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23 Abstract
24 Reduced range of motion in the shoulder can be a source of functional 

25 limitation. Current quantitative evaluation systems are limited to assessing the 

26 functionality or the maximum articular amplitudes in each of the planes of 

27 movement, both in isolation. These separate clinical evaluation systems may 

28 not allow the identification of the underlying impairments contributing to the 

29 functional limitation. The use of inertial sensors to quantify movement in 

30 addition to more common clinical assessments of the shoulder may allow 

31 clinicians to understand that are potentially unnoticed by the human eye. The 

32 main objective of this cross-sectional study was to generate an explanatory 

33 model for shoulder abduction based on data from inertial sensors.  Shoulder 

34 abduction of thirteen older adults suffering from shoulder dysfunction was 

35 evaluated using two inertial sensors placed on the humerus and scapula. 

36 Movement variables (maximum angular mobility, angular peak of velocity, peak 

37 of acceleration) were used to explain the functionality of the upper limb 

38 (assessed using the Upper Limb Functional Index). Abduction movement of the 

39 shoulder was explained by six variables related to the mobility of the shoulder 

40 joint complex. A manova analysis was used to explain the results obtained on 

41 the functionality of the upper limb. The MANOVA model based on angular 

42 mobility explained 69% of the variance of the ULFI value (r-squared=0.69). The 

43 most relevant variables were the abduction-adduction of the humerus and the 

44 medial and lateral rotation of the scapula. However, given the limited sample 

45 size, none of these individual variables were statistically significant in the 

46 decomposition model on their own. The method used in the present study 

47 reveals the potential importance of the analysis of the scapular and humeral 
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48 movements for comprehensive evaluation of the upper limb. Further research 

49 should include a wider sample and may seek to use this assessment technique 

50 in a range of potential clinical applications. 

51 Introduction

52 Shoulder disorders are highly prevalent in the population and to a greater 

53 extent among older adults; in many cases, biomechanical anomalies are 

54 asymptomatic [1,2]. Despite the potential absence of pain, limitations caused by 

55 a reduced range of motion (ROM) can have a detrimental impact on the 

56 performance of activities of daily living [3]. Clinically, the evaluation of patients’ 

57 daily functioning in their upper limbs is often based on self-administered 

58 questionnaires, such as Disability of the Arm Shoulder and Hand (DASH) [4] or 

59 Upper Limb Functional Index (ULFI) [5] and functional physical assessments 

60 [6]; due to the high cost of the imaging devices such as motion tracking with 

61 multiple camera system or real-time ultrasound. 

62 In this regard, there is increasing evidence supporting the combined use 

63 of new technologies with functional physical tests or ROM assessments for 

64 more comprehensive biomechanical diagnostics. Technologies used for this 

65 purpose include: X-ray [7–9], magnetic resonance imaging [10], 3D imaging 

66 models [11] and inertial sensors [2,12], among others. Currently, one of the 

67 devices most frequently used for clinical purposes is inertial sensors due to their 

68 small size, reliability, and accuracy for registering human movement (speed, 

69 acceleration, and orientation) [13].

70 For the assessment of shoulder mobility with inertial sensors, it is 

71 necessary to use two or three inertial sensors located on the skin adjacent to 
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72 the humerus, scapula, and chest [14]. Inertial sensors have been used 

73 alongside other objective assessments of the quality and quantity of movement 

74 in patients with chronic painful shoulders [15,16]. Similarly, these sensors have 

75 sufficient sensitivity to discriminate between healthy and affected subjects, 

76 complementing the results of standardized assessment scales [15–19].

77 Changes in shoulder mobility, whether symptomatic or asymptomatic, may be 

78 due to bone and muscle-related disorders affecting the rotator cuff 

79 [20,10,9,11,8]. This may limit upper limb functionality and, in some cases, is 

80 directly associated with age [20]. Prior research has indicated there are no 

81 significant differences in the neutral positioning of the shoulder in symptomatic 

82 and asymptomatic subjects. However, significant changes in internal mobility of 

83 the shoulder joint complex have been detected when the shoulder flexes above 

84 90 degrees [18]. This is because the scapula has movement in three spatial 

85 planes [21], which can change the orientation of the arm[7,9,11,19]. In addition 

86 to the scapula, shoulder muscles also change their activation level according to 

87 the speed and ROM of flexion or abduction[22]. 

88 Positive correlations between acceleration values measured with inertial 

89 sensors and function-related questionnaire responses (DASH) have been 

90 reported previously. Higher acceleration values reflected greater shoulder 

91 functionality [16]. The asymmetry of shoulder movement  assessed with inertial 

92 sensors has also been correlated with patient-reported functionality; greater 

93 asymmetry indicated less functionality [23].

94 Therefore, describing an approach for assessing shoulder mobility based on 

95 inertial sensors in subjects who have functional limitations is an important next 

96 step in advancing the field. Ideally, the assessment with multiple inertial sensors 
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97 will discriminate whether the displacement of body segments is below or above 

98 the normal values and contribute to functional limitation; providing additional 

99 information for clinical use. Therefore, inertial sensors could be used to 

100 compliment more traditional assessments when diagnosing shoulder 

101 dysfunction. The main objective of this study was to design a multivariate model 

102 for upper limb dysfunction based on inertial sensors, thereby obtaining 

103 predictors of upper limb dysfunction based on shoulder movements.
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105 Materials and methods
106 Subjects
107 A cross-sectional study was designed to evaluate abduction movement of 

108 the shoulder with two IntertiaCube3 Sensors [24]. Thirteen participants (9 

109 females, 4 males) were recruited from a specialized orthopedics clinic. They 

110 had previously been diagnosed with rotator cuff tears by magnetic resonance 

111 imaging and were on the waiting list for surgical intervention.  Inclusion criteria 

112 were age between 18 and 75 years old, Body Mass Index (BMI) between 18 

113 and 42 and presence of a confirmed rotator cuff tear. Participants were 

114 excluded if they declined to participate in the study or had concurrent or 

115 alternative etiologies for their shoulder dysfunction.

116 An a-priori sample size of 9 participants was calculated for an α error of 

117 0.05, a statistical power of 0.8 and β error of 0.7, based on data from a 

118 systematic review on the use of inertial sensors to measure human movement 

119 [25].

120 The study was approved by the ethics committee of the University of Malaga 

121 (Faculty of Health Sciences) and complied with the principles of the Declaration 

122 of Helsinki [28]. All participants provided informed consent prior to taking part in 

123 the study.

124 Apparatus

125 Two IntertiaCube3 Sensors (Billerica,MA,US) [24] were used to measure 

126 shoulder abduction of each subject. This sensor has high performance: 4ms 

127 latency, 180 Hz rate, high accuracy (below 1º of error), 3 degrees of freedom 

128 (Yaw, Pitch, and Roll) and a little size and weight. Acceleration (m/s2) and 
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129 angular mobility (°) of shoulder abduction were measured with these sensors in 

130 the three spatial axes (Z-Yaw, Y – Pitch, X - Roll); each spatial axis was related 

131 to the movement of the corporal segment (Table 1).

132

Table 1. Real movement by axis and plane.
Region Axis- plane Real Movement

X -Roll FL–EX
Y - Pitch IN–EX

Humerus

Z - Yaw AB–AD
X - Roll AN–PO
Y - Pitch PR–RE

Scapula

Z - Yaw ME–LA
133

134 Two inertial sensors were placed on the humerus and the scapula 

135 following the protocol designed by Cutti et al. (2008) [14].To ensure the correct 

136 measurement data, the skin of participants was cleaned with alcohol before 

137 attaching the sensors to the skin with double-sided adhesive.

138 Before making the recordings, inertial sensors were calibrated to 0 following the 

139 protocol established by the manufacturer's software [26]. This software was the 

140 same as used for recording data; a low-pass filter (Kalman filter) was applied 

141 while recording data. 

142 Procedure

143 Prior to registration made with inertial sensors, patient characteristics 

144 including the Spanish version of Upper Limb Functional Index (ULFI) [5]. ULFI is 

145 an upper extremity outcome measure that consists of a 25-item scale that can 

146 be transferred to a 100-point scale. It also has strong psychometric properties 

147 [27]. Its Spanish version has demonstrated high internal consistency (α = 0.94) 

148 and reliability (r = 0.93) [5].  Placed in the standing position and with the upper 

149 extremity in the neutral position, participants performed three full shoulder 
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150 abductions. That is, lifting the arm sideways until the hand reaches as high as 

151 possible. Two sets of three repetitions were recorded; the second repetition of 

152 each set was the one chosen to be analysed. Patients were told to perform 

153 shoulder abduction at a natural speed until their movement had reached its end 

154 of range of motion. Questionnaires were recorded. Abduction of the affected 

155 shoulder was measured on the humeral and scapular sections. The main 

156 variables analyzed were: maximum angular mobility (°), angular peak of velocity 

157 (°/s), peak of acceleration (m/s2).

158 Data analysis 

159 Descriptive analyses (mean, SD) were used for participant characteristic 

160 variables (weight, height, BMI, and age) to describe the sample. Based on the 

161 yaw, pitch and roll values obtained by the sensor the minimum peaks obtained 

162 by each sensor were subtracted from the maximum peaks for each of the 

163 variables (acceleration and speed); the norm of the resultant vector (Nrv) was 

164 calculated Nrv =  in order to obtain the mean speed and 𝑥2 + 𝑦2 + 𝑧2

165 acceleration of the movement performed. The means of peak of maximum 

166 angular mobility inside the abduction movement in each of the 3 axes (yaw, 

167 pitch and roll) were used in order to create an ANOVA multivariate analysis 

168 (MANOVA) model .explaining the ULFI questionnaire results. 

169 Results
170

171 Functional impairment of the participants was reflected by high ULFI 

172 values (meanSD) 70.9620.93 [5]. The anthropometric characteristics of the 
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173 participants were age 52.689.78 years, weight 75.5817.98 kg, height 

174 1.640.09 m and body mass index 28.226.59 kg/m2. 

175 The mean maximum angular mobility in humerus abduction axis (72.97°) 

176 indicated that a substantial reduction in shoulder mobility was present in the 

177 sample. The reductions of the range movement, also affect to scapular section, 

178 where the mean range was 12.63° for protraction-retraction (Table 2).

179

Table 2: Mean (95%CI) sensor peak maximum of angular mobility (°) from 
each axis in abduction movement.
Surface 
placement

HUMERUS SCAPULA

Axis
Motion Mean 

(95%IC)
Motion Mean 

(95%IC)
X IN-EX 38.0 (16.17-

59.85)
AN-PO 15.60 (2.33-

13.86)
Y AB-AD 77.56 (48.18-

106.92)
PR-RE 12.63 (5.56-

19.70)

Z FL-EX 35.72 (21.12-
50.31)

ME-LA 4.57 (1.87-
7.28)

180

181 . The MANOVA model explained 69% of the variance of the ULFI value. 

182 In an exploratory decomposition of the multivariate model, the main explanatory 

183 variable was the value of the humerus AB-AD movement (p=0.093) followed of 

184 the scapular ME-LA (p=0.195). However, given the limited sample size in the 

185 present study, none of these individual variables were statistically significant in 

186 the decomposition model on their own. On the other hand, there was less (or 

187 no) indication that gender and scapular anterior–posterior tiling movement were 

188 likely to have importance for the explanation of the model (Table 3).

189
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190

191 The mean (95%CI) peak of acceleration (m/s2) and velocity (°/s) and 

192 peak from norm of the resultant vector in abduction is presented in Table 4. 

193

194

195

Table 3: Decomposition of the multivariate model.

Model R R Square Adjusted R 
Square

Std. Error of the 
Estimate

1 0.831 0.690 0.569 16.38757

Unstandardized Coefficients Standardized 
Coefficients

B Std. Error Beta
t p

(Constant) 108.320 9.569 11.320 0.000
Gender -3.189 8.920 -0.062 -.357 0.725
FL–EX -0.195 0.185 -0.295 -1.057 0.305
AB–AD -0.347 0.196 -0.590 -1.771 0.093
IN–EX 0.104 0.154 0.192 0.673 0.510
ME–LA -0.078 0.058 -0.212 -1.347 0.195
PR-RE -0.312 0.569 -0.123 -0.548 0.590

1

AN–PO -0.119 1.072 -0.039 -0.111 0.913

Table 4. Mean (95%CI) peak of acceleration (m/s2) and velocity (°/s) and 
peak from norm of the resultant vector in ABD.
Axis Humerus Scapula

Acceleration 16.25 (9.86-222.64) 4.48(2.72-6.24)
 
Nrv Velocity

109.42 (70.80-147.98) 43.71 (27.97-59.45)
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196 Discussion 
197 Shoulder abduction has been described by the use of two inertial sensors 

198 in the present study. In this case, they were placed on the scapula and 

199 humerus. The results obtained were used in order to create a multivariate 

200 model for the description of abduction movement(s) that explained shoulder 

201 function as reported by patients using the ULFI questionnaire. Thus, the overall 

202 objective of the study was fulfilled.  The maximum values of acceleration and 

203 angular velocity refer to the normal movement performed by the participants 

204 (they were asked to perform shoulder abduction at normal speed). This 

205 requirement allowed us to create a model that was more faithful to shoulder 

206 movement in daily living. In accordance with the results obtained, the inertial 

207 sensors have potential for complementary description and quantification of 

208 perceived disability in the upper limb; because of the results of MANOVA model 

209 (r-squared=0.69).

210 Prior descriptions of shoulder abduction have been carried out by various 

211 authors in recent decades [7–11,20]. Most of these prior studies focused on 

212 rotator-cuff fatigue although some elements of biomechanical mobility during 

213 shoulder abduction have been examined using X-rays [7–9], ultrasound 

214 techniques [20], magnetic resonance [10] or computed tomography [11]. 

215 Unfortunately these previously reported approaches to examining 

216 biomechanical shoulder abduction movement are likely to be too costly for daily 

217 use in clinical settings and the inability to follow the movement in real time. 

218 However inertial sensors do not have these limitations [13].

219 The inertial sensors used in the present study allowed an assessment 

220 based on angles, speed and acceleration movements. However, they do not 
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221 provide the same level of insight pertaining to osseous structures involved in the 

222 movement as the aforementioned imaging technologies. Nonetheless, the 

223 supplementary biomechanical information provided by inertial sensors may add 

224 value in the context of biomechanical diagnostics in clinical settings. 

225 According to findings from the movement decomposition model reported 

226 in Table 3, humerus ABD-ADD and scapula AN-PO may be the movement 

227 components that have the greatest association with self-reported upper limb 

228 function. This finding was not surprising; however, this was accompanied in 

229 greater measure for the scapular anterior-posterior movement rather than 

230 lateralization (that is to say, scapular ME-LA). These findings from the present 

231 study are consistent with a previous study that focused on the scapulothoracic 

232 joint which found a reduced ME-LA motion during elevation in symptomatic 

233 subjects [29]. In contrast with these results, another previous study that 

234 examined 3D scapula kinematics using Polhemus Fastrak found an 

235 increased scapular lateral rotation as a compensatory pattern in pathological 

236 shoulders [30].  A potential explanation for this observation is that the middle 

237 deltoid is the muscle that performs arm elevation with greater activity over 75° 

238 of shoulder abduction, while the supraspinatus is more effective at low angles 

239 [11]. Likewise, Duc et al. (2014) observed different levels of muscle activation 

240 for shoulder abduction in the same subject depending on the affected or healthy 

241 side [31].

242 In this regard, the rotator cuff has an important role in shoulder 

243 abduction[9]. Prior studies have shown tears in the rotator may or may not be 

244 symptomatic or associated with functional deficits, and they are positively 

245 associated with older age [10]. Several studies have demonstrated that 
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246 shoulder mobility does not maintain a direct relationship with the size or 

247 thickness of the tear [10,20]; and in some cases there may be accommodation 

248 of the humeral head in the glenoid [8,9,11].

249 In the present study, the findings presented in the Table 3 ANOVA model 

250 may represent something of the accommodation or biomechanical adaptation of 

251 the scapula and humerus movement using the two additional planes of 

252 movement rather than abduction alone. This is consistent with prior reports from 

253 other authors regarding the 3-dimensional movement of the scapula during 

254 performance of shoulder abduction in symptomatic and asymptomatic subjects 

255 [21]. Although the 3 dimensional movement of the scapula has been discussed 

256 in prior research, the symptomatic nature of participants in the present study 

257 (mean ULFI 70.96) and quantification of 3-dimensional movement using a 

258 straight-forward inertial sensor setup means that finding from the present study 

259 are likely to have particular relevance for this clinical population. 

260 The association between the dysfunctionality of the upper limb (high values in 

261 ULFI) and movement of the arm was consistent with other studies. Jolles et al 

262 (2011) identified a positive coefficient of correlation (R>0.61) for 3 kinematic 

263 variables in 4 different questionnaires functionality. One of the questionnaires 

264 tested,  the Simple Shoulder Test, obtained an excellent linear correlation 

265 (R=0.80) with shoulder power [16]. The results obtained by Körver et al (2014) 

266 also showed positive relationships between kinematics asymmetry scores, 

267 understood as relative difference between healthy and affected side, and DASH 

268 and Simple Shoulder Test Questionnaires (R=0.79); which indicated a high 

269 diagnostic power to differentiate between healthy and affected side. These 

270 results are consistent with those obtained in the present study in which the 
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271 values of humeral AB-AD explained almost 60% on the negative direction of the 

272 variance of the questionnaire functionality (Table 3). Therefore, a lower level of 

273 AB-AD was associated with a higher score obtained on the ULFI (which 

274 corresponds to a less functionality).

275 In clinical contexts, shoulder assessment is usually done by traditional 

276 clinical tests that are based on the premise that it is possible to isolate individual 

277 structures by compressing or stretching the tissue of interest. However, this is 

278 not possible without affecting the state of adjacent structures [32] because 

279 rotator cuff tendons are interwoven as a functional unit [33]. For example, some 

280 clinical tests that are intended to implicate supraspinatus pathology have been 

281 demonstrated (using electromyography) to activate eight or nine other muscles 

282 [34]. Hence, the employment of these tests leads to inaccuracy in their findings 

283 [32–35]. 

284 Furthermore, the clinical expression of shoulder injuries is highly variable 

285 [36–38]. Besides clinical test, in shoulder assessment image tests are also 

286 employed. However, these too may be considered invalid at times, as there are 

287 a large number of asymptomatic individuals who have structural shoulder 

288 abnormalities[32]. Hence, at present, the evaluation and diagnosis of joint 

289 pathology of the shoulder joint is a complex clinical endeavor prone to 

290 uncertainty [33]. Results from the present study reinforce the potential use of 

291 both inertial sensor and questionnaires to assess shoulder function building on 

292 prior research in the field that has established each of these as independently 

293 validated measurement instruments.  Research contributions that identify 

294 potential predictors of upper limbs dysfunction based on validated instruments 

295 may not only have a role in diagnostics, but also have additional potential in 
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296 quantify the effect of treatment. By extension, this may also lead to further 

297 developments that assist in improving predictions of which patients are likely to 

298 receive the greatest benefit from surgical or conservative interventions. To build 

299 on findings from the present study, future research may also seek to measure 

300 the same movement in a person twice (one on each side) and also for patients 

301 to report the functionality of each of their upper limbs, as well as their global 

302 upper limb functions. A study of this nature would have the potential to correlate 

303 the functional capacity of each of the sides with the same kinematics values, 

304 while also considering the roles of unilateral or bilateral kinematic deficits and 

305 hand dominance on self-reported upper limb functioning to investigate the 

306 potential mediating role of the unaffected arm.

307

308 Conclusions
309 The functionality of the shoulder is a key element in activities of daily 

310 living. The application of complementary assessment technologies like inertial 

311 sensors to traditional clinical upper limb assessments may add value for the 

312 functional diagnosis of patients with shoulder pain. The method used in the 

313 present study reveals the potential importance of the analysis of the scapular 

314 and humeral movements for comprehensive evaluation of the upper limb. The 

315 individual analysis of the planes of movement demonstrated the importance of 

316 considering the relative contribution of each joint movement. Use of wireless 3-

317 dimentional sensors permitted the consideration of shoulder abduction as a 

318 combination of movements dependent on each other within the joint complex of 
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319 the shoulder. Further research may seek to use this assessment technique in a 

320 range of potential clinical applications. 

321
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