criteria were as follows: (1) who had atypical or secondary parkinsonism, (2) who were pregnant or lactating, (3) who were unable to cooperate with the assessment, (4) who had participated other clinical research within the recent 30 days. All patients involved in this study gave their signed informed consent form. The study was approved by the Research Ethics Committee of each center of each study center.



Data Collection

Before the recruitment, all neurologists were trained for clinical assessments for this study together to reduce the bias. Standard demographic details, including age, gender, disease duration, onset age, and onset site, were collected. Patients were evaluated at their “ON” status. The clinical assessments included the Unified Parkinson's Disease Rating Scale (UPDRS), modified Hoehn and Yahr scale, Berg Balance Scales (BBS), the Mini-Mental Scale Examination (MMSE), Hamilton Anxiety Rating Scale (HAMA), Hamilton Depression Rating Scale (HAMD) (24 items), and the 8-item Parkinson's Disease Questionnaire (PDQ-8). PD motor subtype was classified as tremor dominant (TD), posture instability and gait difficulties (PIGD), or intermediate (IND), based on the UPDRS scores (7). According to BBS, cumulative points above 40 are considered as “normal,” a range of 21–40 points considered as “decreased balance ability” implying that patients could walk with assistance, points below 20 (inclusive) considered as “poor balance” implying that patients need to use wheelchairs (17). Patients would be considered as having anxiety or depression if they had eight points or more of HAMA or HAMD scales, respectively (18). Cognitive dysfunction was defined as MMSE <24 points for alphabets or <17 points for analphabets (19, 20). Information of pharmacological treatment was collected in detail, and levodopa daily dose (LDD) and levodopa equivalent daily dose (LEDD) were finally accounted (21).

FOG was assessed via a self-report structured questionnaire named the new FOG questionnaire (NFOG-Q) which was developed by Nieuwboer et al. (22). It included three parts. Part I was used to detect FOG (patients and/or their caregivers recall if patients feel/present feet get glued to the floor while walking, making a turn, or start walking during the past month). Part II was used to assess the severity of FOG. Part III was used to assess the impact of FOG on daily life.



Statistical Analysis

All data were presented as the percentage or mean ± standard deviations (SD). Descriptive statistics received normality test. Bivariate analysis was performed with Student's t-test or χ2 test as appropriate between PD patients with and without FOG. Analysis of variance was used to evaluate the relation between levodopa dosage and freezing span. A binary logistic regression analysis based on forward stepwise method was conducted to determine the significant variables which were correlated with FOG. The presence of FOG or not was used as a dependent variable. The variables with significant differences in univariate analysis were used as covariables, including disease duration, onset age, PD subtypes, onset lower limbs or not, H-Y stages, motor fluctuation or not, dyskinesia or not, balance stages, DA agonist as initial treatment or not, anxiety or not, depressive or not, cognitive impairment or not, LDD, and LEDD. The results were shown with odds ratio (OR) and 95% confidence intervals (CIs). Spearman correlation analysis was used to determine the major influencing factors of PDQ-8. Hierarchical regression analysis was used to determine the FOG's impact contributing value to the quality of life. Quality of life (PDQ-8) was used as a dependent variable. The major influencing factors of PDQ-8 were used as covariables. These variables were divided into three groups: group I was the scores of mood and cognition (HAMD, HAMA, and MMSE scores); group II, the scores of motor function (UPDRS III and IV scores); and group III was the score of FOG. Then, we put the variables of group I into the first level and variables of group II into the second level during the hierarchical regression analysis based on a stepwise method. Controlling the influencing factors (mood disorder, cognitive impairment, and motor dysfunction) which were also associated with PDQ-8, the independent impact value of FOG on quality of life was analyzed. The multicollinearity was absent for the model. Statistical Package for the Social Science (SPSS) version 25 was used in the analysis. A significance level of 0.05 was set for all statistical tests.




RESULTS


FOG Point Prevalence and Distribution in Chinese PD Study Population

Eight hundred and thirty eight PD patients were screened in this study, of them, 3 patients were excluded for incooperation, 1 patient was excluded because of participating other clinical research, 6 patients were excluded from the analysis due to the missing data on NFOG-Q score. Finally, 827 PD patients were included into analysis. According to the NFOG-Q part I, 245 patients reported FOG, and the point prevalence of FOG was 29.63%. The mean score of NFOG-Q part II was 11.36 ± 4.64 (0–19) and that of NFOG-Q part III was 4.96±2.11 (0–9).

The distribution of FOG in different H-Y stages was shown in Figure 1. The prevalence of FOG at the stage of H-Y 1.0 was 6.60% and gradually increased to the highest value of 65.22% at H-Y 5.0. The prevalence of FOG was statistically different among different H-Y stages (p < 0.01). Moreover, the frequency of FOG increased with the progression of the disease duration. FOG was identified in 20.0% of PD patients with disease duration <5 years, 38.42% in disease duration between 5 and 10 years, 60.27% in disease duration between 10 and 15 years, and 54.0% in disease duration over 15 years (Table 1 and Figure 2).


[image: Figure 1]
FIGURE 1. Pareto chart of FOG frequency across H-Y stages. H-Y 1.0, the prevalence of FOG was 6.60%;H-Y 1.5, the prevalence was 11.21%; H-Y 2.0, 22.08%; H-Y 2.5, 30.28%; H-Y 3.0, 49.23%; H-Y 4.0, 62.50%; H-Y 5.0, 65.22%. A significant linear trend across H-Y stages was disclosed by result χ2 test (p < 0.01).



Table 1. Demographic details of PD patients with or without FOG in this study.
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FIGURE 2. The frequency of FOG (%) in different symptomatic durations. The frequency of FOG was 20% in PD patients with clinical course of <5 years; 38.42% in PD patients with a course with 5–10 years; 60.27% in PD patients with a course with 10–15 years and 54.0% in PD patient with a course with > 15years.


Ninety three PD patients with FOG (93/245, 37.96%) experienced very frequent freezing events (frequency > once a day), 65 patients (26.53%) experienced freezing once a day, 60 (24.49%) had freezing once a week, and 27 (11.02%) had occasional freezing (< once a week). Mostly, FOG occurred at the episodes of turning (208/245, 84.90%) or initiating the first step (218 cases, 88.98%). The time span of freezing usually lasted for 5–30 s in nearly half of the patients with turning FOG, more than 30 s in 29% of patients with turning FOG. In the contrast, for the FOG that occurred in patients initiating the first step, the freezing span lasted for 2–5 s in 50.67% of patients with FOG and 5–30 s in 23.11% in patients with FOG.



Clinical Features of FOG in Chinese PD Patients

Demographic, clinical characteristics, and medical information of the study populations were detailed in Table 1.



Clinical Characteristics Difference Between FOG and Non-FOG Patients

Compared with the non-FOG patients, FOG patients had a higher percentage of lower limb onset as the initial motor symptoms (44.81 vs. 32.46%, p < 0.01), PIGD motor types (61.22 vs. 35.91%, p < 0.01), early-onset PD (onset age <50 yrs) (23.67 vs. 14.60%, p < 0.01), and a younger onset age (58.10 ± 10.50 vs. 60.58 ± 9.24, p = 0.002).

In terms of motor symptoms, FOG patients had higher UPDRS III (32.85 ± 15.47 vs. 22.38 ± 12.89, p < 0.000) and UPDRS IV scores (3.26 ± 3.04 vs. 1.71 ± 2.82, p < 0.000), higher H-Y stage (2.78 ± 0.83 vs. 2.11 ± 0.79, p < 0.000), and higher percentage of motor complications than non-FOG patients. Freezers had lower balance score than that of non-freezers (42.11 ± 12.66 vs. 49.94 ± 7.79, p < 0.000). With respect to neuropsychological symptoms, FOG patients had higher scores of UPDRS I (4.11 ± 2.50 vs. 2.77 ± 2.27, p < 0.000), HAMA (10.99 ± 7.41 vs. 7.59 ± 6.47, p < 0.000), and HAMD (15.29 ± 10.29 vs. 10.58 ± 8.97, p < 0.000) whereas a lower MMSE score (25.12 ± 5.27 vs. 26.63 ± 3.97, p < 0.000), compared with non-FOG patients.

In addition, FOG patients received higher dosage of LDD and LEDD than non-FOG patients. In terms of the medication types, we found FOG patients were less frequently administrated with dopamine receptor agonist (DA) as the initial anti-PD medication treatment (8.57% vs. 14.78%, p < 0.05), however, there was no significant difference in initial levedopa use between two groups. Moreover, FOG patients were treated more frequently with combination medications, compared to non-FOG patients. The use frequency of monoamine oxidase B inhibitors (MAOIs) was much higher in FOG patients than in non-FOG patients (23.27 vs. 14.60%, p < 0.01). The One-way ANOVA indicated that “the freezing episode span in turning” was related neither to LDD nor to LEDD (F = 1.541, p = 0.191 and F = 1.085, p = 0.364, respectively). Similarly, no correlation was found between “the freezing episode span in initiating the first step” and LDD or LEDD (F = 1.034, p = 0.391 and F = 1.069, p = 0.372, respectively).

FOG patients experienced worse quality of life than non-freezers according to PDQ-8 (8.56 ± 5.33 vs. 5.29 ± 5.18, p < 0.000) and UPDRS II (16.64 ± 6.88 vs. 9.89 ± 5.38, p < 0.000).



Clinical Influencing Factors of FOG

Variables with significantly statistical difference between FOG and non-FOG groups were further included into the binary logistic regression analysis, including disease durations, onset age, PD subtypes (tremor or non-tremor), onset lower limbs or not, H-Y stages, motor fluctuation or not, dyskinesia or not, balance stages, DA agonist as initial treatment or not, anxiety or not, depression or not, cognitive impairment or not, LDD, and LEDD. Finally, freezing was associated with younger onset age (OR = 0.973, 95% CI = 0.953–0.995, p = 0.015), longer disease duration (OR = 1.058, 95% CI = 1.011–1.108, p = 0.015), non-tremor phenotype onset (OR = 3.817, 95% CI = 2.550–5.714, p < 0.000), advanced H-Y stage (OR = 1.621, 95% CI = 1.238–2.124, p < 0.000), worse balance (OR = 4.320, 95% CI = 1.381–13.517, p = 0.012), the presence of motor complications and anxiety (OR = 2.048, 95% CI = 1.407–2.983, p < 0.000). (shown in Table 2).


Table 2. Clinical factors related to FOG in this study.
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Relationship Between FOG and the Quality of Life

The relationship between FOG and the quality of life was analyzed in PD patients with FOG. PDQ-8 score was positively correlated with the scores of UPDRS III (r = 0.346, p < 0.000), NFOG (r = 0.324, p < 0.000), UPDRS IV (r = 0.298, p < 0.000), HAMD (r = 0.657, p < 0.000), HAMA (r = 0.616, p < 0.000), and negatively correlated with the scores of MMSE (r = −0.237, p < 0.000) and BBS (r = −0.423, p < 0.000). PDQ-8 score was not associated with the onset age (r = −0.012, p = 0.852) or sex distribution (r = −0.012, p = 0.846). This indicated that parkinsonians' quality of life was associated with motor symptoms (including FOG), motor complications, mood, and cognitive impairment.

Then, a hierarchical regression analysis was used to determine the FOG's contributing value to the quality of life. Controlling the influencing factors (mood disorder, cognitive impairment, and motor dysfunction), we analyzed the impact of FOG on quality of life independently. Finally, the analysis indicated that the scores of HAMD, UPDRS III, and FOG had the strongest impact on the PDQ-8 scores, with the contributing value of 54.1% among all included variables. The FOG score was an independent influencing factor of PDQ-8, with the contributing value of 2.3% (shown in Table 3).


Table 3. A hierarchical regression model of the PDQ-8 scale.
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DISCUSSION

In this study, we found that FOG increasingly occurred during the progression of PD and played an independent negative impact on patients' quality of life. Moreover, PD patients with non-tremor phenotype or anxiety were more likely to develop FOG. The patients with non-tremor phenotype would be 3.5 times more likely to occur FOG than tremor phenotype.

The prevalence of FOG ranged from 7% of de novo PD patients (4) to 81% of PD patients with disease duration over 20-years (8–11, 23) from the literatures. In our study, the FOG point prevalence was nearly one third (29.63%) in mixed patients with early and advanced phase who were still ambulatory. Our prevalence was quite lower than the other results (7, 11). It might be attributed to a higher percentage (71.6%) of PD patients at a lower H-Y stage (1–2.5). In addition, the difference in the inclusion criteria and genetic backgrounds may contribute to the discrepancy of the prevalence among studies. Our data confirmed that FOG patients had a longer disease duration and were at a more advanced disease stage, experienced a higher incidence of motor complications and poorer balance, a greater amount of dopaminergic therapy as well as worse quality of life, which was consistent with previous reports (1, 6, 7, 9–11, 14, 24). These results strongly supported that FOG was associated with PD progression (25).

Our data showed that the percentage of PIGD motor phenotype was almost double as high as non-FOG patients. The binary regression analysis showed that non-tremor motor phenotype was a powerful potential influencing factor of FOG. Previous studies also found that (11, 24, 26) PD-FOG patients tended to be dominated by PIGD motor phenotype. This suggested different pathologic progression underlaid the two motor phenotypes of PD. The postmortem findings indicated that patients initially presenting with a tremor-dominant motor phenotype had a more serious limbic Lewy bodies burden whereas patients with a non-tremor-dominant motor phenotypes had a more serious neocortical Lewy bodies burden (24, 27). In our study, the frequency of lower limbs onset was much higher in the FOG group than that in the non-FOG group, but it was not associated with FOG in the final logistic analysis. Currently, the association between the lower limbs of onset symptom and FOG controversial (8, 12, 26, 28), which still required further long-term follow-up to confirm.

There was little information about the association between initial antiparkinsonian medications and FOG. We wanted to know whether different medication types in the initiation of anti-parkinsonian treatment would have a different impact on the occurrence of FOG. Of all the medication types, we found that the non-FOG group used more DA as initial medical treatment than the FOG group, however, the regression analysis failed to show that a close relation between the first drug type choice and FOG. Our initial anti-PD drugs were collected retrospectively, there might be recall bias. Initial antiparkinsonian treatments were first analyzed in two groups of freezers and non-freezers. Previous follow-up studies were rare and did not focus on the correlation between initial antiparkinsonian medications and FOG occurrence (25, 27). Although longer levodopa treatment duration was found to be associated with FOG (1), the mechanism was still unknown. It was not clear what role levodopa play in the development of FOG (29, 30). Alternatively, given that dopaminergic dysfunction might impact the degree to which network loops cross over, dopamine agonists may play a crucial role in the development of FOG (26). Thus, the relation between dopaminergic medicaments and FOG may be worth exploring in future research.

Our results confirmed that FOG patients have a more frequent and serious neuropsychological symptoms, which was consistent with previous studies (1, 24–26, 31). It has been suggested that neuropsychological symptoms were not only related to FOG but also involved in the pathophysiology of this phenomenon (1, 15, 29, 31, 32). In our study, of these neuropsychological symptoms, only anxiety was found as a risk factor for FOG onset in the logistic regression model. Our patients with anxiety were twice as likely to present FOG as those without anxiety. Many evidences supported that anxiety closely correlated with FOG. Studies indicated that there were high levels of anxiety in PD patients with FOG and anxiety could predict the onset of FOG at 1-year follow up (15, 25–31). A recent longitudinal study indicated that anxiety was a strong predictor of FOG with the accuracy of 82.1% that predicting FOG development in the next 15 months (26). Anxiety contributed not only to the frequent occurrence of FOG but also to a longer duration of FOG episodes (33). The cerebral network hypothesis that involved in the interaction between gait and emotion was confirmed by functional imaging studies, which found an increased striato-limbic connectivity as well as a lack of top-down control by frontal-parietal network over amygdale in FOG PD patients. Dysfunctional limbic circuitry was involved in the pathogenesis of FOG (15, 30, 31). These theories implied the relation between anxiety and FOG. Depression and cognitive impairment failed to become clinical predictors of FOG statistically in our study, although there were different results and opinions (1, 8, 24, 28). Thus, the long-term follow-up studies were necessary for us to conduct the relationship between neuropsychological symptoms and FOG.

Finally, we confirmed that FOG was an independent negative influencing factor of quality of life (34). The contribution of FOG impact score to the model was 2.3% uniquely while controlling for other factors which were also associated with PDQ. The impact of FOG was the third largest of all factors, only next to depression and motor severity.

These results gave us some clinical implications. Although the progress of PD cannot be stopped presently, we can carry out disease modification treatment in early stage or optimize the pharmacological treatment to delay PD progression. For no-tremor PD patients, gait and balance should be regularly assessed and early gait rehabilitation training. Early detection of anxiety and early intervention may play a role in delaying the occurrence FOG. Our study has several limitations. First, we did not differentiate the “ON” or “OFF” status of FOG. This information might be useful to explore the association between dopamine therapy and FOG (24). Secondly, we did not evaluate frontal function, which was reported to be closely related to FOG occurrence (6). Future research on FOG should include all frontal lobe-related symptoms. Thirdly, this was a cross-sectional study and the relation between FOG and the clinical variables still required a longitudinal evaluation to be testified.



CONCLUSION

Our epidemiology study showed that the prevalence of FOG in China was nearly one third in our ambulatory PD patients and was strongly associated with disease progression. Freezers experienced poor quality of life independently influenced by FOG. No-tremor phenotype, disease progression, and presence of anxiety were significant FOG risk factors. Future prospective study should be done to determine accurate clinical predictors and further exploring the mechanism of FOG.
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Introduction: Functional mobility (FM) is a concept that incorporates the capacity of a person to move independently and safely to accomplish tasks. It has been proposed as a Parkinson's disease (PD) functional and global health outcome. In this study, we aimed to identify which kinematic and clinical outcomes changes better predict FM changes when PD patients are submitted to a specialized multidisciplinary program.

Methods: PD patients engaged in a pre-defined specialized multidisciplinary program were assessed at admission and discharge. Change from baseline was calculated for all kinematic and clinical outcomes, and Timed Up and Go (TUG) was defined as the primary outcome for FM. A stepwise multivariate linear regression was performed to identify which outcome measures better predict TUG changes.

Results: Twenty-four patients were included in the study. The changes in TUG Cognitive test, supervised step length, and free-living (FL) step time asymmetry were identified as the best predictors of TUG changes. The supervised step length and FL step time asymmetry were able to detect a small to moderate effect of the intervention (d values ranging from −0.26 to 0.42).

Conclusions: Our results support the use of kinematic outcome measures to evaluate the efficacy of multidisciplinary interventions on PD FM. The TUG Cognitive, step length, and FL step time asymmetry were identified as having the ability to predict TUG changes. More studies are needed to identify the minimal clinically important difference for step length and FL step time asymmetry in response to a multidisciplinary intervention for PD FM.

Keywords: Parkinson's disease, functional mobility, outcome measures, gait, sensors, digital health, wearable, technology


INTRODUCTION

Functional mobility (FM) in Parkinson's disease (PD) has been recently described as a person's physiological ability to move independently and safely in a variety of environments in order to accomplish functional activities or tasks and to participate in activities of daily living at home, at work, and in the community (1, 2). From the early disease stage, PD patients experience limitations in their FM. With disease progression, these limitations are usually a major cause of disability and loss of independence (1).

FM has been reported as a useful outcome measure to understand patients' overall health status, to address their daily needs related to mobility and social participation, and for monitoring, in a closer and more realistic fashion, the impact of disease progression and the effect of therapeutic interventions (2–4). The Timed Up and Go (TUG) test is a quick and easy-to-use test, specifically designed to measure FM that includes the three anchors of the concept, i.e., gait, balance, and postural transitions (2, 4, 5). Although it is the recommended tool for assessing FM in PD, other clinical tests are also used (2, 4, 5).

The development of technology-based objective measures (TOMs) and the possibility of using accurate and reliable quantitative information to evaluate PD patients' gait enable a more objective and ecological (i.e., closer to patients' real-life environment performance) perspective of patients' FM (6, 7). A recent systematic review on outcome measures for assessing FM in PD included nine studies using kinematic gait parameters (2). The authors emphasize the important role of TOMs in monitoring FM throughout disease progression. They also highlight that despite the capacity of current devices to capture large amounts of data and a great diversity of parameters, the best kinematic parameters for assessing FM in PD remain to be defined (2).

In this study, we aimed to identify which kinematic and clinical outcome measures better predict FM changes when PD patients are submitted to a specialized multidisciplinary intervention.



METHODS


Study Design

A pragmatic prospective clinical study was conducted.



Objective

The objective of this study is to identify the kinematic and clinical outcome measures that better predict FM changes when PD patients are submitted to a specialized multidisciplinary intervention.



Participants

Study participants were recruited from CNS—Campus Neurológico, a tertiary specialized movement disorders center in Portugal. Patients were eligible if they had a diagnosis of probable or clinically established PD (according to the International Parkinson and Movement Disorder Society criteria), had engaged in the specialized multidisciplinary program for parkinsonian patients at the CNS between January and September 2019, and if they agreed to participate. Exclusion criteria were the inability to adopt a standing position and/or to walk 3 m, postural instability compromising patient safety during the assessment, and the presence of cognitive deficits preventing understanding of the test instructions (according to a physiotherapist's best judgment). The study was undertaken with the understanding and written consent of each participant, with the approval from the CNS Ethics Committee (ref. 10/19), and in compliance with national legislation and the Declaration of Helsinki. Participants were required to agree to all aspects of the study and were able to leave the study at any time.



Therapeutic Intervention

The specialized multidisciplinary program combined pharmacological and non-pharmacological therapies, including up to 20 h per week of individually tailored neurorehabilitation sessions of physiotherapy, occupational therapy, speech therapy, and cognitive training, according to the patient's needs and rehabilitation goals. All rehabilitation sessions had a duration of 50 min.

The physiotherapy sessions aim to optimize independence, safety, and well-being, through movement rehabilitation, maximization of functionality, and minimization of secondary complications. The sessions focused on physical capacity training, gait, mobility, balance, sensorimotor coordination, and development, as well as teaching the patient and the usual caregivers adaptive strategies to enhance functionality.



Clinical Assessment Protocol

Patients were assessed in ON-state medication, by a trained health professional from each area, 48 h following admission and before discharge. The following parameters were collected:

• Demographic and clinical data;

• Disease severity: Movement Disorder Society–Unified Parkinson's Disease Rating Scale (MDS-UPDRS) total score and score from each sub-section (8), Hoehn and Yahr scale (8, 9), and Clinical and Patient Global Impression (CGI and PGI, respectively) of Severity and Change; (10)

• Motor function: The Timed Up and Go (TUG) test with and without a cognitive and manual dual-task (5, 11, 12), Mini-BESTest (5, 13, 14), Five times Sit-to-Stand test (5 STS) (15, 16), and Schwab and England scale (17).



Analysis of Kinematic Data

Kinematic gait parameters were collected during the supervised motor assessments and for 3 days at the end of each assessment, in a free-living (FL) context. Each participant wore a single tri-axial accelerometer-based body-worn monitor (Axivity AX3) on their lower back (L5), programmed to capture raw data at 100 Hz with a dynamic range of ±8 g. Each subject performed two trials of each assessment, on each visit, and wore the AX3 for 3 days after each assessment.

In the supervised motor assessment, the physiotherapist used a mobile application to mark the start and end of each trial, which was synced with the AX3 internal clock. Departing from the segmentation of test trials provided by the application, we manually adjusted the start and end of each test to match with the exact start and end of the movement and removed reported periods of pause. To extract meaningful data from the raw accelerometer signal, we started by resampling data to 100 Hz using linear interpolation, to mitigate known fluctuations of the sample rate (18). Afterward, offset was removed as well as machine noise using a second-order Butterworth low pass filter of 17 Hz (19). We focused the kinematic gait analysis in the study of spatiotemporal gait parameters. To extract gait parameters, the process was divided into two steps. First, we identified the walking bouts as the 2-s moving windows where summed standard deviations of tri-axial accelerations were above 0.1 (20). Then, an algorithm to detect initial contact (IC)/final contact (FC) points was applied, from which we calculated the gait parameters (21). A concurrent validity analysis of the reported number of steps (by the physiotherapist observing the trial) and the automatic detection revealed an intra-class correlation above 0.85.

In the FL context, where walking bouts are not previously annotated, a conservative approach was followed, meaning that high precision was sought (seeking that all detected bouts are indeed bouts), even if at the cost of lower recall (i.e., not all bouts are detected). Pre-processing of FL raw data followed a similar approach as the controlled assessment (resample and filtering). To improve walking bout detection in FL, we estimated an optimized scale of the Gaussian continuous wavelet transform (22) (“gaus2”) and considered only the segments with a duration above 5 s and at least five detected ICs. Additionally, the first and last detected steps of each bout were trimmed off, given their specific transition characteristics. All remaining bouts (and steps) were subjected to extraction of parameters. An average per subject of 285.3 (SD = 175.2, min = 17, max = 622) walking bouts were extracted at the period of admission, and an average of 270.4 (SD = 129.0, min = 32, max = 647) were detected at the period of discharge, in the 3-day period. Gait parameters were calculated from the detected bouts as in the supervised motor assessment (21). Following previously published evidence in FL assessment, gait parameters were categorized in bouts from 5 to 15 s, 15 to 30 s, 30 to 60 s, and longer than 60 s (21). Our implementation of the extraction of gait parameters from walking bouts is available and open-sourced (https://github.com/Gustavo-SF/gait_extractor).



Statistical Analysis

Descriptive statistics were used for demographic, clinical, and therapeutic data. Continuous outcomes were defined as change from baseline for all the previously mentioned outcome measures and presented as a mean ± standard deviation (SD).

Our main goal was to explore the best predictors of changes in TUG (the gold standard for evaluating FM in PD). To do this, stepwise multiple linear regression analyses were performed using different independent variables (clinical measures, gait parameter assessment during the 10-m walk test, and FL gait parameters analyzed in bouts longer than 60 s). To validate the analysis, the normal distribution of residuals and the absence of multicollinearity were ascertained.

Only the outcome measures able to detect an effect of the intervention were used in the main analysis. This required an assessment, before our main analysis, of the existence of an intervention effect and the ability of the included outcome measures to detect it. We started by studying normality, using the Kolmogorov–Smirnov and the Shapiro–Wilk tests, and applying the paired sample T-test and the Wilcoxon S-R test to each parameter to analyze the effects of the program (statistical significance was set at p < 0.05). Cohen's d was employed as a measure of effect size to assess small (0.20–0.49), medium (0.50–0.80), and large (>0.80) effects (23).

We also performed some exploratory analysis to better understand how the outcome measures, selected as best predictors of FM changes, behave if used as the primary outcome in a future study. Power analysis and sample size calculations were performed using G*Power software, to understand how many participants would be needed to enable statistically significant results (80% power) if the TUG test or one of the outcome measures able to detect at least a small effect size were used as the primary outcome in a clinical study. A significance level of α = 0.05 and a power = 1 – β = 0.80 were assumed. To explore the variability of the different gait parameters, a power analysis assuming 10, 20, and 30% of change from baseline and using the mean SD of change from baseline was calculated for each parameter. The choice of the 30% magnitude of effect was based on the minimal clinically important difference (MCID) reported for the TUG test, the recommended measurement tool for assessing FM in PD. It also used a 20% magnitude of effect, based on MCID reported for spatial asymmetry in a previous study evaluating the effect of rehabilitation training on PD patients' gait parameters (25.76%) (24).

Additionally, and also as an exploratory analysis, we applied paired sample t-test and the Wilcoxon S-R test to the different bout lengths of FL assessment to investigate how the length of the bout contributes to the existence of a statistically significant difference between admission and the end of the program (significance was achieved with a p-value < 0.05).




RESULTS


Cohort Demographic and Clinical Data

Of the 54 PD patients who engaged in a CNS specialized multidisciplinary program between January and September 2019, a total of 24 participants were included in this study. The reasons for exclusion were lack of collaboration/missing data (27.8%, n = 15), motor inability to perform the assessments (18.5%, n = 10), and the presence of cognitive impairment and behavioral disturbances (9.3%, n = 5). Eight patients did not perform the FL assessment due to behavioral disturbances and refusal of the belt that supports the trunk sensor. Some of the included patients did not fulfill all the clinical assessment battery due to fatigue and lack of collaboration. The mean age of the participants was 73.0 ± 8.0 years, and 66.7% (n = 16) were men. At admission, the average disease duration was 8.0 ± 5.1 years, with a mean Hoehn and Yahr stage of 2.3 ± 0.9 and a mean MDS-UPDRS motor score of 39.4 ± 12.8. All patients were under antiparkinsonian treatment, and 50% (n = 12) had motor fluctuations.

Patients' demographic and clinical characteristics at admission and discharge are summarized in Table 1. Table 2 summarizes the changes in gait parameter values in both assessment conditions.


Table 1. Demographical and clinical characteristics of the sample.
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Table 2. Admission (i.e., baseline) and change from baseline values (i.e., mean post-pre assessment difference and respective percentage value) of gait parameters in the supervised and free-living assessments.

[image: Table 2]

All the clinical and gait parameters from the supervised assessment showed an improvement, having reached statistical significance (p ≤ 0.05) in the MDS-UPDRS parts I, II, III, and total score; in the 5 STS test; and the following gait parameters: gait velocity, stride and step velocity, step length, and swing time asymmetry (Tables 1, 2). The improvement in the TUG test did not reach statistical significance, contrary to gait velocity, stride and step velocity, step length, and swing time asymmetry measured during the test. In FL conditions, an improvement was detected when the analysis was made using bouts of at least 30 s. Specifically, the following gait parameters have reached statistical significance (p ≤ 0.05): cadence, step time, stance time, swing time, and double support time when data was analyzed in bouts of 30–60 s and stance, swing, and double support phases when bouts of more than 60 s were used in the analysis (Table 2 and Appendix 1).



Prediction of FM Changes

The stepwise multivariate linear regression analysis, between TUG (dependent variable) and the clinical outcome measures able to detect an effect, indicated the TUG Cognitive as the best variable to predict TUG changes (adjusted R2 = 0.72). The same analysis using supervised and FL kinematic gait parameters as independent variables identified step length (adjusted R2 = 0.53) and step time asymmetry (adjusted R2 = 0.51) as the best predictors of TUG changes for each assessment condition (Table 3).


Table 3. Stepwise multiple linear regression analysis with TUG as a dependent variable and (1) the clinical outcome measures, (2) gait parameters assessed during the 10-meter walk test, in supervised conditions, (3) gait parameters assessed in free-living conditions and analyzed in bouts longer than 60 s, as independent variables.
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Responsiveness to Intervention

The TUG test was able to detect a small effect size (d = −0.24) of the intervention (Appendix 2).

From the supervised assessment, the outcome measures able to detect a large effect size were the STS Normal (d = −1.46) and Fast (d = −1.47) and the MDS-UPDRS total score (d = −0.87).

From the FL assessment, the outcome parameters with higher sensitivity to the intervention were stance time asymmetry (d = −0.38), stride length (d = 0.37), double support time variability (d = −0.37), and step length (d = 0.36).



Sample Size Calculation

A power analysis was performed to understand how many participants would be needed to enable statistically significant results (80% power), if the TUG test or one of the outcome measures able to detect at least a small effect size was used as a primary outcome in a clinical study. Appendix 2 summarizes the sample size calculations assuming 10, 20, and 30% change from baseline.




DISCUSSION

Although this study was not designed to conclude on efficacy, the results obtained suggest an overall improvement (Tables 1, 2). This enables us to identify the best predictors of FM changes when PD patients are submitted to a specialized multidisciplinary program. It also enables performing other exploratory analyses to better understand how the outcome measures behave if used as primary outcomes in future studies.

From the pool of outcome measures able to detect at least a small effect size of the intervention, those identified as the best predictors of TUG changes were the TUG Cognitive, step length, and step time asymmetry.


Clinical Assessment

The TUG Cognitive test was the clinical parameter with the best ability to predict TUG changes. This can be explained because the TUG Cognitive is a modified version of the TUG (i.e., it adds a cognitive task to the motor task) (25, 26). Since daily activities frequently require motor and cognitive tasks to be carried out simultaneously, this version of the test may give a more realistic perspective of the patients' FM. However, as it is only a modified version of the same test, some major limitations remain (e.g., it is limited to patients without significant postural instability and is subject to learning effects).

The Mini-BESTest test was not sensitive to the intervention, and the observed differences were not statistically significant. However, this is a very complete clinical test that includes the assessment of static and dynamic balance (i.e., biomechanical constraints, verticality/stability limits, anticipatory postural adjustments, postural responses, sensory orientation, and stability in gait) and the TUG Cognitive test itself (5, 13, 14). Although not formally validated to measure FM, this instrument provides a more complete approach to the three anchors of the concept, i.e., gait, balance, and postural transitions (5, 13, 14). We believe that future studies should clarify the Mini-BESTest's suitability to assess FM changes.



Clinical vs. Kinematic Assessment

Our results identified step length and step time asymmetry as the gait parameters with the best ability to predict TUG (and FM) changes, in supervised and FL conditions, respectively. Compared with the TUG, both showed higher responsiveness to change.

FM is a major source of disability for PD patients and requires an individualized and complex management approach that strongly depends on the information about the actual state of the patients in their daily lives (1). Although the TUG remains the gold standard for assessing PD FM, as is the case for all traditional clinical scales, it presents some limitations that can be overcome by the use of TOMs (27).

To optimize the accuracy of clinical evaluation, evidence suggests that patients should focus on the goal of the task asked and not on the movement required to achieve it. This is hampered when a reassessment using the TUG test takes place after a multidisciplinary program. During the physiotherapy sessions of the program, patients usually learn safety strategies to apply during walking and postural transitions that require being focused on the movement while doing it. Many of these strategies are applied during the TUG test, thereby hindering its ability to detect an improvement in patients' FM (27).

There is increasing evidence that TOMs may improve the sensitivity, accuracy, reproducibility, and feasibility of data capture, detecting improvements that the clinical tests are not able to find (6). Previous studies reported a greater sensitivity of TOMs, over the traditional clinical scales, in differentiating the gait and turning of PD patients from healthy controls (27).

The use of outcome measures of higher sensitivity and accuracy, which can predict TUG changes (step length and step time asymmetry), may help obtain a more complete and objective evaluation of patients' FM limitations and thereby favoring more personalized clinical decision making (6, 28). In the research field, the use of standardized outcome measures, with high responsiveness to change and low variability, not only enables better interpretation and discussion of research findings but also avoids unnecessary increases in complexity, duration, and financial expenses of studies (6).

Despite the benefits associated with the use of TOMs for assessing FM, from our experience, they also have some limitations. The currently available sensors, although smaller and lighter, remain too intrusive, leading patients to reject their use. Also, in PD patients with behavioral changes, the use of sensors may not be possible. One of the patients was excluded from the FL analysis, after having thrown away the sensors during an episode of delirium.



Supervised vs. Free-Living Assessment

According to our results, the responsiveness of the outcomes and their ability to predict TUG changes differ depending on the type of assessment.

There is a growing awareness that, depending on the assessment conditions, the results related to gait and postural transitions can differ substantially, with a weak association between the results in both scenarios having been reported (28, 29). Many factors can contribute to these differences: (1) the clear and standardized environment in supervised assessment, in the absence of distractions, emphasizes a measure of someone's best, rather than their usual performance; (2) FL conditions, with narrow corridors, variable lighting, obstacles, etc., forces continuous gait adaptations, inducing large variability and asymmetry in walking patterns; (3) movements in a supervised assessment are triggered by instruction, while FL movements are usually self-initiated, goal-directed, and embedded in a rich behavioral environment; and (4) patients frequently improve their performance when they know that they are being evaluated (21, 28, 29).

In the FL context, gait parameters, and therefore FM, may be influenced not only by physical characteristics but also by ongoing environmental and cognitive challenges (29). Variability and asymmetry-related parameters are especially sensitive to behavioral and environmental factors, better reflecting patients' interaction with the context and their ability to adapt gait patterns (28, 29). We hypothesize that this may be one of the causes of step time asymmetry identified as the FL kinematic gait parameter, which better predicts TUG changes. Although it has only captured a small effect size of the intervention, having a high ecological validity, FL step time asymmetry seems to provide a more realistic picture of the impact of the disease in PD FM, whereby even small changes should be valued (27).



Length of Walking Bouts

We performed an exploratory analysis to understand how FL gait parameters behave when different bout lengths were used in the analysis. According to our results, there appears to be a link between the ability to capture an improvement and the length of the bout. The longer the walking bouts, the higher the velocity and length of stride/step and the lower the cadence, variability, and asymmetry.

A previous study exploring the impact of environment and bout length in PD patients' gait reached similar conclusions, i.e., the longer the bouts, the higher the increase in step velocity, step length and swing time variability and the lower the variability and asymmetry of gait. The authors also reported that the parameters analyzed in longer bouts were more similar to those measured in a supervised environment (21).

Walking bout length is influenced by the type of environment and activity patients are engaged in (21). Currently, the most suitable length of walking bouts used in FL analysis is not established (21). The majority of studies investigating gait characteristics in FL conditions use bouts longer than 60 s. However, it has been reported that PD patients in FL conditions more often perform a large number of very short bouts (≤10 s) than prolonged bouts (21). According to the literature, bouts of 30–60 s usually represent indoor activities, while bouts > 120 s correspond to walking outdoors. Only bouts with at least 30–60 s were able to discriminate PD patients from healthy controls (21).



Limitations

This study presents two major limitations: a small sample size (n = 24) and high heterogeneity in the included population. We believe that these aspects may overestimate the variability of the measurement tools, influencing the power calculations. We expect that future studies with a large and less heterogeneous population will need a smaller sample size. As an open non-controlled study, we hypothesize that in future larger, controlled trials, the detected effect size will be smaller. However, since this was not an efficacy study (due to the absence of a control group) and an improvement was observed, despite these limitations, we believe that our results are informative and important for the PD field. Also, we believe that the use of broad inclusion criteria in this study not only did not interfere with its aims but also better mimics the real scenario of the intervention and assessments, increasing its external validity. To minimize the impact, the study was conducted in a single tertiary care center.

According to our results, the TUG test did not achieve a statistically significant improvement. However, some of the gait parameters (including step length) not only reached a statistically significant result but also showed a higher sensitivity to change. Since all other results point to an improvement at the end of the program, we believe that this difference may be explained by the greater accuracy and sensitivity to change of TOMs when compared to the traditional clinical scales. A previous study has already highlighted this potential problem, highlighting that the validation of TOMs is often based on their correlation with validated clinical measures and that results may be undesirable, due to the superior capacity of TOMs for capturing the phenomena of interest (30).




CONCLUSION

Although we cannot attribute the observed improvements to the specialized multidisciplinary program, our results suggest a methodological approach for identifying outcome measures to assess FM changes, in response to a therapeutic intervention.

From all the outcome measures included in the study, only the TUG Cognitive, step length, and FL step time asymmetry were identified as having the ability to predict TUG changes. The kinematic parameters seem to present higher responsiveness to change when compared with the traditional clinical tests. According to our results, supported by published evidence, the longer the bouts, the higher the sensitivity of detecting an improvement.

Our results support the use of kinematic assessments in evaluating the effect of multidisciplinary interventions in PD FM. The FL step time asymmetry seems a very promising outcome measure to assess FM in PD. Nevertheless, there are some aspects of FL assessments that need to be improved, such as establishing the best data collection protocol and developing less intrusive sensors.

To improve the interpretation of results of responsiveness to change in a complex and fluctuating disease such as PD, it is necessary to clarify the variation of gait parameters in the absence of pharmacological and non-pharmacological therapeutic interventions. This requires repeating the assessment protocol in ON- and OFF-state medication and several times during a short period, thereby clarifying the effect of pharmacological interventions, permitting an understanding of the impact of motor fluctuations and minimizing the interference of disease progression. More studies are also needed to explore the cut-off points from which FM is considered to be affected and the smallest amount of change, in the identified parameters, considered important by the patient or clinician (i.e., the minimal clinically important difference).
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Ten participants were removed, including only one Met carrier with the score of 7 (

Val carriers (GG)
N=81

3.65, £4.56 (0-20)
1.00, £1.72 (0-8)
1.35, +2.21 (0-13)
0.64, 1.34 0-8)
0.10, £0.46 (0-3)

0.57, 118 (0-4)

Met carriers (GA,
AAN =45

7.40, £8.14 (0-29)
1.40, £2.03 (0-8)
284, £8.40 (0-12)
1.18, +2.83 (0-13)
0.4, £1.42 (0-7)

1.53, £2.56 (0-11)

p-value*

0.03*
0.26
0.008
0.87
0.09

0.02

=126).

Val, valine; Met, methionine; MBI-C, mild behavioral impairment checklist; MoCA, montreal

cognitive assessment; SD, standard deviation; Min, minimum; Max, maximum.

"Al the analysis was done by Mann-Whitney U test because of the data normality.

“p-value was set to <0.01 to correct for multiple tests, Bonferroni correction.
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Covariate Estimate SE  Wald’schi p-value* OR  95% Cl

square
BDNF Met allele 148 048 9.64 0002* 437 1.71-11.14
MoCA —-0.14 006 4.84 003 087 077-098
UPDRS-IIl 004 0.02 3.76 0.053* 1.04 1.00-1.09
Constant -071 171 0.19 0670 NA NA

Tenparticipants were removed, inclucing only one Met carrier with the score of 7 (n = 126)
Val, veline; Met, methionine; MBI-C, mild behavioral impairment checkist; S, standard
error; OR, odds ratio; C, confidence interval; NA, not applicable.

*Multile logistic regression model, N = 126, Nagelkerke pseudo R? = 0.24, Hosmer
and Lemeshow goodness-of-fit test p = 0.31 (df = 8), correct cases overall percentage
77.8%.

‘p-value was set to <0.01 corrected for multiple tests, Bonferroni correction.
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MBI-C scores Mean, SD (Min-Max) Val carriers (GG) N = 90 Met carriers (GA, AA) N = 46 12, Beta (C1 95%) p-value*

MBI-C total 4.06, £4.50 (0-20) 7.39, £8.05 (0-29) 0.13,0.25 (1.17-5.35) 0.008"
Drive/motivation 1.10, £1.72 (0-8) 1.43, £2.02 (0-8) 006,007 (~0.38 10 0.92) 041
Mood/anxiety 1.48, £2.21 (0-13) 2.87, £8.36 (0-12) 0.10,0.24 (0.46-2.35) 0,004+
Impulse dyscontrol 079, £1.43 (0-8) 1.15, +2.80 (0-13) 0.03,0.10(~0.28 t0 1.16) 023
Social inappropriateness 0.16, £0.62 (0-4) 043, +£1.41 (0-7) 0.04,0.14(~0.07 to 0.63) 011
Abnormal thoughts/perception 0.53, +1.00 (0-4) 1.50, +2.54 (0-11) 0.12,0.23(0.26-1.48) 0006

MoCA and UPDRS scores were used in a multiple linear regression model. In total, 10 PD participants were identified as outliers and removed from the analysis.
Val, valine; Met, methionine; MBI-C, mid behavioral impairment checkiist; SD, standard deviation; Min, minimum; Max, maximum; MoCA, montreal cognitive assessment; C1 95%, 95%

confidence interval.
“Analysis was performed using multile linear regression model inciuding MoCA and UPDRS scores in the model. MoCA and MBI-C total scores were negatively correlated (rp = 0.17,

= 0.043), while UPDRS and MBI-C total scores were positively correlated (rp = 0.23, p = 0.007).
"p-value was set to <0.01 to correct for multiple tests, Bonferroni correction.
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Covariate Estimate SE  Wald'schi p-value* OR 95%Cl

square
BDNF Met allele 1.06 044 5.82 002 288 1.22-6.78
MoCA -0.14  0.06 5.96 002 087 0.78-0.97
UPDRS-IIl 005 0.02 4.68 003 1.05 1.00-1.09
Constant 0.10 1.60 0.004 0.96% NA NA

Va, valine; Met, methionine; MBI-C, mild behavioral impairment checkist; SE, standerd
error; OR, odds ratio; Cl, confidence interval; NA, not applicable.

*Muttile logistic regression model, N = 136, Nagelkerke pseudo R2 = 0.22, Hosmer
and Lemeshow goodness-of-fit test p = 0.85 (df = 8), correct cases overal percentage
74.3%. *p < 0.05.
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Adapted from Venhovens et l. (4). *Gender (mele or female). **Disease duration (calculated from symptom onset in years). ***Orthostatic hypotension (Ortho). ****Freezing of gait (FOG).
*+**Postural imbelance, P (C, complete imbalence on pull testing without unaided recovery of balance; P partial imbelence on pull testing with unaided recovery of balance requiring 2

or more backward steps).
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Adapted from Venhovens et al. (4). *Cervical (cVEMP) and Ocular (oVEMP) vestibuler evoked myogenic potentials: Right/Left responses (A, absent response; D, deleyed response;
-, normal response). **Subjective Visual Vertical (SW): +, abnormal; -, normal. **Videonystagmography (VNG) and calorisation results: Clalorisation; VR, vestibular paresis
(eftright/bilateral); DR, directionel preponderance (leftright/bilteral): S{accade testing): Ofptokinetics); smooth Plursuit; sponteneous Niystagmus) in dark and light condlitions; R(otary)
chair testing; F(ixation) suppression testing; +, abnormal: -, normal.
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Adapted from Venhovens et al. (4). *Frequency of faling (¥, once a year; 6M, once
every 6 months; 3M, once every 3 months; 1M, monthly; W, weekly; D, deil). “ABC-16
questionnaire (16-items specific confidence of balance scale). *Loss to follow-up.
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Balance domain Measure Fixed factor Beta t-value Lower CI Upper CI p-value

Gait Arm ROM (degree) Intervention -15.883 -7.88 —19.865 —11.902 <0.001
Order 2,958 1.468 -1023 6.938 0.144

Period ~2.087 —1.021 ~6.087 1.922 0.309
DT Gait speed (m/s) Intervention -0.102 -5.412 -0.139 —0.065 <0.001
Order 0.016 0834 ~0.021 0,053 0.408

Period -0.043 -2.301 -0.08 -0.006 0.023
Trunk coronal ROM (degree) Intervention -058 -4.052 -0.862 —0.207 <0.001
Order 0014 0095 ~0.269 0296 0925

Period ~0.005 -0.032 -0.287 0278 0974
Foot strike angle (degree) Intervention ~1.606 -375 -2.452 -0.76 <0.001
Order ~0.445 —1.04 ~1.201 04 03

Period ~0862 —2012 —1.707 ~0016 0.046

Toe off angle (degree) Intervention -0.706 —2.414 ~1.283 -0.128 0017
Order 0176 0602 ~0.401 0753 0548

Period -079 -2.705 ~1.368 -0213 0.008

DC Stride length (%) Intervention -2.021 —1.606 -4.507 0.465 o011
Order 1.203 1.028 ~1.192 8777 0.306

Period —0.127 ~0.101 —2612 2358 092

Trunk sagittal ROM (degree) Intervention -0.205 —1.714 —0.441 0.031 0.088
Order 0.209 1.751 ~0.027 0.445 0.082

Period -0.047 -0.393 -0.283 0.189 0.695

Stance time (%) Intervention 0.287 1.684 -005 0623 0,004
Order ~0.139 -0815 -0475 0.198 0.417

Period 0.469 2751 0.132 0.805 0.007

Gait cycle duration SD (s) Intervention 0.001 0389 -0.003 0.005 0.698
Order —0.001 -0513 -0005 0.003 0.609

Period 0,005 245 0.001 001 0015

DT Trunk transverse ROM (degree) Intervention -0.113 -0.41 -0.657 0.431 0.682
Order ~0.16 ~0.581 ~0.704 0384 0562

Period 0.031 0.112 -0513 0575 0911

Turn velocity (degree/s) Intervention 1.754 0544 —4619 8.127 0587
Order ~0575 -0.178 -6.945 5795 0.859

Period ~729 —2.261 ~13.66 -0.92 0.025

Sway EOFoam RMS ML (n/s?) Intervention 0016 2233 0.002 0.029 0.027
Order 0.005 0719 ~0.009 0019 0473

Period 0007 1.002 ~0007 0021 0318

EOFoam Jerk AP (m?/s%) Intervention 4871 1916 ~0.159 9.901 0,058
Order -0.059 -0.023 -5.086 4.968 0.982

Period —3.604 —1.418 -8:632 1.424 0.159

ECFirm Velocity ML (V) Intervention 0.023 1.443 ~0.008 0.054 0.151
Order 001 0652 -0.021 0.042 0516

Period —0.015 -0.928 -0.046 0017 0355

EOFoam RMS AP (m/s?) Intervention 0,013 1.102 ~001 0.036 0272
Order 0013 1.122 -001 0.036 0.264

Period 0.001 0044 -0.023 0.024 0.965

EOFirm Sway area (m/s?) Intervention -0.007 -0.713 -0.025 0.012 0.477
Order 0.017 1.837 ~0.001 0.036 0,068

Period 0 0.004 -0.019 0.019 0.997

APAS First step ROM (degree) Intervention -394 -3.265 -6.323 —1.557 0.001
Order -1.235 -1.024 -3.617 1.147 0.307

Period 1.808 1.499 -0574 419 0.136

Peak ML (m/s?) Intervention -0.008 -3.016 -0.013 ~0.003 0003
Order -0.003 ~1.305 ~0.009 0002 0.194

Period —0.007 —25613 -0012 -0002 001

Latency (5) Intervention 0066 1.719 ~0.01 0141 0088
Order 0012 0324 -0063 0088 0747

Period -0042 —1.087 ~0.117 0034 0279

DT Latency (5) Intervention 0023 0.47 -0.073 0118 0639
Order ~0.003 ~0.072 -0.009 0092 0043

Period ~0.031 —0.641 ~0.126 0064 0523

DT peak ML (m/s?) Intervention —0.001 ~0.234 ~0.005 0004 0815
Order —0.004 —1.684 ~0.009 0001 0094

Period -0.002 ~0.619 -0.008 0003 0537

APRs Length ML (m) Intervention 0043 1.969 0 0086 0051
Order 0007 0.304 ~0.087 005 0.761

Period -0.02 -0917 -0.063 0.023 0.361

Time to stabiity () Intervention ~0.007 ~006 -0233 0219 0952
Order —0.073 ~0.638 ~0.298 0.153 0525

Period 0047 0.409 ~0.179 0272 0683

Length vertical (m) Intervention 0.005 1.133 ~0.003 0012 0259
Order 0,003 0686 ~0.005 0011 0494

Period ~0.005 —1.288 ~0.013 0003 02

Values in bold indicate significant intervention effects at p < 0.01. Lower and upper 95% confidence intervels (Cis) for beta are also presented. Italic values indicate standardized
response mean (SRM). Objective measures are arranged in descending order of SRM for Exercise intervention.

ROM, range of motion; DT, dual-task; DC, dual-task cost; EOFim, fim surface with eyes open; EOFoam, foam surtace with eyes open; ECFirm, firn surface with eyes closed; RMS,
root mean square; ML, medio-lateral: APAs, anticipatory postural adjustments; APRs, automatic postural responses.
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Mean approach ROC approach

Objective measure ~ Perceived change of Mobility N Mean LowerCl UpperC/ SRM Cutoff Sensitivity Specificity LR+ LR- AUC

Arm ROM 1 Mild improvement 11 23.00 11.62 34.39 119 17.66 0.56 0.70 182 066 064
0 No change 11 1353 6.60 20.46 1.15

Perceived change of ADL N Mean LowerC/ UpperCI SRM Cutoff LR- AUC

Arm ROM 1 Mild improvement 13 2120 11.22 31.19 1256 17.16 053 067
0 No change 12 1158 4.53 18.63 097

DT Gait speed 1 Mild improvement 13 0.14 0.08 0.19 138 0.13 0.69 0.73 264 042 067
0 No change 12 010 0.08 0.16 0.86

ROM, range of motion; DT, dual-task; ADL, activities daily living; Cl, confidence interval; SRM, standardized response mean; LR+ positive likelirood ratio; LR-, negative likelihood ratio;
AUC, area under the curve.
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All Exercise First Education
(N = 86) N =44 First (N = 42)

Mean SD Mean SD Mean SD  p-value

Male/Female 58/28 30/14 28/14 0.881%
Age 688 76 677 67 700 82 0152
Height (cm) 1740 96 1740 103 1741 89  0997°
Weight (ko) 794 153 815 156 772 147 019
Disease Duration 6.5 50 62 44 67 55 0921°
(years)
MDS-UPDRS
Total 682 204 672 202 693 207 0651
Part il 423 122 407 111 439 131 0282
PIGD score 54 28 49 25 59 30 000
Mini-BESTest 181 48 186 43 175 52  0438°
ABC scale 804 160 803 17.7 804 140 0635°
PDQ-39 165 116 167 115 163 118 0788°
MoGA 256 35 265 29 246 39 0016°
Hoehn and Yahr 1/69/8/8 1/38/4/1 or31/417 0.1042
stage
vy
FoG/without 42/44 23/21 19/23 05142
FoG

Groups compared using independent sample t-test, Mann-Whitney U-test, or chi-
squared test and significance level of 0.01.

*Chi-squared test.

bMann-Whitney U-test.

PD, Parkinson’s disease; MDS-UPDRS, Movement Disorder Society-Sponsored Revision
of the Unified Parkinson’s Disease Rating Scale; PIGD, postural instabilty and gait
disabilty; Mini-BESTest, mini Balance Evaluation Systems Test; ABC scale, the Activities-
Specific Balance Confidence scale; PDQ-39, Perkinson’s Disease Questionnaire-39;
MoCA, Montreal Cognitive Assessment; FoG, Freezing of Gait.
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Balance Objective measure Baseline Change after 6-week education ‘Change after 6-week ABC-C
domain

Mean (SD) Mean(SD)  SRM LowerCl UpperCl  Mean(SD)  SRM LowerCl Upper Cl
Gait Arm ROM (degree) 2619 1209 -081 987 -009 -0.30 013 1502 1089 095 068 121
DT Gait speed (imvs) 078 02 001 042 011 -0.11 033 042 01 094 067 121
“Trunk coronal ROM (degree) 4 161 -009 073 —0.35 009 048 107 045 022 068
Foot strike angle (degree) 1168 546 -02 229 -030 0.13 144 32 045 022 068
Toe off angle (degree) 3004 466 012 189 -0.15 028 084 193 043 020 066
DC Stride length (%) -106 753 084 86 -0.12 032 283 744 04 016 063
Trunk sagittal ROM (degree) 378 08 011 068 -005 039 081 08 087 014 059
Stance time (%) 6137 192 -017 089 -0.41 002  -047 131 -086 -058  -0.13
Gait cycle duration SD (s) 004 002 O 001 -028 0.15 0 001 -014 -036 008
DT Trunk transverse ROM 69 2 003 173 -020 024 015 173 009 -0.14 031
(degree)
Turn velocity (degree/s) 13485 8528 226 17831 043 -0.09 035 075 2384 003 -0.19 025
Sway  EOFoam RMS ML (s?) 0121 0046 0005 0036 013 -0.11 036  -0012 0046 025 -050  —001
EOFoam Jerk AP (m/sS) 808 1026 128 1897 009 -0.15 033 345 159 -022 008
ECFirm Velocity ML (n/s) 0125 0078 0003 0092 003 -0.19 026 -0019 0.101 —0.19 004
EOFoam RMS AP (m/s?) 0132 0047 0002 0084 003 -021 026 -0012 0073 -0.46 008
EOFim Sway area (1/s?) 0095 0062 O 0057 001 -022 023 0007 0059 012 036
APAs  Firststep ROM (degree) 3025 863 -137 809 -017 -0.39 005 255 748 034 057
peak ML (n/s?) 0032 0013 0008 0016 —021 -0.43 002 0005 0018 028 051
Latency () 072 028 003 0226 0143 -009 036  -0034 025 -0.14 0.09
DT Latency (5) 074 021 0052 08342 0145 -008 033 0031 0221 014 038
DT peak ML (m/s?) 0.031 0.016 -0.001 0.014 -0.28 0.18 0 0.016 0 0.24
APRs  Length ML (m) 0153 041 0024 028 049 -005 043 0018 0.122 044 -039 o011
Time to stabilty (5) 13 068 -0079 0662 -012 -034 014 -0074 0642 -0.42 -037 0.13
Length vertical () 0044 002 0002 0022 01 0.6 032  -0002 0025 —009 -034 0.16

Lower and upper 95% confidence intervels (C) for standardized response mean (SRM) are also presented. Objective measures are arranged in descending order of SRM for Exercise
intervention. ROM, Range of Motion; DT, Dual-task; DC, Dual-task Cost; EOFim, Firm surface with Eyes Open; EOFoam, Foam surtace with Eyes Open; ECFirm, Firn surface with Eyes
Closed: RMS, Root Means Square; ML, Medio-Lateral: APAs, Anticipatory Postural Adjustments; APRs, Automatic Postural Responses.
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Characteristics Val carriers (GG)

mean, SD (Min-Max) n=90

Age 69.2, 8.1 (47-86)

Sex (female 36%

percentage)

Education (year) 14.8, £2.8 (8-21)

LEDD 809.7, £401.6
(200-1925)

Disease duration 571, +4.4

(vear) (0.2-16.1)

UPDRS-IIl 18.2, £10.0 (0-50)

MoCA 26.3, 4.0 (13-30)

Handedness

Right-handed 84%

Left-handed 12%

Ambidextrous 2%

NA 1%

Ethnicity %

Caucasian 86.7%

Other 7.8%

NA 55%

Exercise (hours per 5.8 4.8 (0-28) ¢
week)

Met carriers (GA,
AA)n =46 (TT =4)

66.7, £7.8 (48-79)
48%

14.87, £2.5 (9-19)

822.3, £373.3
(225-1675)

5.57, £3.9 (0.2-18.2)

20.3, +11.2 (0-49)
25.9, +3.2 (18-30)

87%
6%
2%
4%

91.3%
4.0%
4.0%

6.2+ 45(0-20)

p-value

0.09*
0.20°

0.89*
0.86*

0.86*

0.272
0.422

0.49°

07°
0.8°

Qutliers were identified based on three standard deviations away from the mean values
of demographic and clinical characteristics; 10 participants were removed as outlirs.

Val, valine; Met, methionine; SD, standard deviation; Min, minimum; Max, maximum;
LEDD, Levodopa equivalent daily dosage; UPDRS-Ill, unified Parkinson’s disease rating
scale part ll; MoCA, montreal cognitive assessment.

aStudent t test.
PFisher exact test (two-sided).
CChi-square test (two-sided).

9Data were not available for two of the participants in the Val group.
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Caffeine concentration in serum (ng/mi)

Before coffee intake After coffee intake
Sample 1 348 2,761
Sample 2 589 2275

Sample 3 612 7914
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FCSRT
Total free recall
Total recall
Delayed free recall
Delayed total recal

a=bControls vs. PD-NC.
b=CPD-NC vs. PD-MCI.

*Cohen’s d for PD-NC vs. PD-MCI comparisons.

Controls®

287£75

416+6.7
96+3.1
142+26

PD-NC®

245%7
428+56.1
943
144418

PD-MCI®

167£7

361491
64£3
1+3

ANOVA

<0.001
<0.001
<0.001
<0.001

Turkey’s

270,300 °-¢ <0.001
4-0,872; =° <0.001
2-20,952; = <0.001
2-50,878; °-° <0.001

Cohen’s d”

1.09
1.23
1.03
1.60
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Anatomical region Cluster size T value MNI coordinates (x, y, 2)

FCSRT delayed free recall
Left mid temporal (BA 21) / postcentral / superior temporal (BA 41)° 2,799 463 —60, -26, -5
-67,-21,26
-57,-18,8
Right mid temporal 551 325 60, 39,9
Left nferior parietal (BA 40) 498 376 47, 45,45
Right superior frontal 371 355 21,6,59
FCSRT delayed total recall
Right SMA / superior frontal (BA 6)" 1,832 4.44 17,11,66
21,8,60
Left mid temporal (BA 21) 606 3.90 —60, 26, -5
FCSRT delayed free recall
Left superior temporal (BA 22) 1.212 372 —46,-7,1
Left nferior frontal (BA 47) 916 3.44 —40,14, -5
Left hippocampus 884 441 -6, -21, 15
Left mid temporal 509 3.69 56, -25, -5
Left middle temporal 246 423 —54,-59, 1
FCSRT delayed total recall
Left inferior frontal* 4,158 404 —45,12,22
Left postcentral 2,307 370 88, 11,27
Left superior temporal 1.210 331 —62,-16,1
Left inferior temporal 574 379 40, -18, ~19
Left superior temporal pole 553 412 43,13, -23

*Cluster level FWE corrected (p < 0.05).
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Controls PD total sample PD-NC PD-MCI P Pt

Age (years) 663:£7.4 68483 675481 72949 0251
Gender (m/f) 21/20 72/42 64/28 814

Education (years) 13248 122447 13444 87444 0250
Disease duration (years) - 53£34 531 61£42 -
MDS-UPDRS Il 12£12 252481 24474 29849 <0.001
HaY®? - 202 2£02 202 -
Total LEDD* - 565 % 312 5714320 540+ 282 -

@Movement Disorders Society—Unified Parkinson's Disease Rating Scale part .
bHoehn and Yehr stage.

*Total levodopa equivalent daily dose.

*P-values were determined with t-test for independent samples between healthy controls and PD.
1 p.values were determined with t-test for independent samples between PD-NC, and PD-MC.





OPS/images/fneur-11-00240/fneur-11-00240-t002.jpg
PD-CRS Total score
Frontal-subcortical
Posterior-cortical
Attention

Corsi Forward

Digit span forward
Executive functions
Phonetic fluency

Corsi Backward
Memory

PD-CRS delayed memory total recall
ROCFT —80 min'
Language

BNT-60?

Semantic fluency
Visuospatial

Juor

VOSP—number location®

Controls®

1012+ 12.9
723+ 121
289+ 1.7

52£09
55+1

154+ 46
48+09

66+18
16.1£58

546467
206+48

23.3+46
19.7£1

1 Rey-Osterrieth complex figure test —30 min delayed recall.

2Boston Naming Test ~60 items.
3Judgement of line orientation test.

“Visual object and shape perception test.

a-bControls vs. PD-NC.
b-cpp.NC vs. PD-MCI.

PD-NC®

95+ 16.4
66.4 %+ 14.6
285+1.7

52+09
55+1.1

155+£4.9
47+1

62+24
133+£68

54.7+4.6
19+55

2245
196 £09

PD-MCI®

73474
48T
271 +2

4141
46+0.7

87+34
34+08

4517
48+£53

477£562
121£32

151+ 6.9
193+£1.2

ANOVA

<0.001
<0.001
<0.001

<0.001
<0.01

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
0.351

Turkey’s

2-20,056; °=¢ <0.001
2-50,057;>-¢ <0.001
220,694; ®=¢ <0.005

2-50,987; ¢ <0.001
2-00.947;5-¢ <0.005

2-50,998; °-¢ <0.001
2-50.878; ®¢ <0.001

2-20,660; °=° <0.001
2-20,076; °-¢ <0.001

-0.685; °~° <0.001
4-00,220; 50,001

-60,679; >-° <0.001
a-0,907; b-°0.424
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Cutoff  Sensitivity ~ Spe AUC  P-value

Postural tremor frequency
Head 5.20 67% 100% 0775 0028
Upperlimbs ~ 5.45 100% 83% 0727 0003
Lowerlimbs 598 100% 83% 0701 0.160
Postural tremor ampltude
Head 477.50 57% 90% 0793 0040
Upper limbs ~ 393.00 86% 60% 0716 0004

ET-PD, Parkinson’s disease developed from essential tremor; t-PD, tremor-dominant
Parkinson’s disease; ET, essential tremor.
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Scores/features DBS-off DBS-on Improvement

(Mean  SD) rate
Clinical scale
UPDRS-II 63.42£17.85 811941435  052:£015()
UPDRS-t 15605618  871+218  076+0.15()
EMG feature
Frequency domain
Peakfrequency  4.93+0.98 4774281 0.08+056 (ns)
Peakfrequency 44571108 11301454  079%0.41 ()
PSD
MDP 20407 £191.34 21664272 087 £0.16()
MNP 50009419  476.04+2032 0.05+006()
R 0.15+0.06 042£007  0.16+0.46()
Time domain
WRMS 421398 046+057  084%0.17()
MMAV1 32.73 £25.62 3.93 £5.59 0.85+0.15()
MMAV2 227941830 2834428 084084 ()
WL 1665.10 4 1869.91 125.81 +£263.30 0.86+0.30(")
zc 969 +6.54 2204345  071+£052()
SSC 12.63 871 331£477  065+0.60()
SampEn 064 0.30 1124040  —1.31£1.63()

The UPDRS-liland UPDRS-t were evaluated among 35 patients, and data for four patients
were missing or not recorded.

GP, globus pallcus intera; STN, subthalamic nucleus; ns, non-significant, *Indicates
p < 0.001.
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Variables EMPD(n=22) ET(1=42)  P-value

Demographic characteristics

Age, years (mean % SD) 64.14£926 59,10 % 10.47 056
Sex: No. men/women 1012 23/19 0.48
Clinical characteristics

Family history 18(59) 27 (69) 0683
(Postural/kinetic tremor),

n (%)

Ageatonsetof ET,years ~ 50.86+ 1211 4183£1662 0025
(mean  SD)

Disease duration of ET, 1327+999 1740+ 1147 0054
years (mean  SD)

Disease duration from ETto  12.80 +2.18 - -

PD onset, years
(mean + SD)

Constipation, n (%) 7(82) 9@1) 0362
Hyposmia, n (%) 6(27) 2() 001"
RBD, n (%) 8(36) 7017 0077
HAMD (mean + SD) 1288690  9.50+7.43 0.122
HAMA (mean # SD) 13.88 £ 4.39 9.40 £ 8.03 0.114
MMSE (mean + SD) 23334796  2280+£877 0572
MoCA (mean =+ SD) 1750 £ 7.71 18.70 + 8.06 0.909
Bradykinesia, n (%) 10 (45.50) 5(12) 0.003*
Rigidity, n (%) 732 1Q) 0.001*
Postural abnormality, n (%) 7(32) 12 0.001*
Drinking responsiveness, 5(29) 18 (43) 0.411
n (%)

Avotinolol responsiveness, 6(37.50) 25 (60) 0014*
n (%)

Unilateral disease onset, 13(59) 13 31) 0.020°
n (%)

Bilateral disease onset, 9(41) 29 (69) 0029
n (%)

Upper limb tremor, n (%) 22 (100) 42(100) -
Lower limb tremor, n (%) 15 (68) 9@1) <0.001*
Head tremor, n (%) 10 (45.50) 18 (43) 0842
Mandibular tremor, 1 (%) 5(29) 25 0.029"
Resting tremor, 1 (%) 16.(79) 20 (48) 0019*
Postural tremor, n (%) 22 (100) 41(08) 0.466

Electrophysiological description
Resting tremor
Frequency (Hz)

Head 478+£025 592098 0088
Upper limbs 456087 533120 0.064
Lower limbs 472088 -

Amplitude (V)
Head 352,00+ 9857 309.10+10555 0525
Upper limbs 1104.27 + 435.39 689.11£31305 0132
Lower limbs 469.23 +313.38 - -
Synchronous patterns, n (%)
Head 4/5 (80) 5/5(100) 0292
Upper limbs 516 (31) 9/18 (50) 0332
Lower limbs 5/10(50) 0
Alternating patterns, n (%)
Head 05 (0) 5 (0) -
Upper limbs /16 (50) 8/18 (44) 0877
Lower limbs 3/10 (30) 0 -
Synchronous and alternating patterns, n (%)
Head 115 (20) 5 (0) 0292
Upper limbs 3/16 (19) 1118 6) 0212
Lower limbs 2/10 (20) o .
Postural tremor

Frequency (Hz)

Head 450£045  5.41£101 0.007"
Upper limbs 515+£104 618149 0.003"
Lower limbs 510£137  635£091 0.035"

Amplitude(V)

Head 474.07 £+ 166.99 661.97 £242.99 0.738
Upper limbs 141970442617 92291 £13529 0364
Lower limbs 1,080.23+221.46 504.96 £263.43 0132

Synchronous patterns, n (%)

Head 577 (71) 14/16 (87.50) 0.499
Upper limbs 4122 (18) 22/40 (55) 0.005*
Lower limbs 8/11(79) 3/3 (100) 0308

Alternating patterns, n (%)

Head 070 1/16 (6.25) 0349
Upper limbs 10722 (46) 9/40 (22.50) 0.061
Lower limbs 1119 53 (0) 0588

Synchronous and alternating patterns, (%)

Head 27 (29) 1/16 (6.25) 0.144
Upper limbs 8/22 (36) 9/40 (22.50) 0242
Lower limbs 2/11 (18) 3 (0) 0.425

ET-PD, Parkinson's disease developed from essential tremor; ET, essential tremor; RED,
rapid eye movement sleep behavioral disorder; HAMD, Hamiton Depression Scale;
HAMA, Hamilton Anxiety Rating Scale; MMSE, Mini-Mentel State Examination; MoCA,
Montreal Cognitive Assessment; UPDRS, Unified Parkinson's Disease Rating Scale.
*This P-value indicates a statistically significant difference.
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Variables ERPD(n=22) t-PD(n=47) P-value

Demographic characteristics

Age, years (mean  SD) 64.14+9.26 63.28+7.01 007
Sex: No. men/women 1012 24/23 067
Clinical characteristics

Family history 13(59) 9(19) 0001
(Postural/kinetic tremor),

n (%)

Ageatonsetof PD, years  63.16 % 9.62 5651+£805 0004
(mean + SD)

Disease duration, years 13.27 £9.99 683453 0008
(mean & SD)

Constipation, n (%) 732 39(83) <0.001*
Hyposmia, n (%) 6(7) 25(53) 0044
RBD, n (%) 8(36) 30 (64) 0.033"
HAMD (mean  SD) 12.88 £ 690 1.43£902 0774
HAMA (mean & SD) 13.88 + 4.39 1284:£734 0920
MMSE (mean + SD) 23.38+7.96 2600£309 0777
MoCA (mean = SD) 17.50 £ 7.71 2249471 0168
Bradykinesia, n (%) 10 (45.50) 47 (100) <0.001*
Rigidity, n (%) 7(32) 43(91.5) <0.001*
Postural abnormality, n (%) 7(32) 45 (96) <0.001*
UPDRS part 3 (mean £ SD) ~ 31.00  1.41 3839+ 17.71  0.661
Hoshn-Yahr (mean £SD)  2.41 +0.42 275085 0.054
Dopaminergic 732 30 (64) 0013*
responsiveness, n (%)

Uniateral disease onset, 13(59) 47 (100) <0.001*
n (%)

Bilateral disease onset, 9(41) 0(0) <0.001*
n (%)

Upper fimb tremor, n (%) 22(100) 44 (04) 0226
Lower limb tremor, n (%) 15.(68) 27(57) 0593
Head tremor, n (%) 10 (45.50) 36 <0.001*
Mandibular tremor, n (%) 5(3) 22(47) 0.038"
Resting tremor, n (%) 16(73) 42 (89) 0.024*
Postural tremor, n (%) 22(100) 47 (100) -

Electrophysiological description
Resting tremor

Frequency (Hz)
Head 478+ 025 463056 0.887
Upper limbs 456+ 0.87 4.47 £0.60 0947
Lower limbs 472088 421055 0.336

Ampltude (V)
Head 35200+ 9857 31856+ 184.14  0.646
Upper limbs 1,104.27+435.39 7035311251  0.464
Lower limbs 46023431338 42622 £7497  0.776
Synchronous patterns, n (%)
Head 4/5 (80) 5/9(56) 0.360
Upper limbs 5/16 (31) 6/37 (16) 0215
Lower limbs 5/10 (50) 10 (48) 0595
Alternating patterns, n (%)
Head 0/5(0) 1/9(11) 0.439
Upper limbs 8/16 (50) 28/37 (62) 0.409
Lower limbs 3/10 (30) 7(33) 0560
Synchronous and altemating patterns, n (%)
Head 1/5(20) 3/9(33) 0597
Upper limbs 3/16(19) 837 (22) 0813
Lower limbs 2/10 (20) 4(19) 0950
Postural tremor
Frequency (Hz)
Head 450045 4.40£0.79 0850
Upper limbs 516+ 1.04 4.96+0.70 0948
Lower limbs 510+ 1.37 484£0.79 0924
Amplitude(yv)
Head 47407 £166.99 29835417401  0022*
Upper limbs 1,419.70 & 426.17 787.48:197.85  0001*
Lower limbs 1,030.28 422146 740.85% 12607 0457
Synchronous patterns, n (%)
Head 5/7(71) 10/11 ©1) 0280
Upper limbs 4122 (18) 16/42 (38) 0.103
Lower limbs 811 (79) 18/31 (58) 0390
Alternating patterns, n (%)
Head 070 o110 -
Upper limbs 10/22 (46) 12/42 (29) 0477
Lower limbs 1/11(9) 5/31(16) 0567
Synchronous and altemnating patterns, n (%)
Head 277 (29) 1/119) 0280
Upper limbs 8/22 (36) 14/42 (33) 0808
Lower limbs 2/11 (18) 831 (26) 0610

ET-PD, Parkinson’s disease developed from essential tremor; t-PD, tremor-dominant
Parkinson's disease; RBD, rapid eye movement sleep behavioral disorder; HAMD,
Hamilton Depression Scale; HAMA, Hamilton Anxiety Rating Scale; MMSE, Mini-Mental
State Examination; MoCA, Montreal Cognitive Assessment; UPDRS, Unified Parkinson’s
Disease Rating Scale.

*This P-value indicates a statistically significant difference.
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Number of subjects (N)
Number of falling patients:

- Baseline (N, percentage)
- Follow-up (N, percentage)

Average falls/year (baseline):

- Al patients in total (average, SD)
- Only falling patients (average, SD)

Average falls/year (follow-up):

- Al patients in total (average. SD)
- Only falling patients (average, SD)

Change in falls/year (absolute, percentage)
- Al patients in total (absolute, percentage)

- Only falling patients (absolute, percentage)
ABC-16 fear of falling, basell
- Al patients in total (average, SD)

- Only falling patients (average, SD)

- Only non-faliing patients (average, SD)

ABC-16 fear of falling, follow-up:
- Al patients in total (average, SD)

- Only falling patients (average, SD)

- Only non-falling patients (average, SD)

Change in ABC-16:
- All patients in total (absolute, percentage)
- Only falling patients (absolute, percentage)
- Only non-falling patients

(absolute, percentage)

Fall injury, baseline (N, percentage):

- Noinjury

- Minor (e.g., cuts and bruises)

- Intermediate (e.g., simple fractures)

- Severe (e.g., fractures requiring surgery)
Fall injury, follow-up (N, percentage):

- Noinjury

- Minor (e.g., cuts and bruises)

- Intermediate (6.g.. simple fractures)

- Severe (e.g., fractures requiring surgery)
Treatment, baseline (N, percentage):

No treatment necessary
Self-treatment

- Outpatient doctor's treatment
Hospital admission (no surgery)
- Hospital admission for surgery

Treatment, follow-up (N, percentage):
- No treatment necessary

- Selftreatment

Outpatient doctor’s treatment

Hospital admission (no surgery)
Hospital admission for surgery

Parkinson’s
disease

30

11@7)
8(27)

6.4(158)
16.0 (22.1)

7.733)
28.8(8.8)

+13(+21.9)
+9.8 (+51.3)

729 (2.8)
50.0(4.6)
78.0(2.8)

705 @3.1)
560 (6.2)
758(2.9)

—2.4(-33)
-30(-5.1)
—22(-28

109)
9(82)
1)
0(0)

0(0)
788
0(0)
1(12)

2(18)
6(55)
2(18)
10
0(0)

0(0)
7(88)
0(0)
0(0)
1(12)

Atypical
Parkinsonism

14

10 (71)
7(54)

10.2 (18.1)
14.3 (203)

63.2(37.4)
117.4 (64.2)

+53.0 (+518.7)

+103.1 (+721.0)

64.7 (5.1)
57.9(6.4)
722 (6.3)

512(7.5)
38.8(8.4)
63.8 (10.5)

~185(-20.9)
~19.1(-33.0)
—8.4(-11.6)

1(10)
8(80)
00
1(10)

00
6(86)
1(14)
00

1(10)
7(70)
1(10)
0(0)

1(10)

0()
5(72)
1(14)
1(14)
0O

Healthy
controles

25

3(12)
5(20)

03(0.9)
27(12)

09(05)
4.42.0)

+0.6 (+175.0)
+1.7 (+65.0)

82.3(3.6)
60.8(9.4)
87.7(3.0)

80.3(3.6)
63.8(7.9)
87.0 (2.4)

—2.0(-24)
~7.0(-115)
~07(-08)

0(0)
1(39)
0(0)

1(20)
3(60)

0(0)
2(67)
1(83)
0(0)
0(0)

1(0)
2 (40)
1(0)
0
10

P-value*

0.054

<0.001
0.043

<0.001

0.032

0.164

0.006
0.914
0.010

0.001
0.190
0.009

0.028
0.156
0.506

0714

0.414

0714

0.427

P-value group-to-group
comparison*

Baseline Ppo_coniols = 0.087
Baseline Pap—contios <0.001
Baseline Ppp_pa = 0.032
Follow-up Peo_contas = 0.571
Follow-up Pap—contiots = 0.034
Follow-up Peo_pa = 0.090

Peo—controls
Pap—controls = 0.001
Ppp_pa = 0.039

Pap—controls = 0.
Ppp_pa =0.116

Al patients Ppo—conois
Al patients Pap_conois
Al patients Ppp_ap = 0.096
Non-falling Pep_controls
Non-falling Pap—controls = 0.
Non-falling Ppp_sp = 0.116

Al patients Ppp_conais = 0.022
Al patients Pap_coniois = 0.001
All patients Ppp_ap = 0.018
Non-falling Peo_conias = 0.010
Non-falling Pap—contos = 0.004
Non-falling Ppo_se = 0.081

All patients Peo_controls = 0.022
Al patients Pap_controis = 0.001
Al patients Ppp_ap = 0.018

Adapted from Venhovens et al. (4). “The P-value is calculated by means of an ordinal regression calculation (i the categorical variables), the Kruskal-Walls one-way analysis of variance
by ranks test (in the continuously distributed, independent, and non-parametrical variables for comparison of the 3 groups), and the Menn-Whitney-U test (i the continuously distributed,
independent, and non-parametical variables for group to group comparison). A significance level of 5 percent (ie., P < 0.05) was adopted for each analysis and significant P-value

results are printed in bold. **Fourteen patients completed the baseline examinations and one patient was lost to follow-up.
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Cervical VEMP

Abnormal  Normal
Falling patients (absolute 9 6
number)**

Non-faling patients (absolute 8 20
number)**

Al patients combined (absolute 17 2
numben)*

Ocular VEMP
Abnormal Normal

1" 4

13 15

2 19

CVEMP and/or oVEMP combined*

Abnormal Normal
15 [
16 12
31 12

CVEMP and oVEMP combined**

Abnormal Normal
5 10
5 23
10 33

*Abnormal result was defined as having at least one abnormal CVEMP and/or oVEMP test. **Abnormal result was defined as having an abnormal test result in both cVEMP and oVEMP
tests combined. ***Absolute number of patients that did fall or did not fall during follow-up. * One patient was lost to follow-up, therefor the total group of patients studied was 43.
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GVEMP and/or oVEMP
combined in patients with
postural instability*

Abnormal  Normal
Faling patients 15 0
(absolute
number)***
Non-falling
patients (absolute
number)***

Al patients 22 10
combined

(absolute

numben)*

GVEMP and oVEMP
combined in patients with
postural instability**

Abnormal Normal
5 10
1 16
] 26

*Abnormal result was defined as having at least one abnormal cVEMP and/or oVEMP
test. **Abnormal result was defined as having an abnormel test result in both cVEMP and
OVEMP tests combined. ***Absolute number patients that did fall of did not fall during
follow-up. *One patient was lost to follow-up, therefor the totel group of patients stuciied

was 43,
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Variable Value (Mean  SD)

Number of patients 39
Gender (male/female) 22117
Course of disease (Years) 826+ 6.17
Age at surgery (Years) 60.51+8.96
Hoehn-Yahr stage (Number)

2 2

25 14

3 19

45 4
DBS target (STN/GP)) 35/4

GPj, globus pallidus interna; STN, subthalamic nucleus.
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PD (Non-DBS) ET Control

Documented Mean SD  p-value  Documented Mean  SD p-value  Documented Mean  SD
(to control) (to control)

Total 26 - - 2,67 x 10~8 12 - - 0.087 20 - -

Last meds 14.50

PD (DBS)
Documented Mean sD p-value (to non-DBS PD)
Total 8 - - 3.56 x 107
Men 5 - - -
Women
Disease duration 1075 2.81 0.118
Years since implant 175 1.16

Significant results in bold. Each PD patient was classified as “Tremor-Dominant” (TD), “Postural Instability/Gait Difficulty” (PGID), or “mixed"”.
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Metric Definitions Equation

Distance - D = \xe ) —xr @)° + (e O —yr )

Tremor Magnitude “c (t)? is the analytic signal of the 3-10Hz TM () = X 02 +Jc (07
fitered cursor timeseries

Vector Error - VE =|Ci-Ti|

Tracking Angle = TA = cos™! (I%Frﬁ)

Siowness b=-0042 s = exp (221)

Speed Difference = so=5-9

Excursion Difference - xwm=1c|

Pressure Mean variance of the force captured by the -

iPad over the course of each epoch

Supplementary Definitions
Let “target trace” refer to the curve traced out by the target, and let “cursor trace” refer to the curve traced out by the cursor. Given a time t € {t)Lq, define:
Xc (t,ye (t:x and y coordinates of cursor trace.

xr (8),yr (t):x and y coordinates of target trace.

Further, given the i time (¢) bin of At € (At)L,, define:

G2 (xe () = Xc (= 1), () = yc (i = 1)) : vector representing the cursor trace for time b, i
(& ) — x7 G —1),y7 () — y7 (i — 1)) : vector representing the target trace for time bin, i.
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Dependent variable: TUG
change from baseline

Independent variables:
Clinical outcome measures

Independent variables:
Kinematic outcome
measures - Supervised
assessment
Independent variables:
Kinematic outcome
measures - Free-living
assessment

Predictors  R?

UG 075
cognitive

Step

length 055
Steptimo (o
asymmetry

Adjusted R?

0.72

053

051

R2 change

0.75

0.65

0.65

F

23.59

27.11

16.79

p-value

0.001

0.000

0.001

Unstandardized
B

0.42

—61.96

104.88

Standardized
coefficients B

0.86

-0.74

0.74

Collinearity
VIF

1.000

1.000

1.000
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Supervised assessment Free-living assessment

Gait parameters supervised

TUG normal 10-meter walk test Bouts longer than 60 s
assessment
Admission Change from p-value Admission Change from p-value Admission Change from p-value
baseline baseline baseline
Gait velocity (m/s) 0.71+0.19 0.06:+0.13 0.037 082 +021 0.05:+0.18 0.188 059+0.14 0.04£0.13 0.209
(8.5%) ©.1%) ©:8%)
Cadence (steps/min) 118.77 £ 12.00 1.94 % 13.02 0.472 119.92 + 18.72 3.6 + 12,95 0180 104931033 092917 0.695
(1.6%) 8.1%) (0.9%)
Stride length (m) 078+0.18 0.06:+0.14 0057 0.89 £ 0.20 004£0.17 0.204 0.69+0.16 0.05:£0.13 0.160
(7.7%) (4.5%) (7.2%)
Stride velocity (m/s) 0.71+0.19 0.06:+0.13 0,033 082 +0.21 005:+0.18 0.225 059014 0.04£0.13 0202
(8.5%) ©.1%) (©:8%)
Step length (m) 0.39 4 0.0 0.08 4007 0.049 0.4540.10 0.0240.08 0.230 0.34.£0.08 0,02 0.06 0.471
(7.7%) (4.4%) 6.9%)
Step velocity (m/s) 072019 0.06:£0.13 0.037 082021 005:£0.18 0.182 0.60+0.14 0.04:£0.13 0.220
(8.3%) ©.1%) ©.7%)
Stance phase (% of gait cycle) 75.0621.36 ~0.11£135 0708 76.35 £ 0.49 —0.18%1.32 0514 75.11£0.55 0204036 0.047
(0.2%) 0:2%) (0.3%)
Swing phase (% of gait cycle) 2474136 0.11:£135 0708 24,65 £ 0.49 0.18£132 0514 24894055 ~0.2040.36 0.047
(0.5%) 0.7%) (0.8%)
Double support phase (% of gait cycle) 253341.33 —0.13+1.36 0643 25.34 + 051 —019%1.27 0476 2511054 0.19:+036 0.050
(0.5%) 0.8%) (0.8%)
Step time (seconds) 056+ 006 ~0.02 £ 0.06 0893 055+ 007 —00140.06 0525 0.60 % 0.06 0.002 & 0.06 0.896
(3.6%) (1.8%) (0.3%)
Stance time (seconds) 084.+009 ~0.01 £ 0.09 0.800 0.83£0.10 —00140.09 0589 0.90+0.09 0.004  0.09 0845
(1.2%) (1.2%) (0.4%)
Swing time (seconds) 028+ 004 0.002 £ 0.04 0.828 0.27 £0.03 —0.001+0.08 0902 0.30+0.03 —0.001 +0.03 0930
©0.7%) B.7%) (0.3%)
Double support time (seconds) 0284003 ~0.004 % 0.03 0.561 0284003 ~0.004 0.03 0916 0.30+0.03 0.004 £ 0.03 0583
(1.4%) (1.4%) (1.3%)
Stride time variability (% CV) 007 +004 ~0.004 0,04 0636 004 £002 ~0.001+0.03 0.880 012003 ~0.0140.04 0393
(6.7%) (2.5%) (8:3%)
Step length variabilty (% CV) 0.05 4 0.02 —0.003 % 0.03 0516 0,03+ 001 0.004 £ 0.02 0.260 0.06 001 0.003+002(5%) 0446
©%) (13.3%)
Step time variabiliy (% CV) 006 +003 ~0.002 +0.03 0730 003 £ 002 ~0.0004 £ 0.02 0.930 0.09+0.02 —0.01£0.08 0210
(4%) (1.3%) (11.1%)
Step velocity variabilty (% CV) 0.11+004 ~0.008 +0.04 0352 0.06 £ 002 001004 0.163 013003 0.004 £ 0.03 0.657
(7.3%) (16.7%) 3.1%)
Stance time variabiity (% CV) 0.06+003 ~0.005 +0.03 0384 003 +002 ~0.002 +£0.02 0.665 0.10+0.03 ~001£0.08 0.340
(8.3%) ©.7%) (10%)
Swing time variabilty (% CV) 0.03+002 —0.006 +0.02 0.884 0,02+ 001 0.001 & 0.02 0862 0.05 +002 ~0.01 £0.02 0.216
(20%) (20%) (20%)
Double support variabilty (% CV) 0.03+002 —0.003 £ 0.02 0.455 0,02 +0.01 0.00002  0.01 0994 0.05 +002 ~0.01 £0.02 0.163
(10%) ©0.1%) (20%)
Stride time asymmetry (% CV) 0.01:£001 0.002 0,02 0.959 001001 ~0.001 0,01 0584 0.01 0,004 —0.001 £0.01 0.300
(20%) (10%) (1%)
Step time asymmetry (% CV) 0.02+002 0.005 % 0.02 0.262 0.03+0.02 0.003 & 0.02 0.496 0.03 + 002 ~0.01 £0.02 0.318
(26%) (10%) (33.3%)
Stance time asymmetry (% CV) 0,02+ 002 —0.003 0.02 0622 0,02+ 0.02 ~0.003 % 0.02 0.420 0.02001 —001£0.02 0.153
(15%) (15%) (60%)
Swing time asymmetry (% CV) 0.02+001 0.008 0,02 0.036 0,02+ 001 ~0.003 +0.02 0.423 0.02 001 -0.01+0.02 0.195
(40%) (15%) (60%)
Step length asymmetry (% CV) 0.03:+£002 —0.002 £ 002 0.605 0.02:£0.02 0.0002 +0.02 0959 0.02:£001 —0.002 £ 0.01 0.504
©.7%) (1%) (10%)

The paired-samples T-test and the Wilcoxon S-R tests were applied for each parameter to investigate the existence of a statistically significant difference between admission and the end of the program (statistical significance was
achieved with p-value < 0.05). Bold values is to highlight the outcomes that reached statistical significance.
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Age (Mean, SD)
Male sex [% (1)

Body mass index (BMI) (Mean, SD)
Time since diagnosis (Mean, SD)
Presence of motor fluctuations % (1)

Demographic features (1 = 24)

73.04 8,00
66.67% (16)
25.79 +8.90
8.04+5.10
50% (12)

Clinical data [Mean (SD), (Range)]

MDS-UPDRS | (range 0-52; n = 19; 1)
MDS-UPDRS Il (range 0-52; n = 19; {)
MDS-UPDRS Ill (range, 0-132; n = 19; 1)
MDS-UPDRS IV (range 0-24; n = 19; {)
MDS-UPDRS Total (range 0-260; n = 19; 4)
Hoehn and Yahr stage (range 1-6; n = 24; 1)
Schwab and England (range 0-100; n = 24; 1)
TUG Normal (n = 24; |)

TUG DT Cognitive (0 = 23; 4)

TUG DT Manual (0 = 19; |)

Mini-best (range 0-28; n = 19; 1)

5 Sit-to-Stand Normal (n = 22; |)

5 Sit-to-Stand Fast (n = 22; 1)

Clinical Global Impression (n = 24; 1)
Patient Global Impression (n = 24; |)

Admission
13.95 +7.09
1718 £9.24
39.36 + 12.77
1.95 +2.82
72.45 £25.75
2.30£093
73.75 £ 16.37
1336 £ 7.27
17.22 £10.42
12.80£5.21
20.19+3.97
19.36 + 6.99
17.56 = 4.91

Discharge
8.25 % 4.90
12.65 + 7.04

32,00 +12.22
1.35+2.16

54.45 + 2050
235071

75.83 + 15,86
11.68 £ 4.75
14.10£7.29
11.37£4.35
20.70+4.59
1420+ 524
13.25 £5.19

Severity (Baseline)

4.0 +0.83
3.91£1.02

Change
—5.53 % 6.81 (39.6%)
—4.95 % 10.02 (28.8%)
—8.52%9.92 (21.7%)
—021 £ 2,53 (10.8%)
—19.26  22.18 (26.6%)
0.09 = 0.68 (3.9%)
2.08 +8.33 (2.8%)
~1.69 & 6.90 (12.7%)
—2.80+8.91 (16.3%)
—0.92  8.69 (7.2%)
0.63 % 3.25 (3.1%)
—4.31 42,94 (22.3%)
~5.07 & 3.48 (28.9%)
Change (Discharge)
2.83:+£0.82
2,50 £0.86

p-value
0.002
0.045
0.001
0.721
0.001
0540
0225
0243
0.146
0.417
0.408
0.000
0.000

+ - a higher score means an improvement, | - a lower score means an improvement. The paired-samples T-test and the Wiicoxon S-R tests were applied to investigate the existence
of a statistically significant difference between admission and the end of the program. Significance was achieved with a p-value < 0.05. Bold values is to highlight the outcomes that

reached statistical significance.
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Adjusted R? R?change Standardized  t  p
beta
Step 1 0.462 - - - 0000
Step 2 0520 0.062 - - 0000
Step3 0541 0.023 - - 0001
HAMD score - - 0544 10,812 0.000
UPDRS il score - - 0.193 3805 0.000
FOG impact score - - 0.169 3300 0.001

The hierarchical regression was used to determine the impact of FOG on qualit of Ife of
PD patients. The significant variables were divided into three groups: group I: the HAMD,
HAMA scores and the MIMSE score, group I the UPDRS lllscore, UPDRS IV score, group
Il FOG score. Then, the variables of group | were put into the first level and variabes of
grouplinto the secondilevel during the hierarchical regression analysis based on stepwise
method. Controling the factors of group | and Il the independent contributing value of
FOG on quality of life was 2.3%. The multicollnearity was absent for the final model. The
Tolerance of HAMD, MMSE, HAMA, UPDRS Ill, UPDRS IV and FOG was 0.832, 0.840,
0.282, 0.817, 0.898 and 0.803, respectively. The VIF was 1.201, 1.191, 3.548, 1.224,

1.118, and 1.248, respectively.
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Variables OR (95% CI)

Disease duration 1.058 (1.011-1.108)
Onset age 0.973 (0.953-0.995)
Phenotype Tremor 1.00
No-tremor 3817 (2.560-6.714)
H-Y stage 1.621(1.238-2.124)
Presence of dyskinesia 2339 (1.280-4.274)
Presence of motor fluctuation 2,035 (1.335-3.102)
Balance stage Normal 1.00
Decreased 4.320 (1.381-13.517)

balance abilty
Poorbalance  1.964 (1.138-3.391)
HAMA scores > 8 2.048 (1.407-2.983)

P

0.015
0.015
0.000

0.000
0.006
0.001

0.012

0.015
0.000

A logistic regression analysis based on forward stepwise method was conducted to

determine the most significant variables which were correlated with FOG in PD.
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PD patients with FOG (n = 245) PD patients without FOG (n = 582) t/x2value p

Age (mean + SDJ* 65.76 4 9.30 65.27 4 8.91 -0.709 0.478
Gender, male(%)° 57.55% 52.23% 1.961 >005
H-Y stage (mean  SD)* 278+083 211079 0215 0.000
Disease duration (mean = SD)* 7.73+5.44 469+394 ~7.89% 0.000
<5 years (%) 4221% 70.74% 73.363 <001
5-10 years (%) 31.97% 2151%
10-15 years (%) 18.03% 4.99%
> 15 years (%) 7.79% 2.75%
Onset age (mean  SD)* 58.10 £ 10.50 60.58+9.24 3194 0002
< 50 years (%)° 23.67% 14.60% 9.638 <001
> 50 years (%) 76.33% 85.40%
PD subtypes®
TD (%) 22.45% 56.36% 80,649 <001
PIGD (%) 61.22% 35.91%
IND (%) 16.33% 7.78%
Onset symptoms®
Onset side (ieft, %) 47.45% 48.85% 0111 >005
Onset site (lower limbs, %) 44.81% 32.46% 9.063 <001
UPDRS Total scores (mean & SD)* 57.06£22.34 36.74 £ 19.20 —12.548 0.000
UPDRS | 4.11:£250 277 £227 -7.521 0.000
UPDRS Il 16.64 4 6.88 9.80+538 ~13.690 0.000
UPDRS Il 32.85 £ 15.47 22,38+ 12.89 -9.315 0.000
UPDRS IV 3.26:+£3.04 1.71£2.82 -6.862 0.000
PD motor fluctuations (%)° 44.49% 17.70% 65.569 <001
Dyskinesia (%)° 23.67% 481% 65.838 <001
Berg balance scores (mean # SD)* 42.11 £ 12,66 49.947.79 8.988 0.000
Antiparkinsonian medication®
LD+DA (%) 56.33% 48.97% 3.735 >005
Levodopa monotherapy (%) 16.51% 22.85% 5.667 <005
DA agonist monotherapy (%) 2.04% 859% 10.884 <001
MAOIs (%) 23.27% 14.60% 9.093 <001
Levodopa as inital treatment (%) 57.60% 56.70% 0.186 > 005
DA agonist as initial treatment (%) 857% 14.78% 6.004 <005
LDD/day (mean  SD) 432.65 + 264.31 31919 + 229.15 -5.834 0.000
LEDD/day (mean = SD) 514.90 = 303.70 382.92 & 242.11 -6.020 0.000
HAMA (mean & SD)* 1099 & 7.41 750+ 6.47 -6.230 0.000
HAMD (mean + SDJ* 15.29 + 10.29 1068 + 8.97 -6219 0.000
MMSE (mean  SD)* 2512527 26,63+ 3.97 3.840 0.000
PDQ-8 (mean  SD)* 856533 5294518 -8.088 0.000

%Data were performed for group differences with Student’s t-test.
bData were performed for group differences with Chi-square test.
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Characteristics*  Total BRabnormal ~ BRnormal  p-value

(n=135) group group
(n=65) (n=70)

Male 83 (61.48) 35 (53.86) 48 (68.57) 0079

Age, years 6362+890 64.15+842  63.13+936 0506

Age at onset, 50.88 +9.11 60.13 + 8.63 59.66 + 9.60 0.768
years

Disease 360 465 330 0.145
duration, (22.0-60.0) (22.6-63.0) (22.0-60.0)

months

Education

lliteracy 25 (18.52) 14 (21.54) 11 (16.71) 0.709
Primary 26 (19.26) 13 (20.00) 13 (1857)

school

Middle school 40 (29.63) 16 (24.62) 24 (34.29)

High school 20 (14.81) 11(16.92) 9(12.86)

University 24 (17.78) 11(16.92) 13 (18.57)

Daily 262.5 300.0 250.0 0314
levodopa- (0-400.0) (87.5-400.0) (0-381.0)

equivalent

dose(mg)

Areas of SN 058 062 056 0332
hyperechogenicity (0.39-0.99) (0.49-1.06) (0.39-0.93)

Number of (88, 43.0%) (22,33.8%) (86,51.4%) 0039
SN

hyperechogenicity

(%)

“Continuous variables are expressed as mean * standard deviation or as median
(interquartile range). Categorical variables are expressed as frequency (percent).
SN, substantia nigra.
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Characteristics* Total BR abnormal BR normal p-value
(n=135) group group
(n=65) (n=70)
UPDRS Il 1061£570  1131£6.40 997627 0475
UPDRS Il 230641274 242941315 21.91+1233 028
H-Y stage 20(1625  20(1580) 20(1520 0108
MoCA 2128488  21.82£476 2125£499 0945
HRSD 60(2.0-120) 90(4.0-150)  50(1.0-80) 0002
HRSD=8 49 (36.3%) 30(612%) 19(38.8%) 0022
HRSD<8 86 (63.7%) 35 (40.7%) 51(59.3%)
HAMA 6.52 £ 6.69 9.00+8.88 511 +£4.63 0.017
HAMAZ7 63 (46.7%) 39(61.9%) 24(381%) 0008
HAMA<7 72(53.3%) 26(36.1%) 46 (63.9%)
PDQ-39 150 150 120 0034
(6.0-39.0) (6.0-45.0) (9.0-45.0)

“Continuous variables are expressed as mean * standard deviation or as median

(interquarte range). Categorical variables are expressed s frequency (percen).

T Comparisons of the abnormal BR echogenicity rate between depression group and
non-depression group.
# Comparisons of the abnormal BR echogenicity rate between aniety group and

non-anxiety group.

UPDRS Il, second part of the Unified Parkinson Disease Rating Scale score; UPDRS
I, third part of the Unified Parkinson Disease Rating Scale score; H-Y stage,
Hoehn-Yahr stage; MoCA, Montreal Cognitive Assessment; HRSD, Hamiton Rating
Scale for Depression; HAMA, Hamilton Anxiety Scale; PDQ-39, Parkinson’s Disease

Questionnaire-39.
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Variables r-value p-value

HRSD 0274 0.002
HAMA 0.201 0.047
PDQ-39 0.208 0.034

PDQ-39, Parkinson's Disease Questionnaire-39; HRSD, Hamiton Rating Scale for
Depression; HAMA, Hamilton Anxiety Scale.
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Variables Odds ratio (95% confidence interval) p-value

HRSD, per 5 score increase

Unadjusted model 1.45 (1.13-1.86) 0.004
Adjusted model 1.07 (1.01-1.18) 0.022
HAMA, per 5 score increase

Unadjusted model 1.69 (1.12-2.26) 0,009
Adjusted model 1.10(1.01-1.18) 0.021
PDQ-39, per 5 score increase

Unadjusted model 1.10 (1.00-1.21) 005
Adjusted model 1.08 (0.94-1.25) 0.260

Adjusted mode! included age, gender, age at onset of PD, education, disease duration,
daily levodopa-equivalent dose, UPDRS I, UPDRS Ill, and Hoehn-Yahr stage.
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PD-MCI PDD

Crude OR P Adjusted OR P Crude OR p Adjusted OR p
(95% CI) (95% CI)

Sex (women) 1.7 0.108 1.77 0.142 0.94 0.84 1.19 071
(0.83-3.80) (0.49-2.89)

Age 1.01 0682 099 0.705 1.45 <0.001 1.09 0.001
0.95-1.03) (1.04-1.16)

Years of education 09 0.007 093 0,097 0.79 <0.001 087 0014
(0.85-1.01) (0.78-097)

Disease duration 1.08 0053 094 0358 125 <0.001 1.18 0065
(0.82-1.07) 0.99-1.30)

Hoehn and Yahr 238 <0.001 2.45 0.011 9.65 <0.001 264 0.02
(1.22-4.90) (1.17-5.98)

Barthel Index 092 <0.001 094 0.008 0.83 <0.001 093 0.001
0.91-098) (0.89-097)

SMS-Motor examination 1.1 0.001 1.07 0.191 1.26 <0.001 110 0,058
(0.96-1.18) (0.99-1.22)

SMS-ADL 144 0.007 083 0.058 1.53 <0.001 088 0.244
(0.69-1.00) 0.71-1.09)

SMS-Motor complic 145 0015 099 0.938 1.38 <0.001 082 0.102
(0.80-1.22) (0.65-1.08)

SCOPA-PC 094 0.192 - - 1.08 0012 - -

Hallucinations* 158 0477 087 0.858 876 <0.001 265 0.183
(0.19-3.85) (0.63-11.08)

HADS, Anxiety 112 0.003 108 0222 12 <0.001 096 0684
(0.95-1.2) (0.83-1.12)

HADS, Depression 11 0016 100 0.970 129 <0.001 119 0.021
(0.88-1.13) (1.02-1.37)

OR, odds ratio; Cl, confidence interval; SMS, Scales for Outcomes in Parkinson’s disease-Motor Scale; ADL, activities of daily living; Motor complic, motor complications; SCOPA-
PC, Scales for Qutcomes in Perkinson’s disease-Psychiatric Complications; HADS, Hospital Anxiety and Depression Scale. *Hallucinations: item from SCOPA-PC. Bold indicates the
significant values.
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Crude OR

Sex (women) 147
Age 107
Age at onset 1.02
Years of education 084
Disease duration 118
Hoehn and Yahr 428
Barthel Index 09

SMS-Motor examination 119
SMS-ADL 131
SMS-Motor complications 129
SCOPA-PC 104
Hallucinations® 56

HADS, Anxiety 147
HADS, Depression 121

Univariate analysis

95% ClI

0.67-2.04
1.04-1.10
0.99-1.05
0.79-0.90
1.10-1.27
294-6.23
0.87-0.94
1.13-1.25
121-1.42
1.16-1.42
0.98-1.10
1.95-16.04
1.09-1.25
1.12-1.30

P

056
<0.001
0.148
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.199
0.001
<0.001
<0.001

Adjusted OR

151
1.01

09
1.07
2.06
094
1.1
0.86
0.87
157
1,00
1.07

Multivariate analysis

95% ClI

0.74-3.09
097-1.05
0.83-0.98
0.96-1.18
1.10-3.85
0.90-0.97
1.01-1.21
0.72-1.03
0.72-1.04
0.41-5.99
0.89-1.13
0.95-1.21

P

0255
0411
0.013
0.204
0.022
0.002
0.019
0.101
0.137
0.504
0.904
0213

OR, odds ratio; Cl, confidence interval; SMS, Scales for Outcomes in Parkinson’s disease-Motor Scale; ADL, activities of daily living; SCOPA-PC, Scales for Qutcomes in Parkinson’s
disease-Psychiatric Complications; HADS, Hospital Anxiety and Depression Scale. *Hallucinations: item from SCOPA-PC. Bold indicates the significant values.
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Sex (women)

Age

Age at onset

Years of education
Disease duration

Hoehn and Yahr

Barthel Index
SMS-Motor examination
SMS-ADL

SMS-Motor complications
SCOPA-PC
Hallucinations®

HADS, Anxiety

HADS, Depression

Crude OR

0.70
1156
1.04
0.84
1.18
5.56
0.94
1.18
1.41
127
1.11
6.70
112
121

Univariate analysis

95% Cl

0.44-1.12
1.11-1.20
1.01-1.07
0.79-0.89
1.12-1.25
3.67-8.43
0.92-0.95
1.14-1.23
1.30-1.53
1.47-1.37
1.05-1.18
3.31-13.55
1.06-1.19
1.14-1.29

P

0.144
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Adjusted OR

0.76
1.30

091
1.19
145
0.97
1.05
0.99
0.82
2.98
09
12

Multivariate analysis

95% ClI

0.37-1.54
1.16-1.47
0.83-0.99
1.07-1.32
0.75-2.80
0.95-0.99
0.98-1.14
0.84-1.18
0.69-0.98
1.16-7.69
0.81-1.01
1.08-1.35

P

0.455
<0.001
0.044
0.001
0.26
0.038
0.134
0.967
0.029
0.023
0.09
0.002

OR, odds ratio; Cl, confidence interval; SMS, Scales for Outcomes in Parkinson’s disease-Motor Scale; ADL, activities of daily living; SCOPA-PC, Scales for Outcomes in Parkinson’s
disease-Psychiatric complications; HADS, Hospital Anxiety and Depression Scale. "Hallucinations: item from SCOPA-PC. Bold indiicates the significant values.





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fneur-11-00808/fneur-11-00808-g001.gif
BES

[—
=
— [r—
ErTe—— [rr—
T ey
pet
i sl i )

oy
)






OPS/images/fneur-11-00808/fneur-11-00808-t001.jpg
Study

Agosta et al.
©n

Buccino et al.
(0)

Jaywant et al.
(19

Mezzarobba
etal. (28)

Pelosin et al.
©9)

Pelosin et al.
(18

Pelosin et al.
7

Participants.

25PD: item 8 FoG-Q = 2; DD
=5y, HAY <4, MMSE > 24.
AOT group: n = 12,60 8,
M/ 1072.

Control group: n = 13,64 + 7
y, M/F 8/5.

15PD: 17-75 y, MMSE > 24.
AOT group: n =7,59-80y,
M/F5/2, DD: 5-19y.

Control group: n =8,
67.5-76.5y, M/F: 5/3, DD:
55-135y.

23PD, H&Y 1-3, UPDRS gait
item = 1.

AOT group: n = 13, 63.7 + 6.2
¥, MFF: 677,

Control group: n = 10,
65.8£8.7y, M/F 4/6.

24 PD with FoG, H&Y: 1-3, BDI
< 16, MMSE > 24.

AOT group: n = 12, 74.6 £ 59
¥ M/F: 7/6, DD: 10.7 & 3.44.
Control group: n = 12,

724 5,87y, 7/3 W/F, DD: 9.4
+48.

18 PD: 50-81 y, M/F: 8/12,
FOG-Qitem 3 = 2 and item 4 =
1), MMSE > 24

AOT group: n =9, 68.8 + 4.1
Y.0D: 11.6 £4.9y.

Control group:n =9,

702+ 6.8y, DD: 95 £3.7.

20 PD: H&Y 1-3, MMISE > 24.
AOT group: n = 10,688 + 7.4
¥, M/F: 3/7,DD: 9.1 3.7
Control group: n = 10,

66.4 % 8.9y; M/F: 4/6, DD: 8.9
+£31y.

64 PD: HRY 2-3, able to walk
unassisted; FOG-Q: item 2 = 1
and item 4 > 2, MMSE > 24.

AOT group: n =33, 70.4 £ 4.5
¥, WF: 16/17, DD: 10.7 £ 39 y.
Control group: n = 31,

72.8:4+ 3.1y, M/F: 15/16, DD:
95£42y.

AOT group intervention

6 video-clips per week, showing
actions with auditory cues
associated to movements. After
ach video-clip, imitation of
observed actions at the beat of
auditory cues.

Video-clips showing daily
activities plus conventional
physiotherapy. Imitation of
observed actions.

56 video-clips with PD patients
and 56 video-clips with healthy
subjects. Participants had to
judge whether the observed
walking appeared healthy or
PD-like gait pattern.

32 video-clips with 8
gait-related gestures associated
to ecological cues. After each
video-clip, patients had to
practice the same actions for
the same amount of time
watching the same video-clip.

6 video-clips, 6min each. After
observation, patients had to
imitate observed actions.

Observation of repetitive finger
movements (opposition of
thumb to index, medium, ring,
and litle fingers) paced at 3Hz.

6 video-clips, 6 min each. After
observation, in the remaining
time (36 min) patients had to
imitate observed actions.

Control group intervention

Landscape images and

execution of the same exercises

of AT group.

Video-clips without motor
contents plus conventional

physiotherapy. Performance of

the same actions of the AOT
group.

56 video-clips showing water
moving roughly and 56
video-clips showing water

moving calmly. Participants had

tojudge whether the water
motion was roughly or calmy.

Execution of the same 8 motor
gestures of AOT group through

visual or auditory cues:
Participants progressively
learned to perform gestures
without cues.

Video-clips showing static
landscapes images. After,
observation patients had to
perform the same movements
of AT group.

Listening of acoustic cues
paced at 3Hz.

Video-clips showing static
landscapes images. After,
observation patients had to
perform the same movements
of AOT group.

Posology of interventions

Training: 12 sessions (3
sessions per week, for 4
weeks).

Each session: 1h (24min of
observation and 36 min of
execution).

Not specified.

Training: 7 days.
Each session: Not specified.

Training: twice a week for 8
weeks
Each session: 1h

Training 3 sessions per week,
for 4 weeks.
Each session: 1h

Training: 1 session of 6min

Training: 2 times per week for
5 weeks
Each session: 45min

Characteristics of AOT
stimuli

Motor contents: body-weight
shifting, stepping, walking,
turing around a chair, stepping
an obstacle, walking through
adoorway.

« Third-person perspective

« Healthy subjects

« Frontal viewing perspective
Motor contents: functional
daily activities.

Motor contents: walking

in hallway.

o Third-person perspective

« Healthy and PD subjects

« Fronta, lateral, and posterior
Viewing perspective.

Motor contents: body-weight
shifting, taking a step, gait
initiation, turn around, stepping
over an obstacle, sit-to-walk,
normal walking, walking through
adoorway.
« Third-person perspective
o Healthy subjects
« Frontal and

lateral viewing-perspective
Motor contents: body-weight
shifting, stepping, normal
walking, turing around a chair,
stepping an obstacle, walking
through a doorway.
 Third-person perspective
o Healthy subjects
« Frontal viewing perspective
Motor contents: finger
‘opposition with the right hand.
« Third-person perspective
« Healthy subjects

Motor contents: body-weight
shifting, stepping, normal
walking, turing around a chair,
stepping an obstacle, walking
through a doorway.

« Third-person perspective

© Healthy subjects

« Frontal viewing perspective

Clinical and instrumental
outcomes

Clinical: UPDRS- Il (on/off),
FoG-Q, UPDRS-I-FoG (onvoff),
PDQ-39, BBS, 10 MWT.

Time points: baseline, after 4
weeks of training, at 1 month.

Clinical: UPDRS and FIM.
Time points: before and after
treatment.

Clinical: PDQ-39 mobilty.
Instrumental: Spatia-temporal
gait parameters during
straight-fine walking, walking
with turns, and dual-task

walking.
Time points: before and after 8
days of training.

Clinical: NFOG-Q, UPDRS-I
UPDRS-lI, PDQ-39, TUG, 6
MWT, BBS.

Time points: baseline, after 8
weeks of training, at 1 and 3
months

Clinical: FOG-Q, FoG-diary,
TUG, 10 MWT, Tinetti scale,
BBS, and PDQ-89.

Time points: before training, 2
days, and 4 weeks after training,

Instrumental: spontaneous
movement rate, inter-tapping
interval, and touch duration.
Time points: baseiine,
immediately after, 45 min, and 2
days after training

Clinical: FOG-Q, TUG, 10
MWT, and BBS

Time points: baseline, 1 and 4
weeks after training.

AOT, Action Observation Therapy; PD, Parkinson’s disease; M, male; , female; y, year; DD, disease duration; FOG-Q, Freezing of Gait Questionnaire; H&Y, Hoehn&Yahr; MMSE, Mini-Mental Status Examination; BDI, Beck Depression
Inventory; UPDRS, Unified Parkinson’s Disease Rating Scale; PDQ-39, Parkinson’s Disease Questionnaire—39 items; 10 MWT, 10 Meters Walking Test; BBS, Berg Balance Scale; FIM, Functional Independence Measure; NFOG-Q, New
Freezing of Gait Questionnaire; 6 MWT, 6 Minutes Walking Test; FoG-diary, Freezing of Gait diary.
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Outcome measures

Time point

Mean difference
195% Ci]

Action Observation Training (Group 1) vs. Landscape Obsenvation Training

(Group 2)

UPDRS-Il off

UPDRS-lll on

FoG-Q

UPDRS-II-FoG off

UPDRS-II-FoG on

PDQ-39

BBS

10 MWT normal speed (s)

10 MWT maximum speed (s)

Post-training
Post-training
4wk
Post-training
4wk
Post-training
4wk
Post-training
4wk
Post-training
4wk
Post-training
4wk
Post-training
4wk
Post-training
4wk

1.20 (~6.89,9.29)
~1.10(-7.55,5.35]
1.20 (~6.55, 8.95)
—1.20(~8.79, 1.39)
—1.10(-3.31, 1.11)
~0.28(-0.98,0.42)
0.13(~0.73,0.99]
—0.07 [-0.73,0.59)
—0.03[~0.80, 0.74)
—0.07 [-0.73,0.59)
—0.03(-0.80, 0.74)
—0.80[-2.82, 1.22)
—1.00 (~3.06, 1.06]
1.00 [0.08, 1.92]
052(-0.75, 1.79]
0.40 (059, 1.39)
0.00(~151,1.51]

Action Observation Training (Group 1) vs. Non-motor Observation Training
(Group 2)
UPDRS and FIM

Before
training

Post-training

Not available

Not available

Action Observation Training (Group 1) vs. Landscape Obsenvation Training

(Group 2)
Walking
straight-line

Walking speed (m/s)
Stride length (m)
Stride frequency
(strides/s)

Swing time (% of
stride)

Gait asymmetry
Walking speed (m/s)
Stride length (m)
Stride frequency
(strides/s)

Swing time (% of
stride)

Gait asymmetry
Walking speed (m/s)
Stride length (m)

Stride frequency
(strides/s)

Swing time (% of
stride)

Gait asymmetry

Walking with
tums

Walking with
dual task

PDQ-39 mobility

1wk
1wk
1wk

1wk

1wk
1wk
1wk
1wk

1wk

1wk
1wk
1wk
1wk

1wk

1wk
1wk

001-0.32,0.34)
001 [-0.46, 0.48)
0.00(-0.17,0.17)

0.80(-3.78, 5.38]

0.01[-0.03,0.05]
0.00(~0.30, 0.30]
001 [-0.44, 0.46]
001[-0.17,0.19]

0.60[-3.44, 4.64]

0.00(~0.08, 0.03]
0.00[~0.46, 0.46]
0.00(-0.53, 0.53)
0.00[-021,0.21]

0.70 [-4.30, 5.70]

0.00(~0.07,0.07)
~3.10(-8.83,2.64)

Action Observation plus Sonification Training (Group 1) vs. Motor Gesture with

Visual and Auditory Cues (Group 2)
NFoG-Q

UPDRS-Il

UPDRS-IIl

PDQ-39 mobility

PDQ-39 bodily discomfort

PDQ-39 total

TUG (5), 6 MWT (5) and BBS

Post-training
1mo
3mo
Post-training
1mo
3mo
Post-training
1mo
3mo
Post-training
1mo
3mo
Post-training
1mo
3mo
Post-training
1mo
3mo
Post-training
1mo
3mo

-5.74[-11:27,-0.22]
—6.08 [11.56, —0.50]
~6.28 [-11.81, -0.76]

—4.39[-9.64, 0.86]
—5.63 [10.88, —0.38]
~7.03[-12.28, -1.78]

—23.19[-33.15, ~13.22]

—14.84[-24.81, -4.87]

—17.79[-27.76, -7.83]
—14.68 [~35.17,5.81)

—28.13[-48.62, 7.64]

—31.15 [-51.64, ~10.67]

—18.66 [~35.87, —1.44]
—10.14 [~27.35,7.08]
—13.05 (~30.27, 4.16]
~7.89[-31.65, 15.87)
—23.19 [~46.95, 0.56]
—21.21 [-44.97,2.55)

Not significant
Not significant
Not significant

Action Observation Training (Group 1) vs. Landscape Observation Training

(Group 2)
FoG-Q

FoG-diary (number of
episodes) during start walking

FoG-diary (number of
episodes) during turmn

FoG-diary (number of episodes)
during obstacle negotiation

FoG-diary (total number of episodes)

TUG (s), 10 MWT (s), Tinetti Scale,
BBS, and PDQ-39

2days
4wk
2days
1wk
2wk
3wk
4wk
2days
1wk
2wk
3wk
4wk
2 days
1wk
2wk
3wk
4wk
2 days
1wk
2wk
3wk
4wk
2 days
1wk
2wk
3wk
4 wk

~1.60 [~8.40, 0.20]
—2.30 [-4.75,0.15]
—2.10 [-3.70, —0.50]
~1.89 [-3.63, —0.14]
—2.84 [-4.81, —0.88]
~3.77 [-5.39, ~2.16]
~4.04 [-5.86, —2.22]
—2.20 [-3.81, —0.59]
—1.17 [-2.53,0.19]
—3.01 [-4.42, —1.60]
-4.73[-6.16, ~3.30]
—5.81 [-7.38, —4.23]
036 (~0.64, 1.36)
0.38(-0.50, 1.25]
~0.32[1.63, 098]
~0.36 [~1.71,099)
~061[~1.92,0.69)
—-0.91[-2.28,0.47]
—0.58 183, 0.68]
-1.63 [-2.99, —0.27]
—2.47 [-3.85, -1.08]
—3.15[-4.58, —1.73]
Not significant

Not significant
Not significant
Not significant
Not significant

Action Observation Training (Group 1) vs. Acoustic Training (Group 2)

Self-paced movement rate (H2)

Inter tapping interval (ms)

Touch duration (ms)

Immediately
post-training
45min
2 days
Immediately
post-training
45min
2 days
Immediately
post-training
45min
2 days

004 [~0.40, 0.47)

031 [-0.21,0.83)
036 [-0.03, 0.75]
—59.62 [~130.01, 10.77)

~140.81 [~200.58, ~81.04]
—145.87 [-211.12, ~80.62]
55.39 [~118.84, 229.62)

59.61(~129.00, 248.22)
25.85 [~162.70, 214.40]

Action Observation Training (Group1) vs. Landscape Obsenvation Training
(Group2)
FoG-Q

UG (5)

BBS

10 MWT (5)

1wk
4 wk
1wk
4wk
1wk
4wk
1wk
4wk

-0.80(-3.47, 1.87]
—2.60 [5.46, 0.26]
—1.20(-3.98, 1.58)
—2.60 [~5.43,0.29)
—1.10[-8.67,1.47)
1.90 (-0.91, 4.71)
~2.20 [-4.26, ~0.14]
—1.60 [~4.05, 0.85)

FOG-Q, Freezing of Gait Questionnaire; UPDRS, Unified Parkinson's Disease Rating
Scale; PDQ-39, Parkinson's Disease Questionnaire -39 items; 10 MWT, 10 Meters Walking
Test; BBS, Berg Balance Scale; FIM, Functional Independience Measure; NFOG-Q, New
Freezing of Gait Questionnaire; 6 MWT, 6 Minutes Walking Test; FoG-dlary, Freezing of
Gait diary; TUG, Timed Up and Go test; wk, week; mo, month.

Significant results are reported in bold.
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To ™ P Cohen’s d

Mean  SD Mean  SD

PRIMARY OUTCOME

Motor

2MWT 13123 3672 14030 37.54 0.024 0.41
Non-motor

MoCA 2194 282 2288 351 0.032 0.38
SECONDARY OUTCOME

Motor

BBS 4867 645 5043 6.00 0.040 0.37
BBT—dominant 4148 1356 4639 1373 <0.001 0.84
BBT—non dominant 4174 1359 4481 13.74 0.005 051
10MWT 7.02 4.90 596 212 0.156 0.26
Non-motor

RBMT-GMI 84.48 1829 9210 17.46 <0.001 0.66

p-values < 0.05 are reported in bold, BBT, Box and Block Test; 2MWT, 2-Meter Walk
Test; BBS, Berg Balance Scale; MoGA, Montreal Cognitive Assessment; REMT-GMI,
Rivermead Behavioral Memory Test-Third Edition—Global Memory Index; SD, Stendard
Deviation; p, p-value.
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T

Mean
PRIMARY OUTCOME
Motor
2MWT 139.27
Non-motor
MoCA 22.37
SECONDARY OUTCOME
Motor
BBS 51.64
BBT—dominant 48.36
BBT—non dominant ~ 44.82
10MWT 5.46
Non-motor
RBMT-GMI 90.30

sD

29.19

4.98

4.82

12.11

11.29

1.10

19.32

T2

Mean

140.91

2347

50.73

49.55

49.27

571

90.10

SD

41.88

3.15

5.78

9.74

10.52

1.83

19.13

P

0.744

0.346

0.198

0472

0.004

0.407

0.708

Cohen’s d

0.10

0.28

0.39

022

0.86

025

0.1

p-values < 0.05 are reported in bold. UC, usual care; BBT, Box and Block Test; 2MWT,
2-Meter Walk Test; BBS, Berg Balance Scale; MoCA, Montreal Cognitive Assessment;
RBMT-GMi, Rivermead Behavioral Memory Test-Third Edition—Global Memory Index;

8D, Standard Deviation; p, p-value.





OPS/images/fneur-11-00846/fneur-11-00846-t004.jpg
uc

Mean SD
PRIMARY OUTCOME
Motor
2MWT 989 2397
Non-motor
MoCA 075 1.80
'SECONDARY OUTCOME
Motor
BBS 137 552
BBT—dominant 555 594
BBT—non dominant 3.65  5.97
10MWT -0.28 1.08
Non-motor
RBMT-GMI 967 13.16

AT1-TO
HomeHEAD
Mean SD P
(Cohen’s d)
764 21.01 0.794(0.10)
127 338 0572(021)
245 356 0.554(0.22)
373 571 0.408(0.32)
200 624 0.469(0.28)
—241 675 0.173(0.52)
427 1149 0.247 (0.44)

uc

Mean

-10.71

-0.50

—5.00

-2.35

-1.65

0.19

1.33

sD

14.19

2.00

9.64

517

4.76

0.78

16.38

AT2-T1
HomeHEAD
Mean SD P
(Cohen’s d)
164 1660 0.033 (0.80)
140 288 0.117 (061)
-091 234 0.158 (0.65)
118 546 0.084(0.67)
445 516 0.002(1.19)
025 1.00 0.899 (0.05)
~0.20 10.26 0.794(0.10)

uc

Mean

-20.71

-0.10

747

-1.22

033

131

526

sD

36.99

3.04

14.09

9.08

8.75

3.64

11.93

AT3-T1
HomeHEAD
Mean SD P
(Cohen’s d)
~091 17.09 0.045(0.75)
009 345 0867(0.06)
-0.73 228 0.045(0.75)
136 452 0.307(0.39)
245 566 0380(0.33)
043 140 0355 (0.35)
173 860 0.387 (0.39)

uc

Mean

-12.35

0.90

572

4.00

3.89

1.14

10.39

sD

49.99

3.26

1378

9.64

824

3.96

17.94

AT3-TO

HomeHEAD
Mean SD
6.73 25.05
136 234
173 3.80
509 699
445 881
-198 6.49
6.00 11.36

P
(Cohen’s d)

0.163(0.54)
0.683 (0.15)
0.023 (0.85)
0744 0.12)
0863 (0.07)

0079 (0.68)

0459 (0.28)

p-values < 0.05 are reported in bold. UC, usual care; BBT, Box and Block Test; 2MWT, 2-Meter Walk Test; BBS, Berg Balance Scale; MoCA, Montreal Cognitive Assessment; RBMT-GMI, Rivermead Behavioral Memory Test-Third
Edition—Global Memory Index; SD, Standard Deviation; p, p-value.
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ClinicHEAD uc HomeHEAD UC vs. HomeHEAD p

N 31 20 11

Age [Mean (SD)) 66.84 (9.13) 67.55(9.33) 65.55 (0.06) 0563
Education [Mean (SD)) 1177 (4.33) 1206 (4.22) 11.27 (4.69) 0.637
Sex (M/F, %) 17/14 (54.8%, 45.2%) 18/7 (85.0%, 35%) 477 (36.4%, 63.6%) 0.125
2MWT 131.23(36.72) 13100 (36.47) 131,64 (38.94) 0.965
BBS [Mean (SD) 48.67 (6.45) 48.37 (6.80) 49.18 (6.06) 0.733
BBT—dominant [Mean (D)) 41.48 (13.56) 3975 (14.89) 44.64 (10.66) 0.338
BBT—non dominant (Mean (SD) 4174 (13.59) 41.15 (15.32) 42.82 (10.32) 0.747
1OMWT [Mean (SD)] 7.02 (4.90) 652(2.43) 7.86 (7.60) 0.475

TOR FUNCTIONING

MoCA [Mean (SD)) 21.94 (2.82) 22,27 (2.64) 21.35(3.16) 0.386
RBMT-GMI [Mean (SD)) 83.94 (17.81) 82.05(16.42) 87.00 (20.58) 0.481

UC, usual care; BBT, Box and Block Test; 2MWT, 2-Meter Walk Test; BBS, Berg Balance Scale; MoCA, Montreal Cognitive Assessment; RBMT-GMI, Rivermead Behavioral Memory
Test-Third Edition—Global Memory Index; M, Mean; SD, Standard Deviation; p, p-value.
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Question

BK measured during more than
50% of waking time?

Does severe BK impact patient's
ADL?

DK measured during more than
50% of waking time?

Does severe DK impact patient's
ADL?

EMO (early morning off)
measured?

Did the patient experience EMO?
Fluctuation time measured
during waking time?

Do fluctuations impact patient's
ADL?

BKS

41.07

44.38

53.36

49.16

48.99

50.31
46.67

48.06

No

SD

10.19

11.33

6.19

9.58

6.17

9.39
11.30

10.16

Yes

BKS

52.91

51.43

40.26

36.40

48.10

46.32
49.72

49.60

SD

7.40

8.49

10.63

10.81

11.14

10.69
9.62

10.35

p-value

<0.001*

0.047*

<0.001***

0.019*

0832

0.257
0419

0.685
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Minutes Pre-medication Post-medication BK change

effect BK average effect BK average

30 67.28 36,47 3111
4 65.61 3588 2078
50 64.33 35.36 28.97
60 63.16 3494 2823
70 61.96 34.48 27.48
80 60.80 33.96 26:84

90 59.64 33.50 26.14
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Age
Disease duration (years)
Hoehn & Yahr score

Women
Men

Number of PD drugs = 1
Number of PD drugs = 2
Number of PD drugs =3
Number of doses = 1,2
Number of doses = 3, 4

UPDRS part Il score

Mean

66.44
5.03
224

18
16

20
12
10
24

Mean

12.92

Standard deviation

6.06
1.40
0.43

%

53

47
59
58.8
365
29.4
706

Range

5-27
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System

Kinesia-ONE™
Kinesia-360 (18)

Personal KinetiGraph®
(PKG) (19)

PDMonitor® (22)

Mobilty lab
system-APDM® (23)

STAT-ON (24)
MoveMonitor-

McRoberts
9

Application

Tremor
Bradykinesia
Dyskinesia
Bradykinesia
Dyskinesia

Gait

(continuous monitoring)
Bradykinesia
Dyskinesia

(continuous monitoring)

Gait
(continuous monitoring)

Gait
(continuous monitoring)

Gait
(continuous monitoring)

Use

Ciinical practice
Home
Research

Ciinical practice
Home
Research

Clinical practice
Home
Research

Giinical practice
Research

Ciinical practice
Home
Research
Ciinical practice
Home
Research

Performance

MDS-UPDRS Il
tasks

Free activity

Free activity

TUG
Free activity

Free activity

UG
Free activity

Sensor

- Distal index finger
- Heel

-Wrist

-Both wrists
-Both feet

-Both wrists
-Both feet
Waist
Waist

“Waist

Outcome

MDS-UPDRS-
based score (0 to
4

Time in ON-OFF,
time with
dyskinesia

Time in ON-OFF,
time with
dyskinesia,
freezing of gait,
falls

Gait parameters
(speed, cadence,
swing)

Duration of ON
and OFF, freezing
of gat, falls

Type of actiity
and time in each
activity

Regulatory
status*

CE mark
FDA approved

CE mark
FDA approved

CE mark

GE mark
FDA approved

CE mark

CE mark
FDA approved

*As listed in the respective companies’ website or grey literature. The indication of use for each device as per CE Merk/FDA approval s linked to a specific clnical indlcation. Off-ebel use
is not recommended. GE, Conformité Européenne; FDA, Food and Drug Administration; MDS-UPDRS-H, Movement Disorders Society-Sponsored Revision of the Unified Parkinson's
Disease Rating Scale; TUG, Time Up and Go.
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Patient

P
P2
P3
P4
Ps
»6
7
Ps
P9

P10
Pil
P12
P13
P14
P15
P16

td

thresholds

154

0.9061
06164
0.4985
0.6686.
05257
04074
1751
3423
01507
0.0631
03688
03591
02461
02513
02783
01457
031
035
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Items

Sex (male %)

Age (year)

Educational years (year)
Smoking or not

Age of onset (year)
Duration(year)

UPDRS I

UPDRS il

H-Y stage

Data for continuous variables are presented as medial levels (IQRs).

Patients with PD
(n = 500)

269 (53.8%)
60 (52-67)
9(6-12)
144 (28.8%)
55 (47-62)
3(2-6)
12 (9-17)
26 (19-38)
2(1.5-9)

Normal controls
(n=115)

50 (43.5%)
55 (49-64)
9(9-12)
32 (27.8%)
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Items Patients with PD

(n = 500)
Threshold score (T) 4.75 (2.25-7.00)
Discrimination score (D) 7(6-9)
Identification score (1) 7(5-9

TD score 12.50 (8.50-15.75)
Ti score 11.87 (7.75-15.50)
DI score 14(11-18)

TDI score 19.50 (14.25-24.26)

Normal controls
(n=115)

7.50 (6.50-9.25)
10 (8-11)
10(9-12)

16.75 (14.50-19.50)

17.75 (16.560-20.76)

20 (17-29)

28.25 (24.50-31.00)

*p-value was calculated after adjustment of age and educational years.

p-value*

0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.00
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Models Olfactory tests

(A) SINGLE MODELS*
TDI score
TD score
Tlscore
Dl score
T score
D score
| score

(B) INTEGRATED MODELS**

TDI score

TD score

Tl score

Dl score

T score

D score

| score

Sensitivity

0.802
0.692
0.796
0.738
0.612
0.544
0.712

0.803
0.846
0.838
0.783
0.756
0.707
0.813

Specificity

0.722
0.748
0.730
0.748
0.783
0.791
0.757

0.896
0.835
0.870
0913
0.887
0.922
0.896

PPV

0.891
0.884
0.894
0.893
0.888
0875
0.894

0971
0.956
0.965
0975
0.966
0975
0971

NPV

0.259
0.235
0.262
0.251
0.229
0215
0.247

0515
0.559
0.656
0.495
0.459
0.424
0.528

LR+

2.885
2.746
2948
2929
2.820
2.603
2.930

7.721
5.127
6.446
9.000
6.690
9.084
7817

LR-

0.274
0.412
0.279
0.350
0.496
0.576
0.380

0.220
0.184
0.186
0.238
0.275
0.318
0.209

Auc

0.828
0.772
0.819
0815
0.731
0.723
0818

0918
0.902
0913
0913
0.890
0.886
0916

pi-values

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

p2-values

<0.05
0.306
0239
<0.05
<0.05
0.481

<0.05
0.298
0374
<0.001
<0.001
0.797

p1-values show the significance of differentiating PD patients from controls calculated by SPSS. p2-values were calculated by MedCalc software. p2-values of (A) were calculated by
comparing AUC between each score with TDI score in single models, p2-values of (B) were calculated by comparing AUC between each score with TDI score in integrated models. p

< 0.05 were considered significant.

*Single models were buit upon each corresponding olfactory test, after adjustment of age and educational years.

“Integrated models were built upon each corresponding olfectory test and MMSE, NWSS, after adjustment of age and educational years.

PPV, positive predictive values; NPV, negative predictive values; LR+, positive likelihood ratios; LR-, negative likelihood ratios; T, threshold: D, Discrimination; I, Identification.
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Question

BK measured during more than
50% of waking time?

Does severe BK impact patient's
ADL?

DK measured during more than
50% of waking time?

Does severe DK impact patient's
ADL?

EMO (early morning off)
measured?

Did the patient experience EMO?
Fluctuation time measured
during waking time?

Do fluctuations impact patient's
ADL?

DKs

12.60

10.46

3.92

6.59

3.23

6.62
7.78

8.59

827

292

6.69

2038

5.50
7.49

787

Yes

DKs

3.94

4.85

12.63

10.03

8.04

8.47
6.62

5.20

sD

3.06

4.62

8.16

737

731

7.68
651

484

p-value

<0.001*

0.016*

<0001

0.346

0077

0.206
0.645

0.147

*p < 0.05, ***p< 0.001.
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Hoshn and Yahr stage
CIS-PD
Barthel Index
SCOPA-Motor, total score
Motor examination
Activiies of daly living
Motor complications
MMSE, total score
SCOPA-Cog, total score
Memory
Attention
Executive functions
Visuospatial functions
FAB, total score
SCOPA-PC, total score
Hallucinations, %
HADS, Anxiety
Patients with anxiety, %
HADS, Depression
Patients with depression, %
PDQ-8
SCOPA-PS, total score

NC (n=72)

2(1-2)
7.00(4.29)
97.22 (1051)
15.96 (10.05)
8.57 (5.26)
5.31(3.28)
2.08(3.18)
20,06 (1.26)
30.14 (5.87)
12.86 (4.29)
3.83(0.47)
9.42(1.79)
4.03(0.85)
15.56 (2.59)
4.11(3.36)
560
6.42 (4.19)
20.80
6.08 (4.18)
16.70
19.05 (16.74)
7.28(5.45)

PD-MCI (n = 82)

3(2-9)
10.06 (3.62)
87.65 (17.74)
22.29(10.96)
12.13 (6.09)
6.91(3.51)
3.24(2.90)
27.22 2.31)
22.80 5.17)
8.68(3.41)
3.41(1.03)
7.48(1.93)
3.23(1.03)
13.00 (2.83)
3.27 (3.63)
850
8.51(3.85)
29.30
7.63 (3.62)
15.90
28.42 (22.44)
10.39 (6.40)

PDD (n = 144)

3(3-4)
16.36 (3.39)
63.23 (28.44)
36.42 (18.50)
19.35 (7.99)
11.73 (4.40)
5.34 (3.42)
16.24 (6.85)
9.60(5.67)
3.88(2.60)
1.23(1.45)
327 (2.18)
1.82 (1.36)
6.63(3.99)
5.84 (6.25)
34.00
9.77 (4.46)
43.80
10.36 (4.22)
55.60
48.98 (22.22)
16.27 (7.03)

P

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.002
<0.001
<0.001
<0.001
<0.001

Continuous variables are expressed as means (standard deviations). Hoehn and Yahr stege is expressed as median (interquartle range). Categorical variables are expressed as
percentages. Differences were calculated with Kruskel-Wells test in continuous veriables and Chi-square test in categoricl variables. NC, normal cognition; PD-MCI, Parkinson's
disease-Mid cognitive impairment; PDD, Perkinson's disease dementia; CISI-PD, Clinical Impression of severity Index for Parkinson's Disease; SCOPA-Motor, Scales for Outcomes in
Parkinson's Disease-Motor; MMSE, Mini Mental State Examination; SCOPA-Cog, SCOPA-Cognition; FAB, Frontal Assessment Battery; SCOPA-PC, SCOPA-Psychiatric Complications;

HADS, Hospital Anxiety and Depression Scale; PDQ-8, 8-item Parkinson’s Disease Questionnair

‘SCOPA-PS, SCOPA-Psychosocial.





OPS/images/fneur-11-00779/fneur-11-00779-t006.jpg
Relevance for the patient's current
situation

Helpfulness for their healthcare
professionals to understand the patient's
current situation

Good understandability

Missing aspects

Lenght

Embarrassing questions

Difficulty to answer questions.

Comments

Answer

No

Yes
No

Yes
No

No
Yes

Yes
No
Yes

Yes
No
Yes

34

35

24

1

34

32

31

22
13

%

143

85.7
29

97.1
0.0
100.0
68.6
31.4
97.1
29
91.4
86
88.6
1.4
62.9
37.1

N, number of patients.
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Main criteria Secondary criteria (for doubtful

cases)*
PDD 1 Clinical criteria: 22 Clinical criteria:
- CDRz1 - CDR21
- DSM IV compatible with -DSM IV compatible  with
dementia dementia
- CISIPD cognitive status =8 - CISI-PD cognitive status 8
+ Objective criteria:
- MMSE <26
+ 22 cognitive domains affected
PD-MCI 1 Clinical criteria: 2 Clinical criteria:
- CDR=05 - COR=05
- CISI-PD cognitive status - CISI-PD cognitive status = 1-2
=12
-+ Objective criteria:
- SCOPA Cog 17-23
NC 1 Clinical criteria: 22 Clinical criteria:
- CDR=0 - CDR=0
- CISI-PD cognitive status =0 - CISI-PD cognitive status = 0
+ Objetive criteria:
- SCOPA Cog 224

PDD, Parkinson's disease dementia; PD-MCI, Parkinson's disease-Mid cognitive
impairment; NC, normal cognition; CDR, Clinical Dementia Rating; DSM-1V, Diagnostic
and Statistical Manual of Mental Disorders, fourth edition; CISI-PD, Clinical Impression
of Severity Index-Parkinson’s disease; MMSE, Mini Mental State Examination; SCOPA-
Cog, Scales for Outcomes in Parkinson’s disease-Cognition. *Cases that did not fulfil all
the criteria.
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Total (298)
Age, year 68,06 (.62)
Sex, % men 62.40
Education, year 870 (4.41)
Age at onset, year 58.49 (10.12)
Disease duration, year 957 (6.47)
Treatment, %

L-dopa 62.80

Agonists 18.10
Marital status, % married 68.80
Employment, % employees 17.10

95% ClI

66.96-69.16

8.20-9.21
57.34-59.65
8.83-10.31

NC (72)

63.26 (10.17)
65.30
11.19 (4.08)
56.99 (10.98)
6.28 (4.26)

59.70
33.30
73.60
47.20

PD-MCI (82)

63.90 (9.46)
52.40
9.23(4.35)
§6.35 (11.77)
755 (4.62)

64.60
25.60
72.00
15.90

PDD (144)

72.83(6.78)
66.70
7.16(3.98)
60.47 (8.17)
12.36 (7.09)

63.20
6.30
64.60
2.80

P
<0.0012
0.089°

<0.0012

0.026*
<0.0012

0.811°
<0.001°

0.309°
<0.001°

Continuous variables are expressed as means (standard deviations). Categorical variables are expressed as percentages. “Differences are calculated with ®Kruskal-Wallis test and
bChi-square test. Cl, confidence interval; NC, normal cognition; PD-MCI, Parkinson’s disease-Mild cognitive impairment; PDD, Parkinson’s disease dementia.
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N Mean Median sD Skewness Min Max Floor effect % Ceiling effect %

Item SPARK1 35 0.89 1.00 090 0.49 0 3 42.90 290
Item SPARK2 35 126 100 098 0.44 0 3 2290 14.30
Item SPARK3 35 0.46 0.00 074 1.76 0 3 65.70 290
Item SPARK4 35 1.09 1.00 1.07 0.59 0 3 37.10 14.30
Item SPARKS 35 0.86 000 1.11 097 0 3 54.30 14.30
Item SPARK 6 35 0.94 1.00 097 0.74 0 3 40.00 8.60
Item SPARK 7 35 060 000 081 1.23 0 3 57.10 290
Item SPARK 8 35 069 000 090 1.20 0 3 54.30 570
Item SPARK 9 35 074 0.00 1.42 1.21 0 3 62.90 14.30
Item SPARK 10 35 1.34 1.00 1.16 023 0 3 31.40 22.90
Item SPARK 11 35 0.86 0.00 1.41 0.97 0 3 54.30 14.30
Item SPARK 12 35 0.89 1.00 099 1.00 0 3 4290 11.40
Item SPARK 13 35 077 1.00 091 1.23 0 3 45.70 860
ltem SPARK 14 35 0.06 000 024 399 0 1 9430 570
Item SPARK 15 35 0.46 000 092 1.82 0 3 77.10 570
Item SPARK 16 35 0.69 0.00 1.02 1.39 0 3 60.00 11.40
Item SPARK 17 35 0,60 000 091 1.65 0 3 60.00 860
Item SPARK 18 35 094 1.00 1.11 0.80 0 3 48.60 14.30
Item SPARK 19 35 0.86 1.00 097 1.11 0 3 42.90 11.40
Item SPARK 20 35 1.08 1.00 1.16 0,60 0 3 45.70 17.10
Item SPARK 21 35 077 0.00 097 0.90 0 3 54.30 570
Item SPARK 22 35 051 000 089 1.97 0 3 65.70 860
Item SPARK 23 35 0.40 0.00 060 1.26 0 2 65.70 570
Item SPARK 24 35 009 000 028 300 0 1 91.40 860
Item SPARK 25 35 034 0.00 084 244 0 3 82.90 570
Item SPARK 26 35 0.63 0.00 0.97 1.65 0 3 60.00 11.40
Item SPARK 27 35 1.00 1.00 1.16 071 0 3 48.60 17.10
Item SPARK 28 35 0.54 0.00 0.85 1.37 0 3 656.70 2.90
Item SPARK 29 35 0.29 0.00 0.67 2.75 0 3 80.00 2.90
Item SPARK 30 35 077 000 1.06 1.42 0 3 57.10 11.40
Item SPARK 31 35 071 0.00 1.07 1.22 0 3 62.90 11.40
Item SPARK 32 35 1.34 1.00 087 037 0 3 14.30 11.40
Embarrassment

Item SPARK 33 Shame 35 054 0.00 095 1.72 0 3 68.60 860
Subscale SPARK 35 10.00 9.00 7.21 1.34 1 30 570 290
PD symptoms

Subscale SPARK 35 391 300 384 066 0 9 25.70 290
Physical dependence

Subscale SPARK 35 2.89 3.00 252 1.32 0 15 17.10 290
Body image deterioration

Subscale SPARK 35 1.49 1.00 242 247 0 9 48.60 570
Self-esteem

Subscale SPARK 35 3.80 300 394 0.96 0 15 28,60 290
Stigmatization

SPARK Total (/99) 35 23.97 19.00 1853 150 1 8 2.90 2.90

N, number of items in the questionnaire; SD, standard deviation.
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Subscales Item-total corrected Cronbach’s Inter-item Item

correlation Alpha  correlation homogeneity
PD symptoms 001-0.71 084  -0836-073 029
Physical 0.44-0.71 073 030063 047
dependence

Body image 058-0.71 083 041080 050
Self-esteem 0.71-0.85 0.87 0.59-0.77 0.70

Stigmatization 0.05-0.62 0.77 -0.13-0.70 0.32
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PD Physical Bodyimage  Self- esteem Stigma Item 32 Item 33 SPARK

Symptoms  dependence Embarr. Shame TOTAL
Age -033 -027 -0.19 -0238 ~0:36" —034* ~0.45" —037*
Duration of PD 020 -009 022 -003 003 -0.13 -0.33 0.10
LEDD 027 -008 0.18 000 008 —0.12 0.04 0.11
MOCA -0.23 -020 -022 -003 0.15 —0.00 031 ~0.14
MDS-UPDRS 3 003 005 0.13 0.10 0.16 0.09 -0.02 0.10
Tremor score —031 0.12 -0.14 -009 -032 —0.02 ~0.05 —0.21
Akinetic-rigid score 0.19 006 022 020 031 008 0.02 023
PIGD score —0.12 -001 006 -0.47 -020 -0.15 -028 -0.09
Apathy scale 0.39" 0.29 0.26 0.59* 0.45* 0.22 0.25 0.46*
PDQ8 total 075" 064" 068" 060" 069" 047" 041" 081"
PFQ-2 total 062" 050" 063" 0.42° 053" 041* 0.40° 066"
PFQ-2 shame 068" 054" 073" 043 052+ 041" 0.26 069"
PFQ-2 guit 0.40" 0.37* 0.36" 0.32 0.43" 0.34* 051 0.47*
Embarrassment scale 063" 0.46™ 059" 054" 068" 038" 022 068"
TPQ novelty seeking 032 0.15 032 011 021 ~0.10 0.06 029
TPQ Harm avoidance 037" 044" 038" 060" 036" 0.20 024 046"
TPQ reward dependence 022 036" 028 0.14 -0.10 0,09 0.06 025
STAI state 055" 053" 043 062+ 046" 028 039" 062+
STAI trait 057" 0647 059" 061" 064" 0.48" 036" 072+
BDHI total 056" 058" 043" 048" 052+ 035" 047+ 063"

Scores are expressed using Spearman rank correlation coeffcient value (s). A score rs > 0.60.s considered to have a high correlation level. A score between 0.30 and 0.59 is considered
o have a moderate to high correlation level. A score < 0.30 is considered to have a moderate to weak correlation level.

'p < 0.05; *'p < 0.01. p refers to the signiicance level of the correletion coefficients.

BDI-1|, Beck Depression Inventory Il; Embar, embarassment; LEDD, levodopa equivelent daiy dose; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating
Scale; MOCA, Montreal Cognitive Assessment; PD, Perkinson's disease; PDQ-8, Parkinson's Disease Questionneire (Health-related quaty of Ife), 8 items; PQF-2, Personal Feelings

Questionnaire (shame and embarrassment scale); TPQ, Tridimensional Personality Questionnaire; STAI, State-Trait Anxiety Inventory.
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Physical dependence
Body image

Self Esteem
STIGMA

Item 32
Embarrassment

Item 33 Shame

Standard: rg > 0.50; * p< 0.05;

PD symptoms

0.59"
071
0.60"
061"
0.38*

Physical
dependence

074
0.56*
047
0.58*

0.34*

Body image

049
0.59™
047"

031

Self Esteem

0.70"
0.45™

0.43"
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057"

063"

Item 32
embarrassment

0.48"
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Numbers ~Median  Range

(min-max)
Pilot study 1
Number of participants (men) 44.(15)
Age (years) 65 60-75
Disease duration in years 50 2-10
Pilot study 2
Nurnber (men) 26 (16)
Age (years) 646 39-82
Hoehn and Yahr (/4) 2 15-4
Motor score MDS-UPDRS il (/132) 18 5-40
MOCA (/30) 28 26-30
Pilot study 3
Number (men) 35 (15)
Age (years) o7 43-77
Education level (I I, xIl) 41,12
1L, 1921
Disease duration in years 87 1.9-19.1
Motor score MDS-UPDRS il (/132) 17 654
Dyskinesia score (/28) 2 0-10
Levodopa-equivalent daily dose 785 100-2,100
(mg/day)
PD phenotype 10TR,
24 AR,
1 Mixed
MOCA (/30) 29 26-30
Hoehn and Yahr (/4) 2 15-4
PDQ-8 (/32) 9 0-27
Apathy scale (Starkstein) (/42) 9 3-23
Anxiety state score (STAI) (/80) 2 20-58
Anxiety trait score (STAI) (/80) 34 23-58
Depression score (BDHI) (/63) 9 1-28

BDI-1I, Beck Depression Inventory li; Dyskinesia, Marconi Dyskinesia Rating scale; MDS-
UPDRS motor score, motor scale of Movement Disorder Society Unified Parkinson’s
Disease Rating Scale; MOGA, MOntreal Cognitive Assessment; PD, Parkinson's disease;
PD, phenotype: TR, tremor-dominant; AR, akinetic-rigid dominant; PDQ-8, Parkinson's
Disease Questionnaire; Education level, Level | is defined as subjects who received a
primary education, Level Il a lower secondary education, and level 3 and above at least
an upper secondary education.





