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Abstract: This study evaluates the R3THA™ assessment protocol (R3THA-AP), a technology-supported testing 

module for personalized rehabilitation in children with cerebral palsy (CP). It focuses on the reliability and 

validity of R3THA-AP in assessing hand and arm function, by comparing kinematic assessments with standard 

clinical assessments. Conducted during a 4-week summer camp, the study involved children with CP aged 3-

18, assessing their functional and impairment levels. The findings suggest that R3THA™ is more reliable for 

children aged 8 and older, indicating that age significantly influences the protocol's effectiveness. Results also 

showed that R3THA-AP's kinematic measurements of hand and wrist movements were positively correlated 

with the Box and Blocks Test Index (BBTI), reflecting hand function and dexterity. Additionally, R3THA-AP's 

accuracy metrics for hand and wrist activities aligned with the Melbourne Assessment 2's Range of Motion 

(MA2-ROM) scores, suggesting a meaningful relationship between R3THA-AP data and clinical assessments 

of motor skills. However, no significant correlations were observed between R3THA-AP and MA2's accuracy 

and dexterity measures, indicating areas for further research. These findings validate R3THA-AP's utility in 

assessing motor abilities in CP, supporting its integration into clinical practice. 

Keywords: children with Cerebral Palsy, motor rehabilitation, exergame, upper extremity assessment  

 

1. Introduction 

Cerebral palsy (CP) is a non-progressive neurological disorder that affects muscle control, 

movement, and coordination [1]. According to the CDC, CP is the leading cause of motor impairment 

in children, affecting ~1 in 345 children in the US [2]. The symptoms of brain injury might change 

during a lifetime, meaning the individual can improve function to a certain degree, but they might 

also experience reduced motor function during their life [3]. Regardless of the level of impairment, 

therapeutic exercises are essential to either improve a skill or prevent loss of function. During 

childhood, one of the early and most robust predictors of limitations in everyday activity and 

participation restrictions is the limited ability to manipulate objects with the hand. Therefore, 

improving manual skills becomes one of the most important treatment goals for children with CP to 

increase independence in daily living skills [4]. Unfortunately, the quality and volume of training do 

not often meet the demand for children with CP due to the space and personnel costs associated with 

inpatient care and the transportation and access issues associated with outpatient rehabilitation. 

Telerehabilitation is a third approach to rehabilitation designed in part to address the challenges 

posed by in person care. Remote assessment, treatment, and monitoring using telecommunications 
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equipment, expand rehabilitation opportunities by improving access to patients and limiting costs to 

providers. Remote assessment is particularly challenging in children with CP due to difficulties 

collecting valid, objective measures of motor function, particularly in younger children[5].  

A critical aspect of providing remote rehabilitation is the ability to assess improvements over 

time. This is especially important in this target population, where changes in motor performance 

might be small and hard to detect by clinicians and caregivers[6]. In addition, younger and 

cognitively impaired children with CP might not be able to self-report improvement or deterioration. 

Assessments of hand function that show progress over time play an important role in clinical decision 

making for therapists and also serve to keep children engaged and motivated to participate in 

therapy. Clinical assessments utilizing standardized activities such as the Melbourne Assessment[7], 

Box and Blocks Test[8], the Assisting Hand Assessment[9] and the Jebsen Taylor Test of Hand 

Function[10], are used extensively in clinical and research settings to evaluate the impairment level 

and functional level of upper extremity of children with CP. They provide high levels of reliability 

and ecological validity. This said, these tests require children to be present in the clinic, limiting their 

accessibility to children with mobility and transportation issues. They also are unable to provide 

immediate feedback to children as they perform home exercise programs. Standardized computer-

based assessments can provide objective and instantaneous evaluation of the upper extremity 

function and make remote and more frequent monitoring possible. However, to be feasible, these 

assessments need to accommodate the bodies and cognitive perceptual / abilities of the children being 

tested. They also need to collect data that is related to real world function.  

Studies show that camera-based motion capture systems are reliable and effective for the 

provision of upper extremity therapies for children with CP in the laboratory setting [11–13]. A higher 

degree of precision is required to perform standardized assessments in order for tests to be 

sufficiently reliable and valid for measuring progress and facilitating clinical decision making by 

therapists. Systems that utilize gesture recognition require usable anthropometric data for 

transformation into a hand model that can be used for kinematic measurement. Hand shape and size 

affect these measurements[14]. To date, no acceptable range of hand sizes for utilization in camera-

based motion capture has been established. 

Technology based motor assessment requires a degree of direction following and attention 

beyond those of traditionally standardized assessments[15]. Complex sensorimotor transformations 

are also necessary for users to understand the translation of physical movement to on-screen 

movement [16]. All of these abilities are impacted by both the neuropathology associated with CP 

and the developmental process. There are no established guidelines describing an ideal age range or 

minimum age for the collection of valid, camera-based motor performance data in children with CP.  

Rehabilitation Technologies for Hand and Arm (R3THA™) uses exergame technologies and 

cloud powered data analytics to provide personalized and adaptive hand and arm rehabilitation 

activities for individuals with chronic brain injuries. R3THA (‘ree-tha’) employs infrared motion 

capture and adaptive learning algorithms to assess hand function, tailors over 20 different hand 

exercises to individual impairments, and tracks progress over time. Therapists can use it in person or 

via remote telerehabilitation sessions, and individuals can use it for home exercise programs. A 

previous iteration of this approach, the Home-based Virtual Rehabilitation System (HoVRS), 

developed by New Jersey Institute of Technology (NJIT), was originally designed for studying 

individuals recovering from stroke [17–21]. 

R3THA is specifically designed to work without wearable sensors attached to the hand. It uses 

an infrared camera, Leap Motion Controller (LMC), to capture kinematic measures. The LMC has 

two infrared light emitting diodes (LEDs) that collect images transmitted via USB to the LMC’s 

tracking software, which analyzes and transforms the images into three-dimensional representations 

of these images[18]. This allows for real time, camera-based estimation of wrist and finger angles and 

position measures without an expensive and cumbersome wearable apparatus. The reliability and 

validity of kinematic measures of wrist and finger function collected by the LMC capturing 

finger/wrist joint data have been validated in our previous research studies with individuals with 

stroke[19]. R3THA also provides a comprehensive assessment protocol (R3THA-AP), which collects 
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a battery of kinematic measures to provide objective, standardized, and detailed information for 

clinicians, end-users, and caregivers. Kinematic measurements from R3THA-AP have demonstrated 

clinically acceptable levels of reliability as well moderate to strong correlations with clinical measures 

of motor control in persons with stroke, which suggests that the R3THA-AP can generate the 

meaningful remote assessments necessary for effective telerehabilitation in this population[19]. In 

order to establish that the R3THA-AP will be able to meet the needs of children with CP in a similar 

fashion we conducted two proof of concept studies to evaluate the following aspects of the R3THA-

AP in a group of children with hemiplegia.  

1) Explore the relationship between R3HTA-AP measurements data and children’s ages and upper 

extremity size.  

2) Evaluate the validity of R3HTA-AP by correlating its kinematic measurements with clinical 

assessments. 

2. Study #1: Explore the relationship between R3HTA-AP measurements data and children’s ages 

and upper extremity size. 

2.1. Materials and Methods 

2.1.1. Study Participants 

Both studies were approved by the Internal Review Board of the New Jersey Institute of 

Technology. Children were recruited at a summer camp located in suburban New Jersey, USA. 

Children from across the US attend this summer camp, traveling to New Jersey for the four-week 

duration of the camp. Parents and children were informed about the study on the first day of camp. 

Potential participants were pre-screened by a camp Occupational Therapist (OT) and an on-site study 

coordinator. Consent and assent were completed with parents and children. 

Participants were selected for both studies based on the following inclusion criteria: 1) Children 

with CP or hemiplegia due to brain injury, 2) Aged 3 – 18, 3) Gross Motor Function Classification 

System level of I – IV, 4) No severe arm weakness and tone, 5) Able to follow verbal instructions, 6) 

No visual problems that make it difficult for them to interact with the entire computer screen.  

2.1.2. Study Protocol 

To prepare for the study, study therapists were trained to use the R3THA-AP a week before the 

summer camp started. After the consent and assent, participants’ motor function was evaluated using 

clinical assessments and R3THA-AP based kinematic assessments during the week of the camp, by 

four licensed OTs. 

2.1.3. Data collection 

2.1.3.1. Demographic Data  

Demographic information, such as participants' age, gender, and side of hemiplegia, was 

gathered before the study commenced. Participants’ upper extremity size was measured from the tip 

of the middle finger to the elbow crease.  

2.1.3.2. R3THA Assessment 

R3THA-AP (Assessment Protocol) collects a battery of kinematic measurements to assess the 

range of motion and control of movements of hand and arm. It measures the following: 
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Table 1. R3THA-AP kinematic measurement and description. 

R3THA-AP Subtest Items Descriptions 

Hand Open/Close Range (cm) 

The participant fully opens and then fully closes their hand. The Hand 

Open Range value is calculated by measuring the difference in the 

average distance between the fingertips and the center of the palm 

across all four fingers in these two positions. A larger value indicates a 

greater hand opening range. 

Hand Open/Close Trace Error Rate (%) 

The participant controls a cursor that moves up and down by opening 

and closing their hand. The participant attempts to trace an irregular 

wave which moves on the screen from left to right at a constant speed. 

Accuracy is calculated as the root mean square error between the 

cursor position and the corresponding target point on the wave. Root 

mean square error is calculated to quantify the differences in cued 

movement and actual participant movement (smaller error = better 

performance). The smaller the value, the better control of hand 

opening. 

Wrist Extension/Flexion Range (deg) 

The participant extends and flexes their wrist against gravity with 

their forearm in a fixed position. Angular difference between these 

two positions is reported as the wrist pitch range. 

Wrist Extension/Flexion Trace Error Rate (%) 
The participant controls a cursor that moves up and down by flexing 

and extending their wrist. Task and accuracy values are calculated.  

Pronation/Supination Range (deg) 
The participant moves and holds their hand in pronation and 

supination with their elbow fixed. Range is calculated. 

Pronation/Supination Trace Error Rate (%) 

The participant controls a cursor that moves up and down by 

pronating and supinating their hand. Task and accuracy calculations 

were performed.  

2.1.4. Statistical Analysis 

We explored the relationship between R3THA-AP’s measurements and children’s age and 

upper extremity size using Spearman rank-order correlation. Linear regression analysis was utilized 

to determine the correlation between upper extremity size and percentage of the valid R3THA-AP. 

The statistical data analyses were conducted using R 4.1.0, and a custom-written script in MATLAB 

software (MathWorks, MA, v.R2022b).  

2.2. Results 

2.2.1. Participants 

A total of 36 participants between the ages of 3 to 18 years old were recruited to evaluate the 

usability of R3THA-AP with children with CP with wide range of age and hand size. Consent and 

assent were obtained from each participant prior to being enrolled in the study. The demographic 

characteristics are listed in Table 2. No safety issues were reported, and none of the participants 

experienced any side effects during the study. 

Table 2. Demographic (N = 36). 

 Mean (SD) 

Age 9.28 (4.4) 

Gender 15 Females / 21 Males 

Hemiplegia side 17 left / 19 right 

Upper extremity size (inches) 13.22 (2.53) 
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2.2.2. Data Validation Analysis 

During the study, if the system is unable to track the participant's hand for a specific subtest, the 

corresponding R3THA-AP subtest item score were recorded as null. The R3THA-AP valid data rate 

was calculated as the percentage of non-null R3THA-AP kinematic measurements relative to the total 

number of subtests. R3THA-AP’s valid data rate collected from participants aged 8 and older is 40% 

higher than participants aged 7 and younger. The valide data rate is statistically significantly 

correlated with age (Spearman’s ρ = 0.94, p-val <0.001), and moderately correlated with upper 

extremity size (Spearman’s ρ = 0.602, p-val =0.013) (Figure 1).  

. 

Figure 1. Distribution of valid measurements collected by upper extremity length (right panel) and 

age (left panel). Note the difference in percentage of valid measures for subjects greater than eight 

years of age. 

3. Study #2: Evaluate the validity of R3HTA-AP by correlating its kinematic measurements with 

clinical assessments. 

3.1. Materials and Methods 

3.1.1. Study Participants 

See Section 2.1.1 

3.1.2. Study Protocol 

To prepare for the study, study therapists were trained to use the R3THA-AP a week before the 

summer camp started. After the consent and assent, participants’ motor function was evaluated using 

clinical assessments and R3THA-AP based kinematic assessments during camp by four licensed OTs. 

3.1.3. Data Collection 

3.1.3.1. Demographic Data  

Demographic information, such as participants' age, gender, and side of hemiplegia, was 

gathered before training commenced.  

3.1.3.2. Clinical Assessments 

The Melbourne Assessment 2 (MA2): MA2 is a 14 item criterion-referenced test for evaluating four 

elements of upper limb movement quality in children with a neurological impairment aged 2.5 to 15 
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years: (i) Range of movement, (ii) Accuracy of reach and placement, (iii) Dexterity of grasp, release 

and manipulation and (iv) Fluency of movement [22]. MA2 performance is video recorded and scored 

after performance is complete. 

Box and Block Test (BBT): BBT is a standardized activity level test used to measure the gross 

manual dexterity of [23], [24]. The subject is given 60 seconds to move as many blocks as possible over 

a partition to the other side, using one hand. Subjects perform the test with both hands. The Box and 

Blocks Index is calculated by subtracting the more impaired hand score from the less impaired hand 

score.  

2.3.3. R3THA Assessment 

See section 2.1.3.2 

2.4. Statistical Analysis 

The values for kinematic measures, along with MA2 and BBT, were analyzed to explore the 

relationship between the kinematic measurements provided by LMC and the level of impairment 

assessed clinically. Linear regression analysis was utilized to determine the correlation between 

clinical assessments and each kinematic measurement from R3THA-AP.  

3.2. Results 

3.2.1. Participants 

R3THA-AP data set of 21 participants from study 1 was used for this study. These 21 

participants was selected based on the following criteria: 1) age at 8 years or older, 2) validiat data 

rate is at 65% or above.  

3.2.1.1. Correlation Between Box and Blocks Test and R3THA-AP 

. 

Figure 3. Hand Open/Close Range and Wrist Extension/Flexion Range show a statistically significant 

correlation with BBT, as well as trace error rate using Hand Open/Close and Wrist Extension/Flexion. 

The Hand Open/Close range and Wrist Pitch range show a positive correlation with BBTI (Figure 

3). Hand Open/Close tracing error and Wrist Pitch tracing error show a negative correlation with 
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BBTI (higher BBTI score, less trace error = higher accuracy). The two measures of pronation / 

supination did not demonstrate statistically significant correlations with BBT scores.  

3.2.1. Correlation Analysis 

The correlation matrix between the pair of each kinematics measurement from R3THA-AP and 

BBT and all four categories of MA2 are shown in Figure 2. Only the significant correlated pair (p≤0.05) 

are illustrated in circles.  

. 

Figure 2. Correlation Matrix between Box and Block Test, Melbourne Assessment-ROM, Melbourne 

Assessment-Accuracy, Melbourne Assessment-Dexterity, Melbourne Assessment-Fluency, and each 

of kinematics measurement from R3THA-AP. Pairs that do not have a significant coefficient (p-value 

≤ 0.05) are left blank. 

3.2.1.2. Correlation Between MA2-ROM and R3THA-AP 

Hand Open Range, Wrist Pitch Range, and Wrist Extension/Flexion Accuracy demonstrated 

statistically significant correlations with MA2-ROM (Figure 4). 
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. 

Figure 4. Melbourn Assessment 2’s Range of Motion shows a statistically significant correlation with 

R3THA-AP Hand Open/Close Range, Wrist Extension/Flexion Range, and Hand Open/Close tracing 

error rate. 

3.2.1.3. R3THA-AP with MA2-Accuracy and MA2-Dexterity 

R3THA’s Hand Open Range demonstrated statistically significant correlations with MA2-

Accuracy. R3THA’s Wrist Extension/Flexion Range measurement demonstrated a statistically 

significant correlation with MA2-Dexterity (Figure 5). 

. 

Figure 5. MA2-Accuracy is correlated with Hand Open/Close Range. MA2-Dexterity is correlated 

with Wrist Extension/Flexion Range. 

4. Discussion 

Our study found that age was a stronger predictor of the ability to collect usable kinematic data 

with the R3THA than upper extremity size in a group of children with CP. While age and upper 

extremity size were highly correlated with each, the ability to collect valid kinematic data did not 

increase linearly with upper extremity size or demonstrate a clear bench mark which is consistent 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 June 2024                   doi:10.20944/preprints202406.0335.v1

https://doi.org/10.20944/preprints202406.0335.v1


 9 

 

with findings of a study of measurement characteristics of the LMC by Chan [25]. However, the 

findings from this study suggest that age 8 might be a suitable benchmark for achieving usable 

measurements with the R3THA-AP. These findings are congruent with the findings of a systematic 

review by Martinie [26] and consistent with neurodevelopmental literature which states that, 

children typically have developed the functional visual and cognitive skills necessary to manipulate, 

organize, and prioritize objects and actions, along with the ability to concentrate by the age of 8 [27]. 

The R3THA-AP was able to collect valid measurements of finger and wrist movement in a 

majority of the children tested in Study One, which is consistent with the published literature[28]. 

However, the number of valid data sets for the measures of pronation/supination range and trace 

was quite low and we did not find correlations between R3THA based measures of pronation / 

supination with clinical measures of motor function in Study Two. This could be due to the 

characteristic of the upper extremity impairment of children with CP. An excessive inward rotation 

of the forearm, known as hyper forearm pronation, is common in children with CP, particularly in 

those with spastic types of CP [29]. The motion capture camera used by R3THA faces challenges in 

tracking and assessing the hand in this position because it relies on the visibility of all five fingers to 

recognize a hand. When the hand is in a hyper-pronated position, it becomes difficult for the camera 

to detect it accurately if the camera is placed on a table. These findings are consistent with those 

described by Smeragliuolo, who cited problems with LMC based measures of pronation / supination 

[28]. Future work of the ability to rotate the camera to directly face the palm or utilize an array of 

multiple cameras to improve the ability to track pronation / supination movements is part of the 

development / future study plan for R3THA.  

In study two, four of the six measurements provided by the R3THA-AP had demonstrated 

statistically significant correlations with activity based clinical assessments. Sub-items of R3THA-AP 

measurements, such as hand range of motion, hand open/close trace error, wrist flexion/extension 

range and trace error show a correlation with BBT as well as ROM, Accuracy and Dexterity measures 

produced by the MA2. This suggests that R3THA based measurements may provide valid 

assessments of motor skills and abilities in children with CP. To date, there are no published studies 

of correlations between camera- based measures of wrist and finger kinematics and the BBT or 

elements of the MA2.  

To date, the measurement of distal kinematics has been the primary focus of the R3THA-AP. 

The current R3THA-AP battery does not contain a test of shoulder / range of motion or hand transport 

kinematics. There is a rich literature addressing proximal upper extremity function in children with 

cerebral palsy [26], [30], [31] and a growing literature supporting the feasibility of using camera based 

measures to evaluate hand transport kinematics[31–33]. In order to provide a comprehensive 

assessment protocol, future development and study of the R3THA-AP will include tests of the ability 

to move the hand and arm through three-dimensional space.  

5. Conclusions 

This study found that age was a stronger predictor of the ability to collect usable kinematic data 

with the R3THA-AP than upper extremity size in a group of children with CP. Measurements of hand 

opening and wrist range of motion and measurements of wrist and finger tracking movements, 

provided by the R3THA-AP demonstrated statistically significant correlations with standardized, 

activity-based clinical assessments, suggesting that the system is capable of generating the valid 

remote assessments necessary for effective telerehabilitation.  
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