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Abstract

:

Early detection of motor intentional disorders associated with dysfunction in the action–intention system of the brain is clinically important to provide timely intervention. This study developed a force tracking system that can record forces exerted by the index finger while tracking 5 N, 10 N, 15 N, and 20 N of target forces varying over time. The force tracking system quantified force control measures (initiation time IT; development time, DT, maintenance error, ME; termination time, TT; tracking error, TE) for the individual and overall force control phases. This study evaluated the effectiveness of the force tracking system for a normal control group (n = 12) and two patient groups diagnosed with subcortical vascular mild cognitive impairment (svMCI, n = 11) and subcortical vascular dementia (SVaD, n = 13). Patients with SVaD showed significantly worse force control capabilities in IT (0.84 s) and ME (1.71 N) than those with svMCI (0.64 s in IT, and 1.38 N in ME). Patients with svMCI had significantly worse capabilities in IT, ME, and TE (3.80 N) than the control group (0.49 s in IT, 0.78 N in ME, and 3.07 N in TE). The prevalence rates of force control capabilities lower than the 99% confidence interval of the control group ranged from 17% to 62% for the two patient groups. The force tracking system can sensitively quantify the severity of the force control deficiencies caused by dysfunction in the action–intention system of the brain.
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1. Introduction


Patients with damage in the action–intention system of the brain may have motor intentional disorders (MIDs), which show dysfunction in the execution and/or control of movement. MIDs are associated with damage in the premotor and prefrontal regions of the brain in charge of planning movement [1]. Thus, patients with damage in these regions may have MIDs despite an intact musculoskeletal system [2]. MIDs occur more among patients with right hemispheric lesions than those with left hemispheric lesions [3,4].



MIDs have been classified into motor akinesia, motor impersistence, and motor perseveration based on behavioral observation methods [1]. Motor akinesia with dysfunction in initiation is tested by asking a patient to lift the arm ipsilateral to the lesion as the hand is touched [3,5]. Motor impersistence with dysfunction in maintenance is assessed by asking a patient to keep the arms extended for 20 s [4,6,7]. Motor perseveration with dysfunction in termination is tested by asking a patient to draw the Luria loop [8]. Although these observational tests are commonly used, they can neither quantify the severity of dysfunction in the action-intension system nor detect mild dysfunction [9,10].



Quantitative assessment of dysfunction in the action–intention system is clinically important in several ways. Quantification of the severity of dysfunction allows early detection of MIDs, facilitating timely clinical interventions from an early stage [11]. For example, the quantification of severity can help in early screening of a patient with subcortical vascular mild cognitive impairment who may have a dysfunction in the action–intention system [12]. In addition, the quantification of severity helps clinicians monitor the symptom progression of a patient who is at an increased risk of developing severe symptoms and dementia. Lastly, the quantified severity can be used to evaluate the effectiveness of treatments provided to patients with MIDs.



A few recent studies have demonstrated that force control tests can objectively quantify dysfunction in the action–intention system. Seo et al. [13] proposed the four force control tests for each force phase (force initiation, development, maintenance, and termination phases). Later, Seo et al. [14] used the force control tests and found that force control capabilities of brain-damaged patients were far inferior to those of normal controls. Yoon et al. [11] and Kim et al. [15] applied the force control tests and revealed that the force control capabilities of brain-damaged patients significantly differed as compared with normal controls. These results indicate that measuring force control capabilities using the force control tests can objectively quantify the severity of dysfunction in the action–intention system.



The present study developed a quantitative assessment method of force control capabilities using a force tracking test. The force control tests used in existing studies require a longer testing time (about 20 min per patient) since the four tests corresponding to each force control phase should be separately conducted. In contrast, the force tracking test, which involves exerting forces to track target forces randomly varying over time, can examine the force control capabilities of the four phases in a single test. In addition, the force tracking test can more sensitively detect mild dysfunction than the four tests since it is a greater challenge to the action–intention system. This study developed a force tracking system and investigated its effectiveness in one normal control group (hereafter, normal group) and two patient groups with subcortical lesions.




2. Force Tracking System


2.1. System Configuration


The force tracking system developed in this study consisted of a force sensor (NK Pinch-Grip, NK Biotechnical Co., USA) and a computer screen to quantify the force control capabilities, as illustrated in Figure 1a. The force sensor (precision = 0.098 N, sampling rate = 32 Hz), which can measure the exerting forces of an index finger, was located 30 cm in front of the participant. The computer screen displayed the information needed to conduct a force tracking test and was placed 70 cm from the participant.



The force tracking system instructed the participant to apply designated target forces with the index finger on the force sensor. The target forces changed randomly among four different levels (5 N, 10 N, 15 N, and 20 N) over time. The time interval between target forces was randomly assigned between 3 and 5 s to prevent expectancy effects. The force tracking test continued for 60 s to obtain the assessment data of force control capabilities under various target force levels.



The computer screen consisted of a force gauge with a horizontal red line indicating the target force and a ball showing the force exerted by the participant, as shown in Figure 1b. The ball moved vertically in proportion to the exertion force. The color of the ball turned white, green, and red when the exertion force was below 10%, within the target range, and above the designated target force, respectively [9,10,13].




2.2. Quantification Protocol of Force Control Capabilities


To accurately quantify force control capabilities, the analysis period of the measured force data was set as 30 s after the time to stably reach a target force. Since the first time to reach a target force is often subject to artifacts, including the initial status of the participant, the force data measured after the first achievement of target force was included in the analysis.



Force control capabilities were quantified in (1) initiation time, (2) development time, (3) maintenance error, (4) termination time, and (5) tracking error, as illustrated in Figure 2. The initiation time (IT, unit: second) was the elapsed time between the increase of a target force and the beginning of increase force exertion. The development time (DT, unit: second) was the elapsed time between the end of the initiation phase and the time to reach a designated target force. The maintenance error (ME, unit: N) was the average absolute difference between a designated target force and corresponding exerted forces during the maintenance phase. The termination time (TT, unit: second) was the elapsed time between the decrease of a target force and the time to reach a designated target force. Lastly, the tracking error (TE, unit: N) was the average absolute difference between target forces and exerting forces during all the test phases.




2.3. System Configuration


The patients with abnormal force control capabilities were identified by comparing their measures with 99% confidence intervals of the normal group who had similar average age and gender ratio to the patients.





3. Case Study


3.1. Participants


To evaluate the effectiveness of the force tracking system, the present study analyzed the normal group and two patient groups diagnosed with subcortical vascular mild cognitive impairment (svMCI) or subcortical vascular dementia (SVaD) at Samsung Medical Center in Seoul, Republic of Korea. Eleven patients with svMCI (male = 6, female = 5; mean age = 74.5, SD = 5.6) and 13 patients with SVaD (male = 5, female = 8; mean age = 75.8, SD = 4.7) participated in this case study. All svMCI cases fulfilled the criteria suggested in Petersen et al. [16], and all SVaD cases met the criteria proposed by Erkinjuntti et al. [17]. Twelve normal participants (male = 4, female = 8; mean age = 71.6, SD = 7.3) were recruited as controls. The mean age and gender ratio of each group were approximately matched with each other as shown in Table 1 because force control capabilities may differ by age and gender [18,19,20]. This study was approved by the Institutional Review Board of Samsung Medical Center (IRB No. 2009-09-084).



The primary lesions for svMCI and SVaD were located in the frontal and related subcortical areas. Seo et al. [10,14] have shown that svMCI and SVaD are associated with cortical thinning in the frontal regions that may cause MIDs. The cortical thinning largely overlaps between svMCI and SVaD; however, the severity is greater in SVaD since svMCI is regarded as the prodromal stage of SVaD [21,22].




3.2. Experimental Design and Statistical Analysis


The present study employed a one-factor (participant group) between subjects design and conducted the force tracking tests in three steps (orientation, practice, and main test). In the first step, the purpose and instruction of the test were explained to the participant. In the second step, the participant was asked to practice the force tracking task to become familiarized. In the last step, the main tests were conducted four times for the participant. Breaks of about 2 min were allowed between the repetitions.



One-factor between-subjects ANOVA and Tukey tests were conducted using MINITAB (Minitab Inc., State College, PA, USA) at α = 0.05. This study excluded data that fell outside 95% confidence intervals of repeated trials [10,11]. The average proportion of excluded data was similar among the three groups of participants (normal: 4.0%, svMCI: 3.5%, and SVaD: 3.3%).




3.3. Results


The IT, ME, and TE of the normal group were significantly smaller than those of the patient groups, as shown in Figure 3 (IT: F(2, 34) = 35.78, p < 0.001; ME: F(2, 34) = 7.67, p = 0.002; TE: F(2, 34) = 13.32, p < 0.001). Tukey tests on IT classified the normal group (mean ± SE; 0.49 ± 0.02) as the fastest group, svMCI (0.64 ± 0.04) as the middle group, and SVaD (0.84 ± 0.05) as the slowest group. Similarly, Tukey tests on ME grouped the normal group (0.78 ± 0.03) as the best group, svMCI (1.38 ± 0.09) as the middle group, and SVaD (1.72 ± 0.09) as the worst group. TE slightly differed from IT and ME, although the trend remained; Tukey tests on TE classified the normal group (3.07 ± 0.13) as the best group and svMCI (3.80 ± 0.22) and SVaD (4.33 ± 0.21) as the worst groups.



TT was significantly different according to participant group (F(2, 34) = 23.01, p < 0.001). Tukey tests on TT classified the normal group (1.18 ± 0.05) and svMCI (1.38 ± 0.09) as the fastest groups and SVaD (1.88 ± 0.10) as the slowest group. Lastly, DT was not significantly different between groups (F(2, 34) = 2.58, p = 0.089), although it increased from the normal group (0.61 ± 0.04) to the svMCI (0.78 ± 0.07) and SVaD (0.89 ± 0.07) groups in ascending order.



Large percentages of svMCI cases in ME and TE and SVaD cases in IT, ME, and TE exceeded the 99% confidence intervals of the normal group, as shown in Figure 4. Subjects with svMCI showed larger deficits in ME (50%) and TE (50%) than IT (25%), DT (25%), and TT (17%). Those with SVaD revealed larger deficits in IT (62%), ME (54%), and TE (54%) than DT (31%) and TT (31%).





4. Discussion


The force tracking system developed in the present study can efficiently assess force control capabilities in a shorter time (about 10 min) than the force control tests used in previous studies. The force tracking system can quantify four measures of each force control phase (initiation time, development time, maintenance error, and termination time) and one overall measure (tracking error) using a single force tracking test. However, the force control tests used in previous studies [10,11,13,15] quantify the four measures by separately testing each force control phase, which requires more time to complete than the force tracking test.



The force tracking system can better statistically discriminate the severity of the force control deficiencies. Yoon et al. [11] and Kim et al. [15] used force control tests and failed to show a significant difference in IT between the normal and svMCI groups, while this study clearly showed a significant difference. In addition, Yoon et al. [11] had similar results for svMCI and SVaD in ME; however, this study showed a clear difference between the two patient groups. The present study was more sensitive because the force tracking test required more action–intention, making it easier to detect mild dysfunction in the action–intention system. However, large-scale experiments are needed using the force tracking system developed in this study to confirm these findings.



Patients with SVaD showed force control capabilities in all measures worse than those with svMCI. IT (mean = 0.84 s), DT (0.89 s), ME (1.71 N), TT (1.88 p), and TE (4.33 N) in the SVaD group were 31%, 14%, 24%, 36%, and 14% greater than those (0.64 s in IT, 0.78 s in DT, 1.38 N in ME, 1.38 s in TT, and 3.80 N in TE) in the svMCI group, respectively. From these results, we conclude that SVaD patients have more severe dysfunction in the action–intention system than svMCI patients. These findings are consistent with previous studies [11,14] that show that svMCI may represent a prodromal state of SVaD in terms of neuropsychological results and neuroimaging findings.



The proportion of patients outside the 99% confidence intervals of the force control capabilities of the normal group was higher for ME and TE in the svMCI group and IT, ME, and TE in the SVaD group. The svMCI group showed higher prevalence rates for ME (50%) and TE (50%) than the other measures (17% to 25%). On the other hand, the SVaD group showed higher prevalence rates in IT (62%), ME (54%), and TE (54%) than the other measures (31%). These results indicate that svMCI patients are more prone to have motor impersistence, while SVaD patients are more prone to have motor akinesia and motor impersistence. Thus, motor impersistence can be considered an early symptom of MIDs, while motor akinesia represents a late symptom observed in more severe patients. Although this finding agrees with Yoon et al. [11], more case studies are needed to generalize the results.



The present study demonstrated the usefulness of the force tracking system in detecting patients with dysfunction in the action–intention system. Among patients with svMCI and SVaD, about 10% to 60% had dysfunction in the associated force control measure, implying that the force tracking system can be used to select brain-damaged patients who need clinical interventions to improve their symptoms. In addition, the case study revealed that prevalence rates of the patients were different among the force control phases. Such differences indicate that customized intervention is needed for each patient, since they may experience dysfunction in different force control phases. However, future research is required with diverse age groups and patient groups to generalize the findings of this study.



The force tracking system described here can help develop a brain fitness method specialized in enhancing the action–intention system of the brain. Brain fitness serves to maintain and/or improve brain abilities by stimulating the brain [23], which may promote the creation of new neurons, neural connections, and brain vascularization. Brain fitness for brain-damaged patients can be done by force tracking exercises designed to challenge the action–intention system. This force tracking system can be used not only as a brain fitness tool, but also to objectively monitor the effectiveness of brain fitness exercises.




5. Conclusions


The present study developed a force tracking system that can quantify force control capabilities to detect motor intentional disorders. The force tracking system recorded the forces exerted by a patient while tracking designated forces (5 N, 10 N, 15 N and 20 N) varying over time. Four force control measures (initiation time, development time, maintenance error, and determination time) were quantified for each phase, as well as one overall measure (tracking error). The study found that the force tracking system (a single test) quantified force control capabilities more efficiently and sensitively than force control tests (multiple separate tests).
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Figure 1. Force tracking system: (a) system layout; (b) computer screen. 
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Figure 2. Illustration of force control measures (IT: initiation time, DT: development time, ME: maintenance error, TT: termination time, TE: tracking error). 
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Figure 3. Force control capabilities of the normal, subcortical vascular mild cognitive impairment (svMCI), and subcortical vascular dementia (SVaD) groups (letters indicate statistical differences at α = 0.05). (a) Initiation time; (b) development time; (c) maintenance error; (d) termination time; (e) tracking error. 
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Figure 4. Percentages of patients outside the 99% confidence intervals of the force control capabilities of the normal group (IT: initiation time, DT: development time, ME: maintenance error, TT: termination time, TE: tracking error). 
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Table 1. Participant characteristics.
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Group

	
Gender

	
Age




	
Male

	
Female

	
Percentage of Male

	
Mean

	
SD






	
Normal

	
4

	
8

	
33%

	
71.6

	
7.3




	
svMCI

	
6

	
5

	
55%

	
74.5

	
5.6




	
SVaD

	
5

	
8

	
39%

	
75.8

	
4.7
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