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        Abstract



        
          Background:


          Technological tools as robotic devices and wearable sensors can provide accurate and repeatable measurements of physical variables (e.g., position, velocities, forces) which can be used for quantitative and qualitative assessment of movement analysis and upper limb motor performance.

        


        
          Objective:


          The study aims to propose a quantitative and qualitative assessment of upper limb motor performance by means of seven kinematic parameters recorded by a passive mechatronic device in patients who underwent a surgical procedure for ligament reconstruction following acromioclavicular joint dislocation.

        


        
          Method:


          Five patients (mean age: 40 ± 12 years) with acromioclavicular joint dislocation were enrolled.


          A passive end-effector mechatronic device characterized by 7 degrees of freedom and designed for the assessment of upper limb motor performance - especially for measuring the hand position in three-dimensional space - was used.


          The Constant-Murley score and seven kinematic parameters were used as clinical outcome measure and quantitative and qualitative assessment, respectively.

        


        
          Results:


          The preliminary results of this study show no significant differences between the impaired arm and unimpaired arm: the end-effector passive mechatronic device used in this study is able to provide an overall assessment of the upper limb motor performance following shoulder impairment.

        


        
          Conclusion:


          The motion tracker can be easily used as effective tool for quantitative and qualitative assessment of upper limb motor performance, even several years after the surgical operation.
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      1. INTRODUCTION


      Motor disorders of the upper extremities following orthopaedic injuries often include joint and muscular stiffness, muscular weakness, disturbed muscle timing, reduced ability to selectively activate muscles and abnormal synergistic movement patterns on the arm and shoulder girdle [1, 2].


      Approximately 9% of shoulder injuries involve damage to the Acromioclavicular Joint (ACJ) which are common in athletes, especially in contact sports or after a side fall while skiing, cycling or after motorbike accidents [3].


      Rockwood and Green classified six types (e.g., form type I to type VI) of ACJ injuries based on the severity of the injury [4]: type I points out the less severe ACJ injury, whereas type VI, the most severe. Currently, the gold standard treatment for ACJ dislocation is still debated, especially for ACJ Rockwood types III through V [5]. The majority of these lesions can be successfully treated without surgery, in particular type I and II, on the other hand, surgical treatment is indicated for Rockwood type IV, V and VI injuries [6, 7]. The optimal choice for the treatment of type III is still debated [8]. Although previous meta-analyses have supported non operative treatment [9, 10], a recent study showed a significant functional outcome improvement after surgical treatment [11].


      In fact during the last decades, a progression from conservative treatments has been observed (i.e., shoulder blockage for 3/4 weeks), contributing to chronic shoulder functional impairment, to complex interventions aimed to achieve a coracoclavicular reduction and stabilization based on the use of tension bands, plates and artificial ligaments. As regards the latter approach, a study focused on the comparison between outcomes of two surgical procedures of coracoclavicular joint reconstruction showed better results when LARS artificial ligaments were used, in terms of stability and early shoulder mobilization [12].


      The comparison of different orthopaedic surgical procedures is often presented without considering the effects of postoperative rehabilitation training. To date different assessment procedures are being used to evaluate postoperative and non-operative ACJ treatments [5, 9], however reliable quantitative outcome measures are still missing.


      The assessment of residual motor functions and the effectiveness of therapeutic and surgical treatments are currently based on subjective observations performed by rehabilitation professionals (i.e., therapists, physiatrists) by means of clinical outcome measures.


      Technological tools as robotic devices and wearable sensors can provide accurate and repeatable measurements of physical variables (e.g., position, velocities, forces) which can be used for quantitative and qualitative assessment of movement analysis and upper limb motor performance [13-16].


      In fact, different methods for kinematic assessment of movement quality of upper limbs have been recently proposed [16-22]. Most of these methods, based on the analysis of kinematic parameters recorded during the robot-assisted rehabilitation, have been developed and validated for neurological motor impairments (e.g., stroke). In particular, the following parameters are usually used to quantitatively and qualitatively evaluate the quality of upper limbs movements [13-21]: mean time of execution, mean distance, Speed Metric (SM), Final Mean Movement Deviation (FMMD), Number of Peaks in Speeds Profile (NSP), Normalized Reaching Speed (NRS) and Normalized jerk. These parameters are able to provide useful information on the upper limb movements in terms of accuracy, efficacy, smoothness, intra-limb coordination and workspace [20, 23].


      The rehabilitation of the shoulder following an injury or a disease is crucial for the motor recovery of the Activities of Daily Living (ADLs) [24] as the hand function can not be achieved without a satisfactory control of proximal segments [25]: studies have shown that during grasping and reaching movements, the trajectories of shoulder, elbow and hand are strongly coupled [26].


      The measurement of hand trajectories can provide relevant information for assessing upper limb motor performance. Human posture and movements can be measured by means of different types of sensors, as accelerometers, gyroscopes and flexible angular sensors (i.e., electrogoniometers) [27, 28]: the analysis of upper limb movements based on data recorded by such sensors can provide a quantitative assessment which can be used to evaluate the effectiveness of clinical treatments [29].


      The objective of this study is to propose a quantitative and qualitative assessment of upper limb motor performance by means of a mechatronic device in patients who underwent a surgical procedure for ligament reconstruction following ACJ dislocation.

    


    
      

      2. METHODS


      
        

        2.1. Participants


        Five patients (men, mean age: 40 ± 12 years, range: 20-51 years) with acute Rockwood type III and V ACJ dislocation were evaluated retrospectively after ACJ ligament reconstruction. In three patients, the injury was caused by sport accidents, whereas in two patients, it was caused by an accidental event; two out of five patients underwent surgical treatment on the dominant side (both right) (Table 1). Surgery was performed between April 2011 and May 2012 with a mean Follow-Up (FU) time of 43.4 months (range: 36-55 months) and the mean time between the acute event and surgery was 3 days (range: 1-5 days). All procedures used in this study were in accordance with the Declaration of Helsinki.


        
          Table 1 Patients characteristics. Legend: FU, follow-up; DS, Dominant Side; IS, Injured Side; /IS, Controlateral Side; CMS, Constant-Murley score.


          
            
              
                	Patient ID

                	Age

                	Surgery date

                	FU time

                (months)

                	DS

                	IS

                	Injury cause

                	Classification

                (type)

                	CS

                IS

                	CS

                /IS
              

            

            
              
                	1

                	51

                	28/05/2012

                	36

                	R

                	L

                	accident

                	V

                	95

                	100
              


              
                	2

                	45

                	27/08/2010

                	55

                	R

                	R

                	sport

                	III

                	98

                	100
              


              
                	3

                	20

                	30/05/2012

                	34

                	L

                	R

                	sport

                	V

                	92

                	100
              


              
                	4

                	39

                	20/07/2011

                	44

                	R

                	R

                	accident

                	III

                	98

                	100
              


              
                	5

                	45

                	15/04/2011

                	48

                	R

                	L

                	sport

                	III

                	100

                	100
              

            
          


        

      


      
        

        2.2. Experimental Setup


        The ULTRA (Upper Limb TRAcker, Humanware Srl, Pisa, Italy) system, a passive end-effector mechatronic device was used in this study (Fig. 1). It is an articulated mechanical structure formed by 7 rotoidal joints corresponding to 7 Degrees Of Freedom (DOFs) divided as follows: 2 DOFs in correspondence of the shoulder joint, 1 DOF in correspondence of the elbow joint and 4 DOFs in correspondence of the wrist joint (Fig. 2).


        [image: ]
Fig. (1)

        A patient during the assessment procedure using the ULTRA system.

        [image: ]
Fig. (2)

        Schematic representation of the kinematical structure of the ULTRA system.

        The patient can perform upper limb movement by means of the ULTRA system: 2 DOFs on the shoulder joint allow to perform flexo/extension and abduction/adduction movements, the single DOF of the elbow permits to execute flexo/extension movement and the DOFs of the wrist allow to perform rotation, flexo/extension, abduction/adduction and prono/supination movements.


        The ULTRA system is embedded with three rotary potentiometers providing the position of the end-effector.


        The reference coordinate system is shown in Fig. (3) and the technical specifications of the ULTRA system are reported in Table 2.


        [image: ]
Fig. (3)

        The reference coordinate system (d=30 cm).

        
          Table 2 The ULTRA system technical specifications.


          
            
              
                	Resolution

                	0.2 mm
              


              
                	Linearity

                	±1%
              


              
                	Workspace

                	ø 1700 mm
              


              
                	Speed data transfer

                	1.5Mbit/sec
              


              
                	Power supply

                	USB port
              


              
                	Dimensions

                	160x195x580mm
              


              
                	Weight

                	1.5 kg
              


              
                	Working temperature

                	0°C ÷ +40°C
              


              
                	Store temperature

                	20°C ÷ +40°C
              


              
                	Humidity

                	0÷75%
              

            
          


        


        The device is designed for the assessment of upper limb motor performance, especially for the measurement of the hand position in three-dimensional space: the motor performance assessment is based on reaching tasks, mainly focused on shoulder and elbow joints, which are performed by the patient by grabbing the end-effector.


        The device provides visual and sound feedbacks and its workspace corresponds to the human upper limb workspace.

      


      
        

        2.3. Assessment of Motor Performance


        Each subject was asked to perform five reaching movements between consecutive targets (Fig. 4). As the real movement was carried out in a three-dimensional space and the rehabilitation scenario is in a bi-dimensional space, the movements along the depth were not considered. In fact, this study is mainly focused on the frontal (or coronal) plane where only the bi-dimensional components matter.


        [image: ]
Fig. (4)

        The assessment scenario.

        The position of the subject end-effector is shown on the monitor as a red circle: the target to be hit is represented by a light blue circle. Each of the six peripheral targets has to be hit clockwise: the ideal path to be followed is visually shown as a segment connecting two targets (i.e., previous and current target). When the end-effector position is close to the position of the target according to an adjustable precision threshold (here set at 10 mm.), the target circle colour changes to green and the following target has to be hit.


        Each subject performed initially three trials using the unimpaired arm and then three trials using the impaired arm. The resting period among trials is t=60 seconds.


        The coordinates (x, y) of the current position of the end-effector and the duration of each movement were recorded during each trial.


        The recorded data were used to compute different parameters able to provide information on the end-effector kinematics and movement quality and duration.

      


      
        

        2.4. Clinical Outcome Measure


        The Constant-Murley Score (CMS) is a common clinical outcome measure used to evaluate the functionality of the upper limb following shoulder injuries. The CMS parameters determine the level of pain and the ability to carry out the activities of ADLs [31]. It is a scale based on a 100-point scoring system that provides a global score based on weighted measures of physical impairments in Range Of Motion (ROM) and strength, along with patient report pain and activity limitation [30-32]. The CMS is divided into four domains: pain (15 points), activities of daily living (20 points), strength (25 points) and range of motion (40 points): the higher the score, the higher the quality of the function.


        It is accurately reproducible by different observers and is sufficiently sensitive to reveal even small changes in functions [33]. The method is easy to perform and requires a minimal amount of time for evaluation. Based on these features it was identified as a clinical outcome measure to be used in this pilot study. Table 1 shows the scores for both the Injured (IS) and controlateral (/IS) side.

      


      
        

        2.5. Kinematic Parameters


        Kinematic parameters recorded during the execution of upper limb movements may provide relevant objective information on the upper limb motor performance. The proposed kinematic parameters are computed both for the impaired and unimpaired upper limb in order to assess the motor recovery of the former after a surgical treatment by considering the values recorded on the latter as reference values for each subject.


        The following features can be evaluated for the quantitative and qualitative assessment of upper limb motor performance: execution time, covered distance, movement speed, position error, movement smoothness [34]. Based on these categories, the following parameters were computed:


        (1) Final Mean Time (FMT), defined as the mean time needed to reach each target.


        (2) Mean Distance (MD), defined as follows:


        
          
            	[image: ]

            	(1)
          

        


        where [image: ] is the distance between the desired (xd, yd) and the actual position (x, y) and N represents the number of samples in the movement recording.


        (3) Speed Metric (SM) represents a normalized mean speed: it is computed as the ratio between the mean speed and the peak speed [35].


        (4) Final Mean Movement Deviation (FMMD), defined as the final deviation between the desired target position and the actual position computed on each single target. It represents the movement accuracy. A low value of such parameter highlights a high accuracy.


        (5) Number of Peaks in Speeds Profile (NSP), representing a measure of movement smoothness [36]. In an unperturbed reaching task, this value corresponds to 1. A decreased value after a treatment compared to the initial value shows an improvement of the movement smoothness.


        (6) Normalized Reaching Speed (NRS), computed as the ratio between the difference of peak speed and mean speed, and the peak speed:


        
          
            	[image: ]

            	(2)
          

        


        where vxymax represents the peak speed and [image: ] is the mean speed. Low values of the parameter indicate smooth movements.


        (7) Normalized jerk, defined as follows [37]:


        
          
            	[image: ]

            	(3)
          

        


        This parameter is used to assess the smoothness of movement. It is based on the jerk analysis (i.e., the derivative of acceleration respect to time) and it is a normalized measure that is more susceptible to significant changes than other jerk definitions [35].


        The difference between the operated and contralateral upper limb are computed and analysed by using the Wilcoxon signed rank test.

      

    


    
      

      3. RESULTS


      The aetiology of the injuries is represented by accidents due to fall from bicycles or motorbikes and traumas after sporting activities in relatively young subjects. All patients returned to their work, leisure and sports activity after surgery.


      Table 1 shows CMS values after a surgical ligament reconstruction due to ACJ dislocation. Patient scores were excellent (average score 96.6/100), with no significant differences between operated and contralateral upper limb. In fact, the mean difference in the CMS scores between the operated and untreated shoulder is 3.40 ± 3.13 (range 0-8). In particular, in two patients (ID 2 and ID 4) the injured side corresponds to the dominant side (i.e., right).


      Fig. (5) and Table 3 shows the values of kinematic parameters expressed as mean values ± standard deviation and the p-values of kinematic parameters, respectively.


      
        Table 3 The p-values of the kinematic parameters. Legend: NC: not computed.


        
          
            
              	

              	IPA

              	AB

              	BC

              	CD

              	DE

              	EF
            

          

          
            
              	FMMD

              	0.34

              	0.84

              	0.48

              	0.34

              	0.77

              	0.26
            


            
              	FMT

              	0.07

              	0.15

              	0.41

              	0.95

              	0.19

              	0.12
            


            
              	MD

              	NC

              	0.19

              	0.45

              	0.79

              	0.38

              	0.19
            


            
              	NSP

              	NC

              	0.53

              	0.19

              	0.22

              	0.25

              	0.63
            


            
              	SM

              	NC

              	0.91

              	0.80

              	0.58

              	0.17

              	0.79
            


            
              	NRS

              	NC

              	0.35

              	0.93

              	0.71

              	0.69

              	0.80
            


            
              	Normalized

              Jerk

              	NC

              	0.37

              	0.36

              	0.89

              	0.06

              	0.49
            

          
        


      


      As regards the movement kinematics, the differences between the impaired arm and unimpaired arm in terms of FMMD (Fig. 5a) and MD (Fig. 5c) are 0.73 ± 2.37 mm and -1.33 ± 8.84 mm, respectively.


      The difference between the impaired arm and unimpaired arm in terms of FMT (Fig. 5b) values is equal to -0.52 ± 0.77 seconds.


      As regards the movement smoothness assessed by NSP (Fig. 5d), SM (Fig. 5e), NRS (Fig. 5f) and normalized jerk (Fig. 6), the differences between the impaired arm and the unimpaired arm are 1.25 ± 2.63, 0.01 ± 0.03, -0.29 ± 1.39 and 2.40 ± 7.55, respectively.


      [image: ]
Fig. (5)

      FMMD (top left), FMT (top right), MD (middle left), NSP (middle right), SM (bottom left), NRS (bottom right). Values are expressed as mean ± standard deviation. Legend. blue: impaired arm; red: unimpaired arm; IPA, initial point-target A. *p<0.05.
    


    
      

      4. DISCUSSION


      This pilot study presents the application of an end-effector passive mechatronic device to upper limb motor performance assessment of patients who underwent a surgical procedure for ligament reconstruction following ACJ dislocation.


      The preliminary results presented in this study show the effectiveness of an end-effector passive mechatronic device able to provide an overall assessment of the upper limb motor performance.


      [image: ]
Fig. (6)

      Normalized jerk. Values are expressed as mean ± standard deviation. Legend. blue: impaired arm; red: unimpaired arm. *p<0.05.

      Different technologies (e.g., wearable sensors, robotic devices, motion recognition systems, motion analysis devices, etc.) have been proposed and validated for posture and physical activity monitoring. Such technologies can be used to detect human movement and to carry out analysis of body motions [38], thus providing accurate and reliable feedback that may also support rehabilitation activities [39].


      Recently the miniaturization of devices and the evolution of sensing technologies has produced an increase of the use of wearable sensors (e.g., inertial measurement units, flexible force sensors) for rehabilitation applications: a great variability of systems based on these sensors have been used so far [40]. The analysis of biomechanical parameters computed from physical variables recorded during the rehabilitation training by means of these sensors can be carried out in order to investigate mechanism underlying movement control [41].


      Most of these sensors can be considered as an appropriate alternative to motion analysis systems based on cameras and markers which need structured environments and calibration operations that are often laborious and time consuming. Furthermore the costs of the latter are rather high. The device used in this study is portable, easy to use and low-cost.


      The parameters proposed in this study can be used to analyse the kinematics (i.e., FMMD, MD, SM, NRS), duration (i.e., FMT) and quality (i.e., NSP and normalized jerk) of upper limb movements following a surgical procedure focused on ACJ reconstruction. In particular our results suggest that goal-directed, planar reaching tasks are appropriate to evaluate shoulder and elbow movements: the movements corresponding to the operated shoulder overlap those recorded on the controlateral side in terms of kinematics, execution time and movement smoothness, and such overlapping highlights the effectiveness of the device and the proposed reaching exercises. As regards the NSP parameter a familiarization mechanism may explain the lower values observed in the impaired arm.


      As known in some activities and sports (i.e., biking, fishing) the side dominance does not have a special role. In fact, in two subjects recruited in this pilot study who are used to play such sports and where the dominant side corresponds to the injured side, the functional recovery of the upper limb is complete.


      The integration of the CMS and the set of kinematic parameters allow to investigate the subject's upper limb motor abilities by using the operated upper limb in terms of pain, ROM, kinematics, duration and quality.


      The integrated approach of clinical outcome measures and kinematic parameter is often used in neuro-rehabilitation field in order to assess the movement quality [20]. Till now the kinematic analysis is often carried out for evaluating the effects of gait rehabilitation by means of expensive motion-capture camera systems [42].


      The proposed integrated assessment approach including clinical outcome measures and kinematic parameters may provide useful insights in the orthopaedic field.

    


    
      5. LIMITATIONS OF THE STUDY


      The limitations of this study are represented by the small number of recruited patients and the lack of homogeneity in terms of time elapsed from the surgical procedure.

    


    
      CONCLUSION


      The results of this pilot study suggest that the motion tracker can be easily used for the quantitative and qualitative assessment of shoulder movements, even several years after the surgical operation.


      This pilot study has demonstrated that goal-directed, planar reaching tasks are appropriate to evaluate shoulder and elbow movements following an orthopaedic surgical procedure. The CMS used as clinical outcome measure and the values of seven different kinematic parameters have shown that the differences between the injured and the dominant side are significantly negligible. Indeed no statistically significant changes between the impaired and unimpaired limbs in terms of clinical outcome scale and kinematic parameters were found.


      The novelty of this study is represented by the proposal of an assessment method based on the use of a passive motion tracker and seven kinematic parameters following an acromioclavicular joint ligament reconstruction. In addition, our results highlight that a complete upper limb motor recovery occurs even in patients whose impaired limb corresponds to the dominant side.
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