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54 1. Introduction

55 Osteoarthritis (OA) is the most prevalent joint disease (Vos et al., 2012) and a global issue 

56 resulting in chronic pain and impaired mobility. Knee OA represents a scientific challenge 

57 accounting for 83% of total OA burden (Vos et al., 2012). Further, the biomechanics of the 

58 knee joint are of particular interest due to its weight bearing role, high injury rate and 

59 degenerative processes leading to OA (Maffulli et al., 2011). Altered hamstring-quadriceps 

60 muscle balance and kinematics have been reported during gait in knee OA (Hortobagyi et al., 

61 2005; O'Connell et al., 2016). These studies confirm the importance of assessing activity of 

62 daily living (ADL) in line with the OsteoArthritis Research Society International 

63 recommendations for testing physical function in patients with OA (Dobson et al., 2013).

64 Beside biomechanical assessments of ADL in knee OA, vibroarthrography (VAG) of 

65 the knee, i.e., measuring the vibrations reflecting knee crepitus during joint motion has also 

66 been used as a non-invasive diagnostic tool as a proposed surrogate model for roughness, 

67 softness or lubrication of the cartilage surface (Rangayyan and Wu, 2009; Wu et al., 2010). 

68 Since the publication of pioneer work of Blodgett (1902) and Walters (1929), the study of the 

69 knee joint VAG signal has gained in sensitivity due to improvements in micro-electronics and 

70 specificity due to advanced signal processing (Andersen et al., 2018; Krecisz and 

71 Baczkowicz, 2018). Similar to the progress made in surface electromyography (Frigo and 

72 Crenna, 2009) or mechanomyography (Madeleine et al., 2007), technological advances have 

73 also enabled to record multi-channels VAG of the knee joint (Andersen et al., 2018; Befrui et 

74 al., 2018; Wiens et al., 2016). In these studies, two to eight miniature accelerometers have 

75 been attached over the skin of the knee of participants enabling to assess spatial dependencies 

76 of the VAG signals by calculating VAG topographical maps. Variations in the internal 

77 pressure distribution applied to cartilage and synovial fluid explain non linearity and spatial 

78 dependencies of the compound VAG signal (Neu et al., 2008; Wu et al., 2016).We have 
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79 recently showed non-uniform distribution of VAGs during knee flexion-extension movement 

80 (Andersen et al., 2018). More specifically, combining linear and nonlinear parameters has 

81 improved our understanding of the VAG signals. As such, the use of multichannel VAG 

82 recordings and advanced processing approaches has been suggested to discriminate between 

83 knee OA patients and asymptomatic participants and between different types of ADL 

84 (Andersen et al., 2018). However, no studies have used multichannel VAG to delineate 

85 differences among knee OA patients and asymptomatic participants during ADL.

86 Studies assessing the changes in VAG in knee OA patients compared with 

87 asymptomatic participants have shown high accuracy, sensitivity and specificity (Wu, 2015). 

88 Especially, the existing body of VAG literature has revealed increased amplitude, absolute 

89 variability and frequency contents in knee OA patients compared with asymptomatic 

90 participants (Baczkowicz et al., 2017; Baczkowicz and Majorczyk, 2016; Tanaka and 

91 Hoshiyama, 2012). Changes in the regularity of the VAG have also been reported confirming 

92 that nonlinear analyses provide genuine VAG information (Wu et al., 2016). As previous 

93 clinical studies using multichannel VAG have only investigated source localisation or 

94 classification issues during knee flexion-extension (Rangayyan and Wu, 2009; Wu et al., 

95 2010), information concerning the spatial dependencies of linear and nonlinear parameters 

96 during ADL is lacking. 

97 The purposes of this study were to collect and analyse wireless multichannel VAG 

98 topographical maps and characteristics in knee OA patients and asymptomatic participants 

99 during ADL. We hypothesised (i) that higher VAG amplitude, variability and frequency 

100 contents as well as changed VAG regularity would characterise knee OA patients compared 

101 with asymptomatic participants (Baczkowicz et al., 2017; Wu et al., 2016), (ii) that VAG 

102 recordings would differentiate between ADL types (Andersen et al., 2018) and (iii) the 

103 presence of non-uniform distribution of VAGs (Andersen et al., 2018). If confirmed, the 
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104 present technique could be used in clinical practise to objectively assess motor function 

105 during some typical ADL.

106

107 2. Methods

108 2.1. Design

109 The present investigation was a cross-sectional study involving patients suffering from knee 

110 OA and asymptomatic participants. The study was conducted according to the ethical 

111 guidelines of the Helsinki Declaration and was approved by the North Denmark Region 

112 Committee on Health Research Ethics (VN-20160081). All participants provided written 

113 informed consent.

114 2.2. Participants 

115 Twenty knee OA patients (11 males and 9 females) were recruited from a database at the 

116 Centre for Clinical and Basic Research (CCBR, Aalborg, Denmark) and 20 asymptomatic 

117 participants (10 males and 10 females) were recruited from the dwelling community (Table 

118 1). Knee OA patients were diagnosed in accordance with American College of Rheumatology 

119 classification (Kellgren and LAWRENCE, 1957). Participants were screened for inclusion by 

120 a medical doctor at CCBR. Inclusion criteria for knee OA patients included age 18-80, 

121 clinically diagnosed knee OA with Kellgren-Lawrence grade ≥ 2, self-reported pain during 

122 walking and BMI <35, no use of painkillers in the 24 hours prior to experimentation. 

123 Inclusion criteria for asymptomatic participants were age 18-80, no diagnosed knee OA, no 

124 self-reported pain during walking and BMI <35, no use of painkillers in the 24 hours prior to 

125 experimentation. Exclusion criteria were pregnancy, drug addiction, lack of ability to 

126 cooperate and, participation in other pain trials throughout the study period.

127 2.3. Experimental protocol
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128 All participants participated in one session and they all completed the entire session. The 

129 same experimenter (R.E.A.) conducted all tests. The participants performed three different 

130 types of ADL in a counterbalanced order: (i) 5 repetitions of sit to stand movement (ii) Stairs 

131 descent (10 stairs). (iii) Stairs ascent (10 stairs) in line with the recommendations for testing 

132 physical function in patients with OA (Dobson et al., 2013). The sit to stand exercise were 

133 carried out at a slow pace (60-s were allowed for the five repetitions). Arms were maintained 

134 along the body side through the sit to stand exercise (Malling and Jensen, 2016). Hands were 

135 not used during raising movement from the chair. Stairs descent and ascent were carried out 

136 without using the hand railing at the slowest speed that the participants were comfortable 

137 with while maintaining balance. Pain intensity was assessed using a visual analogue scale 

138 (“0”: no pain and “10”: worst pain imaginable) after sit to stand and stairs descent-ascent.

139 2.4. Vibroarthrographic recording

140 VAG recording was carried out using a custom-made device based on a Trentadue wireless 

141 multichannel recorder (OT Bioeletronica, Torino, Italy), a custom 16 channel accelerometers 

142 adaptor and micro machined accelerometers LIS344ALH (ST microelectronics, Geneva, 

143 Switzerland). The setup has a sensitivity of 600 mV/g and 0-1800 Hz linear transmission. The 

144 recording probe is composed of an accelerometer chip supporting board set up to only record 

145 acceleration in the orthogonal direction. The probe weight is approx. 0.75 g with wire and has 

146 an 8.5×7 mm size. The VAG device contains a 10-500 Hz band-pass filter. Gain was set to 3 

147 and the VAGs were sampled at 2000 Hz. The VAGs were recorded using a custom script 

148 (IOIVibcorder, Aalborg University, Aalborg, Denmark) implemented in Matlab 2016a (The 

149 MathWorks, Inc, Natick, Massachusetts, United States).

150 During ADL tests, the recording device was placed in a belt bag around the waist of the 

151 participant with wires attached to the thigh allowing natural movement. Eight accelerometers 

152 were placed on the most painful knee of the knee OA patients (right knee for all patients but 
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153 one due to knee surgery). The accelerometers were placed accordingly (right knee for all but 

154 one) for the asymptomatic participants. Accelerometers were attached to the skin with double 

155 side tape. Four accelerometers separated by 1-2 cm were placed on the participant’s patella in 

156 a square configuration. One accelerometer was placed on the tibial tuberosity below the 

157 patella, two were placed respectively on the lateral side of the knee 1-2 cm from the lateral 

158 epicondyle and on the medial side of the knee 1-2 cm from the medial epicondyle of femur 

159 towards the patella. The last accelerometer was placed above the knee over the quadriceps 

160 tendon in line with our previous study (Andersen et al., 2018), see Fig. 1. Special attention 

161 was given to ensure that motion did not loosen the accelerometers attachment.

162 2.5. Data analysis

163 Data preprocessing and VAG parameter extraction were carried out using Matlab. 

164 Preprocessing consisted of conversion of VAG signals into SI units (ms-1) and digital filtering 

165 using a bandpass FIR filter using a Kaiser windowed, 10-500 Hz (1453-points, beta: 5.6533). 

166 Epochs containing the beginning and end of the recorded ADL were extracted and the 

167 outcome parameters were processed across time. A recent literature review conducted by the 

168 authors [1] has shown that six parameters are likely to thoroughly depict the characteristics of 

169 the VAG signal. Thus, we computed the following parameters (Table 2) over the extracted 

170 epochs: (i) averaged rectified values (ARV); (ii) mean power frequency (MPF), (iii) variance 

171 of means squared (VoMS), (iv) form factor (FF), (v-vi) the % of determinism and recurrence 

172 (%DET and %REC). Recurrence quantification analysis (RQA) was applied using the z-

173 scored data (Nalband et al., 2016). The %REC parameter is the percentage of recurring points 

174 in the recurrence matrix below the tolerance threshold (see below). The %DET parameter is 

175 the percentage of recurrence points forming diagonal lines in the recurrence plot of at least 

176 length 2. %REC and % DET increases as the signal becomes more regular (Liu et al., 2004). 

177 The embedding dimension, delay and tolerance values were as defined in (Andersen et al., 
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178 2018) to allow for easier comparison. Using the nearest neighbour approach (Kennel et al., 

179 1992) the embedding dimension was set to 5. Using an approach based on the drop of auto 

180 correlation function below 0.2, the delay parameter was set to 19 ms. Using a %REC 

181 minimization optimization method tolerance was set to 0.2839. 

182 2.6. Statistical analysis 

183 Statistical analysis carried out using SPSS version 23 (IBM Corp., Armonk, NY, USA). A 

184 linear mixed model with group (knee OA patients and asymptomatic participants), ADL (sit 

185 to stand, stairs descent and stairs ascent) and location (1-8) as within subject factors for each 

186 of the parameters. All interactions between factors were included in the model. To allow for 

187 residuals with unequal variance, a repeated factor associated with patient type, ADL type and 

188 location was added to the model. When a significant effect was observed, a Bonferroni 

189 adjustment was performed for a pairwise comparison. Data are presented in the results 

190 section as mean (SE). P values < 0.05 were considered significant.

191

192 3. Results

193 3.1. Participant characteristics 

194 The demographic data showed that the asymptomatic participants were older than the knee 

195 OA patients but similar in terms of gender distribution, body height and body mass (Table 1). 

196 Table 3 shows the overall results of the statistical analysis.

197 3.2. Differences between knee osteoarthritis patients and asymptomatic participants

198 Group played a significant role for ARV and %REC. Higher ARV (0.535 (0.033) mm*s-2 vs. 

199 0.399 (0.033) mm*s-2, P = 0.006) and lower %REC (0.120 (0.048) % vs. 0.345 (0.049) %, P 

200 = 0.001) were found for knee OA patients compared with asymptomatic participants (Fig. 2i 

201 and 2v). 

202 3.3. Differences among activities of daily living
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203 ADL played a significant role for all parameters except %REC (Fig. 2i-iv and 2vi). ARV 

204 were lowest during sit to stand (0.187 (0.027) mm*s-2), intermediate during stairs ascent 

205 (0.502 (0.024) mm*s-2) and highest during stairs descent (0.703 (0.026) mm*s-2, P < 0.001). 

206 VoMS were smaller during sit to stand (0.270 (0.035) mm4*s-8) than both stairs ascent (0.907 

207 (0.052) mm4*s-8) and stairs descent (1.070 (0.050) mm4*s-8, P < 0.001). MPF were higher 

208 during sit to stand (123.7 (3.7) Hz) than both stairs ascent (65.4 (3.1) Hz) and stairs descent 

209 (61.8 (3.2) Hz, P < 0.001). VoMS was also lower during stairs ascent than during stairs 

210 descent (P < 0.032). FF were lowest during sit to stand (2.114 (0.066) a.u.) than both stairs 

211 ascent (3.367 (0.081) a.u.) and stairs descent (3.500 (0.084) a.u., P < 0.001). %DET were 

212 lowest during sit to stand (24.750 (2.271) %), intermediate during stairs ascent (42.787 

213 (2.053) %) and highest during stairs descent (48.804 (2.026) %, P < 0.001).

214 3.4. Differences among location 

215 Location played a significant role for all parameters; see Table 4 for the result of the pair 

216 wise comparisons (Fig. 2i-vi). Lower ARV were recorded on the patella and the tibial 

217 tuberosity (P < 0.05). VoMS and FF were lower on the patella and higher on the medial 

218 condyle (P < 0.05). Higher MPF were found on the patella and on the tibial tuberosity (P < 

219 0.05). Higher %REC were recorded on the patella and the medial condyle (P < 0.05). Finally, 

220 lower %DET were found on the patella (P < 0.05).

221 3.5. Interactions between group, ADL and location 

222 There were significant Group × ADL interactions for %DET. The %DET was lowest during 

223 sit to stand than during stairs ascent and stairs descent as well as lower during stairs ascent 

224 than stairs descent for and asymptomatic participants (P < 0.001). The %DET was lower 

225 during sit to stand than during stairs descent and lower during stairs ascent than stairs descent 

226 for knee OA patients (P < 0.001). There were also significant ADL × Location interactions 

227 for ARV, VoMS, FF and %REC. The pair wise comparisons showed that ARV were lower 
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228 during sit to stand than both stairs ascent and descent and lower during stairs ascent than 

229 stairs descent for location 1-8 (P < 0.001). The pairwise comparisons showed that VoMS and 

230 FF were lower during sit to stand than both stairs ascent and descent for location 1-8 (P < 

231 0.014 and P < 0.001, respectively). The pair wise comparisons showed that %REC were 

232 lower during sit to stand than both stairs ascent and descent for location 2 (P < 0.001) and 

233 during sit to stand than stairs descent for location 3 (P < 0.05).

234

235 4. Discussion

236 Spatial dependencies depicted by multichannel VAG recordings from knee OA patients and 

237 asymptomatic participants were investigated for the first time during ADL. Partly in line with 

238 our first hypothesis, higher VAG amplitude and lower VAG regularity characterised knee OA 

239 patients compared with asymptomatic participants. The present study also confirmed as 

240 hypothesised that wireless multichannel VAG recordings can differentiate between ADL 

241 types and depict non-uniform spatial distribution of knee joint VAG.

242 4.1. Differences in vibroarthrography between knee osteoarthritis patients and asymptomatic 

243 participants

244 The recordings of VAG provide clinically relevant information related to biomechanical and 

245 friction features reflecting the condition of the joint (Shieh et al., 2016; Stoltze et al., 2017). 

246 In this study, we computed a series of parameters representing signal amplitude, frequency 

247 contents, absolute and relative variability as well as VAG regularity. The ARV of the VAGs 

248 were higher in knee OA patients compared with asymptomatic participants in line with 

249 previous studies (Baczkowicz et al., 2017; Baczkowicz et al., 2019; Baczkowicz and 

250 Majorczyk, 2016; Tanaka and Hoshiyama, 2012). Contrary to these studies and to our 

251 hypothesis, the MPF, VoMS and FF of the VAGs did not differ in this population of knee OA 

252 patients compared with asymptomatic participants. Differences in the studied populations and 
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253 the VAG processing mostly explain these differences. The %REC of the VAGs were lower in 

254 knee OA patients compared with asymptomatic participants underlining that the VAGs were 

255 less regular (Liu et al., 2004). Such increases in amplitude and decreases in regularity mostly 

256 underlined differences in the internal pressure distribution on the cartilage and in synovial 

257 fluid in knee OA (Neu et al., 2008) as well as altered muscle activation (Hortobagyi et al., 

258 2005). This is also corroborated by previous VAG studies reporting articular surface with 

259 chondral lesions and higher friction in knee OA (Baczkowicz et al., 2019; Baczkowicz and 

260 Majorczyk, 2016; Stoltze et al., 2017; Wu et al., 2016). Increased roughness of cartilage has 

261 been shown to alter arthrokinematic motion (Lorenz et al., 2013). The parameters assessing 

262 the amplitude and regularity of the VAG signals characterize the biomechanical aspects of 

263 movement pattern, e.g., joint loading. The current study also suggest that these parameters are 

264 likely to be associated with joint degenerations in OA patients, confirming the importance of 

265 using linear and nonlinear analytic methods in VAG studies (Andersen et al., 2018).

266 4.2. Activities of daily living and vibroarthrography

267 We chose to study sit to stand, stairs descent and ascent, which are considered normal ADL, 

268 as well as functions recommended to examine patients with knee OA (Dobson et al., 2013). 

269 Many VAG studies have studied open kinetic chain movements most likely to avoid artefacts 

270 during to e.g., heel strike (Andersen et al., 2018). On the other hand, these movements do not 

271 reflect the biomechanical load applied to the patellofemoral joint occurring during closed 

272 kinetic chain movements characterising ADL (Baczkowicz et al., 2019). A cadaveric model 

273 study has shown that the contact stress applied to the patellofemoral joint can be up to 16 

274 times higher during squat compared with open chain kinetic movement (Cohen et al., 2001). 

275 A few studies have investigated sit to stand (Baczkowicz et al., 2019; Shark et al., 2011; 

276 Tanaka and Hoshiyama, 2012; Wiens et al., 2016). Bączkowicz et al. (2019) have suggested 

277 that the high contact stress would occur along increased kinetic friction and result in higher 
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278 amplitude, variability and frequency contents of the VAG signal. A biomechanical study has 

279 reported correlations between the amplitude of the VAG signal and the estimated relative 

280 total knee compressive force (Stoltze et al., 2017). To the best of our knowledge, no studies 

281 have investigated VAG during stairs descent or ascent. Stairs descent is usually studied in 

282 relation to patellofemoral pain due to increased compressive force applied to the joint 

283 (Rathleff et al., 2013). All the computed parameters beside %REC differentiate between the 

284 three types of ADL. The ARV, VoMS, FF and %DET were lowest during sit to stand 

285 compared with stairs ascent and descent. Further, ARV and %DET were higher during stairs 

286 descent compared with stairs ascent mostly due to increased compressive forces during ADL. 

287 The results related to amplitude and variability of the VAG signal during closed chain kinetic 

288 movement were in line with Bączkowicz et al. (2019) but differed for frequency contents. 

289 Here too, differences in signal processing (epoch length, frequency computation) and 

290 movement artefacts mostly explain this discrepancy. Overall, the current findings confirmed 

291 that wireless VAG recordings can be used to study ADL offering important perspectives for 

292 future clinical studies targeting knee OA in ecological environment.

293 4.3. Spatial dependencies in vibroarthrography

294 A novel aspect of the current study relates to its ability in revealing non-uniformity of the 

295 VAG spatial distribution during the three studied ADL as well as differences in VAG spatial 

296 distribution among knee OA patients and asymptomatic participants. The accelerometer 

297 location influenced the computed parameters, all showing different patterns of uneven 

298 acceleration dampening in agreement with Andersen et al. (2018). When comparing 

299 locations, lower VAG amplitudes were found on the patella and the tibial tuberosity. In 

300 parallel, lower and higher absolute and relative variability were seen on the patella and the 

301 medial condyle, respectively. Finally, higher frequency contents were found on the patella 

302 and on the tibial tuberosity while more (%REC) and less (%DET) regular VAG signals were 
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303 recorded on the patella underlining that underlying knee structures affect the VAG signals. 

304 Differences in the VAG maps between lateral and medial side of the knee are likely to be 

305 related to the distribution of internal forces during ADL (Stoltze et al., 2017). Confirming 

306 recent findings, the computed parameters revealed unique features of the VAG signals 

307 underlining the importance of reporting these distinct parameters. Multi-channel VAG 

308 recordings open new possibilities enabling to identify the unique signature of a pathological 

309 knee as well as to assess the effect of interventions based on, e.g., strength training or knee 

310 braces. 

311 4.4. Limitations

312 A main limitation of the present study is its cross-sectional design which confined us to study 

313 group of 20 participants’ differences. This type of design does not allow inferring whether the 

314 reported changes in VAGs are a source or a cause of knee OA. However, changes in VAGs 

315 appear with ageing, supporting the influence of degenerative processes (Baczkowicz et al., 

316 2015). The studied ADL were conducted at self-chosen paces during sit to stand and stairs 

317 descent or ascent (Malling and Jensen, 2016; Rathleff et al., 2013). The VAGs were processed 

318 across time due to the lack of temporal information beside the onset and offset of movement. 

319 Future VAG studies applying segmentation to movement phases and studying the effects of 

320 movement artefacts on VAGs are therefore warranted.

321

322 5. Conclusions

323 This study revealed spatial dependencies of VAG topographical features in knee OA patients 

324 and asymptomatic participants during ADL. Multichannel VAG recordings enabled to 

325 differentiate between knee OA patients and asymptomatic participants in terms of VAG 

326 amplitude and regularity. The present study also demonstrated the feasibility of wireless 
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327 multichannel VAG recordings for assessing different ADL types offering new perspectives 

328 for ecological biomechanical assessments of the knee joint.

329

330 Acknowledgments

331 This study was part of the individualized osteoarthritis interventions (IOI) project and has 

332 received funding from Innovation Fund Denmark (grant nr. 40-2014-3). The authors are 

333 grateful to CCBR (Aalborg, Denmark) for the recruitment of participants.

334

335 Declaration of competing interest

336 All authors declare no conflict of interest.

337

338 References

339 Andersen, R. E., Arendt-Nielsen, L., Madeleine, P., (2018). Knee joint vibroarthrography of 
340 asymptomatic subjects during loaded flexion-extension movements. Med.Biol.Eng Comput. 
341 56, 2301-2312.

342 Baczkowicz, D., Falkowski, K., Majorczyk, E., (2017). Assessment of relationships between 
343 joint motion quality and postural control in patients with chronic ankle joint instability. 
344 J.Orthop.Sports Phys.Ther. 47, 570-577.

345 Baczkowicz, D., Krecisz, K., Borysiuk, Z., (2019). Analysis of patellofemoral 
346 arthrokinematic motion quality in open and closed kinetic chains using vibroarthrography. 
347 BMC.Musculoskelet.Disord. 20, 48.

348 Baczkowicz, D., Majorczyk, E., (2016). Joint motion quality in chondromalacia progression 
349 assessed by vibroacoustic signal analysis. PM.R. 8, 1065-1071.

350 Baczkowicz, D., Majorczyk, E., Krecisz, K., (2015). Age-related impairment of quality of 
351 joint motion in vibroarthrographic signal analysis. Biomed.Res.Int. 2015, 591707.

352 Befrui, N., Elsner, J., Flesser, A., Huvanandana, J., Jarrousse, O., Le, T. N., Muller, M., 
353 Schulze, W. H. W., Taing, S., Weidert, S., (2018). Vibroarthrography for early detection of 
354 knee osteoarthritis using normalized frequency features. Med.Biol.Eng Comput. 56, 1499-
355 1514.

356 Blodgett, W. E., (1902). Auscultation of the knee joint. Boston Med.Surg.J. 146, 63-66.



16

357 Cohen, Z. A., Roglic, H., Grelsamer, R. P., Henry, J. H., Levine, W. N., Mow, V. C., 
358 Ateshian, G. A., (2001). Patellofemoral stresses during open and closed kinetic chain 
359 exercises. An analysis using computer simulation. Am.J.Sports Med. 29, 480-487.

360 Dobson, F., Hinman, R. S., Roos, E. M., Abbott, J. H., Stratford, P., Davis, A. M., 
361 Buchbinder, R., Snyder-Mackler, L., Henrotin, Y., Thumboo, J., Hansen, P., Bennell, K. L., 
362 (2013). OARSI recommended performance-based tests to assess physical function in people 
363 diagnosed with hip or knee osteoarthritis. Osteoarthritis.Cartilage. 21, 1042-1052.

364 Frigo, C., Crenna, P., (2009). Multichannel SEMG in clinical gait analysis: a review and 
365 state-of-the-art. Clin.Biomech. 24, 236-245.

366 Hortobagyi, T., Westerkamp, L., Beam, S., Moody, J., Garry, J., Holbert, D., DeVita, P., 
367 (2005). Altered hamstring-quadriceps muscle balance in patients with knee osteoarthritis. 
368 Clin.Biomech. 20, 97-104.

369 Kellgren, J. H., LAWRENCE, J. S., (1957). Radiological assessment of osteo-arthrosis. 
370 Ann.Rheum.Dis. 16, 494-502.

371 Kennel, M. B., Brown, R., Abarbanel, H. D., (1992). Determining embedding dimension for 
372 phase-space reconstruction using a geometrical construction. Phys.Rev.A 45, 3403-3411.

373 Krecisz, K., Baczkowicz, D., (2018). Analysis and multiclass classification of pathological 
374 knee joints using vibroarthrographic signals. Comput.Methods Programs Biomed. 154, 37-44.

375 Liu, Y., Kankaanpaa, M., Zbilut, J. P., Webber, C. L., (2004). EMG recurrence 
376 quantifications in dynamic exercise. Biol.Cybern. 90, 337-348.

377 Lorenz, A., Rothstock, S., Bobrowitsch, E., Beck, A., Gruhler, G., Ipach, I., Leichtle, U. G., 
378 Wulker, N., Walter, C., (2013). Cartilage surface characterization by frictional dissipated 
379 energy during axially loaded knee flexion--an in vitro sheep model. J.Biomech. 46, 1427-
380 1432.

381 Madeleine, P., Tuker, K., Arendt-Nielsen, L., Farina, D., (2007). Heterogeneous 
382 mechanomyographic absolute activation of paraspinal muscles assessed by a two-
383 dimensional array during short and sustained contractions. J Biomech. 40, 2663-2671.

384 Maffulli, N., Longo, U. G., Gougoulias, N., Caine, D., Denaro, V., (2011). Sport injuries: a 
385 review of outcomes. Br.Med.Bull. 97, 47-80.

386 Malling, A. S., Jensen, B. R., (2016). Motor intensive anti-gravity training improves 
387 performance in dynamic balance related tasks in persons with Parkinson's disease. 
388 Gait.Posture. 43, 141-147.

389 Nalband, S., Sundar, A., Prince, A. A., Agarwal, A., (2016). Feature selection and 
390 classification methodology for the detection of knee-joint disorders. Comput.Methods 
391 Programs Biomed. 127, 94-104.

392 Neu, C. P., Komvopoulos, K., Reddi, A. H., (2008). The interface of functional biotribology 
393 and regenerative medicine in synovial joints. Tissue Eng Part B Rev. 14, 235-247.



17

394 O'Connell, M., Farrokhi, S., Fitzgerald, G. K., (2016). The role of knee joint moments and 
395 knee impairments on self-reported knee pain during gait in patients with knee osteoarthritis. 
396 Clin.Biomech. 31, 40-46.

397 Rangayyan, R. M., Wu, Y. F., (2009). Analysis of vibroarthrographic signals with features 
398 related to signal variability and radial-basis functions. Ann.Biomed.Eng. 37, 156-163.

399 Rathleff, M. S., Samani, A., Olesen, J. L., Roos, E. M., Rasmussen, S., Christensen, B. H., 
400 Madeleine, P., (2013). Neuromuscular activity and knee kinematics in adolescents with 
401 patellofemoral pain. Med.Sci.Sports Exerc. 45, 1730-1739.

402 Reynard, F., Terrier, P., (2014). Local dynamic stability of treadmill walking: intrasession 
403 and week-to-week repeatability. J Biomech. 47, 74-80.

404 Shark, L. K., Chen, H., Goodacre, J., (2011). Knee acoustic emission: a potential biomarker 
405 for quantitative assessment of joint ageing and degeneration. Med.Eng Phys. 33, 534-545.

406 Shieh, C. S., Tseng, C. D., Chang, L. Y., Lin, W. C., Wu, L. F., Wang, H. Y., Chao, P. J., 
407 Chiu, C. L., Lee, T. F., (2016). Synthesis of vibroarthrographic signals in knee osteoarthritis 
408 diagnosis training. BMC.Res.Notes 9, 352.

409 Stoltze, J. S., Andersen, R. E., Rasmusen, J., Madeleine, P., Andersen, M. S., (2017). 
410 Correlation between internal knee joint loads and vibroarthrography for detecting knee-joint 
411 disorders - A pilot study. XVI International Symposium on Computer Simulation in 
412 Biomechanics, Brisbane, Australia.

413 Tanaka, N., Hoshiyama, M., (2012). Vibroarthrography in patients with knee arthropathy. 
414 J.Back.Musculoskelet.Rehabil. 25, 117-122.

415 Vos, T., Flaxman, A. D., Naghavi, M., Lozano, R., Michaud, C., Ezzati, M., Shibuya, K., 
416 Salomon, J. A., Abdalla, S., Aboyans, V., Abraham, J., Ackerman, I., Aggarwal, R., Ahn, S. 
417 Y., Ali, M. K., Alvarado, M., Anderson, H. R., Anderson, L. M., Andrews, K. G., Atkinson, 
418 C., Baddour, L. M., Bahalim, A. N., Barker-Collo, S., Barrero, L. H., Bartels, D. H., Basanez, 
419 M. G., Baxter, A., Bell, M. L., Benjamin, E. J., Bennett, D., Bernabe, E., Bhalla, K., 
420 Bhandari, B., Bikbov, B., Bin, A. A., Birbeck, G., Black, J. A., Blencowe, H., Blore, J. D., 
421 Blyth, F., Bolliger, I., Bonaventure, A., Boufous, S., Bourne, R., Boussinesq, M., 
422 Braithwaite, T., Brayne, C., Bridgett, L., Brooker, S., Brooks, P., Brugha, T. S., Bryan-
423 Hancock, C., Bucello, C., Buchbinder, R., Buckle, G., Budke, C. M., Burch, M., Burney, P., 
424 Burstein, R., Calabria, B., Campbell, B., Canter, C. E., Carabin, H., Carapetis, J., Carmona, 
425 L., Cella, C., Charlson, F., Chen, H., Cheng, A. T., Chou, D., Chugh, S. S., Coffeng, L. E., 
426 Colan, S. D., Colquhoun, S., Colson, K. E., Condon, J., Connor, M. D., Cooper, L. T., 
427 Corriere, M., Cortinovis, M., de Vaccaro, K. C., Couser, W., Cowie, B. C., Criqui, M. H., 
428 Cross, M., Dabhadkar, K. C., Dahiya, M., Dahodwala, N., Damsere-Derry, J., Danaei, G., 
429 Davis, A., De, L. D., Degenhardt, L., Dellavalle, R., Delossantos, A., Denenberg, J., Derrett, 
430 S., Des Jarlais, D. C., Dharmaratne, S. D., Dherani, M., Diaz-Torne, C., Dolk, H., Dorsey, E. 
431 R., Driscoll, T., Duber, H., Ebel, B., Edmond, K., Elbaz, A., Ali, S. E., Erskine, H., Erwin, P. 
432 J., Espindola, P., Ewoigbokhan, S. E., Farzadfar, F., Feigin, V., Felson, D. T., Ferrari, A., 
433 Ferri, C. P., Fevre, E. M., Finucane, M. M., Flaxman, S., Flood, L., Foreman, K., 
434 Forouzanfar, M. H., Fowkes, F. G., Franklin, R., Fransen, M., Freeman, M. K., Gabbe, B. J., 
435 Gabriel, S. E., Gakidou, E., Ganatra, H. A., Garcia, B., Gaspari, F., Gillum, R. F., Gmel, G., 
436 Gosselin, R., Grainger, R., Groeger, J., Guillemin, F., Gunnell, D., Gupta, R., Haagsma, J., 



18

437 Hagan, H., Halasa, Y. A., Hall, W., Haring, D., Haro, J. M., Harrison, J. E., Havmoeller, R., 
438 Hay, R. J., Higashi, H., Hill, C., Hoen, B., Hoffman, H., Hotez, P. J., Hoy, D., Huang, J. J., 
439 Ibeanusi, S. E., Jacobsen, K. H., James, S. L., Jarvis, D., Jasrasaria, R., Jayaraman, S., Johns, 
440 N., Jonas, J. B., Karthikeyan, G., Kassebaum, N., Kawakami, N., Keren, A., Khoo, J. P., 
441 King, C. H., Knowlton, L. M., Kobusingye, O., Koranteng, A., Krishnamurthi, R., Lalloo, R., 
442 Laslett, L. L., Lathlean, T., Leasher, J. L., Lee, Y. Y., Leigh, J., Lim, S. S., Limb, E., Lin, J. 
443 K., Lipnick, M., Lipshultz, S. E., Liu, W., Loane, M., Ohno, S. L., Lyons, R., Ma, J., 
444 Mabweijano, J., MacIntyre, M. F., Malekzadeh, R., Mallinger, L., Manivannan, S., Marcenes, 
445 W., March, L., Margolis, D. J., Marks, G. B., Marks, R., Matsumori, A., Matzopoulos, R., 
446 Mayosi, B. M., McAnulty, J. H., McDermott, M. M., McGill, N., McGrath, J., Medina-Mora, 
447 M. E., Meltzer, M., Mensah, G. A., Merriman, T. R., Meyer, A. C., Miglioli, V., Miller, M., 
448 Miller, T. R., Mitchell, P. B., Mocumbi, A. O., Moffitt, T. E., Mokdad, A. A., Monasta, L., 
449 Montico, M., Moradi-Lakeh, M., Moran, A., Morawska, L., Mori, R., Murdoch, M. E., 
450 Mwaniki, M. K., Naidoo, K., Nair, M. N., Naldi, L., Narayan, K. M., Nelson, P. K., Nelson, 
451 R. G., Nevitt, M. C., Newton, C. R., Nolte, S., Norman, P., Norman, R., O'Donnell, M., 
452 O'Hanlon, S., Olives, C., Omer, S. B., Ortblad, K., Osborne, R., Ozgediz, D., Page, A., 
453 Pahari, B., Pandian, J. D., Rivero, A. P., Patten, S. B., Pearce, N., Padilla, R. P., Perez-Ruiz, 
454 F., (2012). Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 
455 1990-2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet 380, 
456 2163-2196.

457 Walters, C. F., (1929). The value of joint auscultation. Lancet 213, 920-921.

458 Wiens, A. D., Prahalad, S., Inan, O. T., (2016). VibroCV: a computer vision-based 
459 vibroarthrography platform with possible application to Juvenile Idiopathic Arthritis. 
460 Conf.Proc.IEEE Eng Med.Biol.Soc. 2016, 4431-4434.

461 Wu, Y., Chen, P., Luo, X., Huang, H., Liao, L., Yao, Y., Wu, M., Rangayyan, R. M., (2016). 
462 Quantification of knee vibroarthrographic signal irregularity associated with patellofemoral 
463 joint cartilage pathology based on entropy and envelope amplitude measures. 
464 Comput.Methods Programs Biomed. 130, 1-12.

465 Wu, Y., Krishnan, S., Rangayyan, R. M., (2010). Computer-aided diagnosis of knee-joint 
466 disorders via vibroarthrographic signal analysis: a review. Crit Rev.Biomed.Eng 38, 201-224.

467 Wu, Y. F., (2015). Knee joint arthrographic signal processing and analysis. Springer, 
468 Heildelberg, pp. 1-81.
469
470



19

471 Table 1. Baseline demographic and clinical characteristics of participants

Variables

Knee Osteoarthritis

Patients

(n=20)

Asymptomatic

Participants

(n=20)

Age (years) 66.2 (5.2) 70.3 (5.9)*

Sex (female/male) 9/11 10/10

Body height (cm) 169.8 (9.0) 169.0 (10.8)

Body mass (kg) 77.7 (9.9) 81.5 (13.0)

Body mass index (kg/cm2) 28.1 (2.7) 27.2 (3.2)

Kellgren Lawrence score (left/right) 2.6 (0.9)/2.6 (0.5) NA/NA

Pain intensity after sit to stand (VAS) 4.8 (2.7) 0 (0)‡

Pain intensity after stairs descent and ascent 

(VAS)
5.5 (2.3) 0 (0)‡

472 Values are presented as mean (SD). NA: Not available. VAS: Visual analogue scale

473 * P<0.05. ‡ P<0.001

474
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475 Table 2. List of the extracted vibroarthrographic variables

Variables Interpretation

Averaged rectified values (ARV) Signal amplitude

Mean power frequency (MPF) Frequency contents of the signal

Variance of means squared (VoMS) Absolute reliability

Form factor (FF) Relative reliability

% of determinism and recurrence (%DET 

and %REC)

Changes in periodicity of the time 

series

476
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477 Table 3. Results of the statistical analysis on averaged rectified value (ARV), variance of means squared (VoMS), form factor (FF), mean power 

478 frequency (MPF), % of Recurrence (%REC) and % of Determinism (%DET) of the vibroarthrographic signals with group (knee osteoarthritis 

479 patients-asymptomatic participants), activity of daily living (sit to-stand, stairs descent and ascent) and accelerometer location (1-8) as within 

480 factors of the linear mixed model.

ARV VoMS FF MPF %REC %DET

Group F1,40.828=8.502, 

P=0.006

F1,105.292=1.065, 

P=0.304

F1,50.502=0.309, 

P=0.581

F1,39.970=0.862, 

P=0.359

F1,181.925=10.632, 

P=0.001

F1,38.732=0.075, 

P=0.786

ADL F2,260.230=313.495, 

P<0.001

F2,460.450=160.790, 

P<0.001

F2,453.152=272.893, 

P<0.001

F2,412.177=232.835, 

P<0.001

F2,126.192=0.200, 

P=0.819

F2,365.519=135.774, 

P<0.001

Location F7,127.592=17.175, 

P<0.001

F7,141.649=11.975, 

P<0.001

F7,147.421=45.795, 

P<0.001

F7,178.344=38.945, 

P<0.001

F7,156.097=2.920, 

P=0.007

F7,145.089=11.571, 

P<0.001

Group × 

ADL

F2,260.230=1.012, 

P=0.365

F2,460.450=2.080, 

P=0.126

F2,453.152=0.250, 

P=0.779

F2, 412.177=2.697, 

P=0.069

F2,126.192=0.030, 

P=0.970

F2,365.519=5.085, 

P=0.007

Group × 

Location

F7,127.592=1.531, 

P=0.162

F7,141.649=0.500, 

P=0.833

F7,147.421=1.692, 

P=0.115

F7,178.344=1.914, 

P=0.070

F7,156.097=2.514, 

P=0.018

F7,145.089=0.781, 

P=0.604

ADL × 

Location

F14,96.408=2.754, 

P=0.002

F14,139.014=2.201, 

P=0.010

F14,148.128=3.528, 

P<0.001

F14,107.429=1.405, 

P=0.163

F14,111.443=2.591, 

P=0.003

F14,108.071=0.445, 

P=0.956

Group × 

ADL × 

Location

F14,96.408=0.221, 

P=0.999

F14,139.014=0.420, 

P=0.966

F14, 148.128=0.742, 

P=0.729

F14,107.429=0.557, 

P=0.892

F14,111.443=0.567, 

P=0.886

F14,108.071=0.219, 

P=0.999

481
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Table 4. Results of the pairwise comparison for average rectified values (ARV), variance of means squared 

(VoMS), form factor (FF), mean power frequency (MPF), and % of Determinism (%DET) for locations (P ≤ 

0.05). In each cell, the mentioned parameters corresponding to the location indicated along the rows was 

compared with the remaining locations.

Location 1 Location 2 Location 3 Location 4 Location 5 Location 6 Location 7 Location 8

Location 1

-

ARV<
VoMS<

FF<
MPF>

%DET<

ARV<
VoMS<

FF<
MPF>

%DET<

ARV<
VoMS<

FF<
MPF>

%DET<

ARV<

FF<
MPF>

ARV<
VoMS<

FF<
MPF>

%DET<

ARV<
VoMS<

FF<
MPF>

%DET<

ARV<
VoMS<

FF<
MPF>

Location 2

- -
VoMS<

FF<
MPF> MPF>

ARV>

FF>
VoMS<

FF<
MPF>

NS

ARV>

FF>

Location 3

- - - NS

ARV>
VoMS>

FF>
MPF<

%DET>

NS NS
VoMS>

FF>
MPF<

%DET>
Location 4

- - - -

ARV>
VoMS>

FF>
MPF<

NS NS

ARV>

FF>
MPF<

Location 5

- - - - -

ARV<
VoMS<

FF<
MPF>

%DET<

ARV<
VoMS<

FF<
MPF>

%DET<

NS

Location 6

- - - - - -
MPF<

ARV>
VoMS>

FF>
MPF<

%DET>
Location 7

- - - - - - -

ARV>

FF>
MPF<

%DET>
Location 8

- - - - - - - -

NS: Non significant.
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Figure legends:

Fig. 1: Accelerometer locations. Accelerometers were placed over the quadriceps tendon (1), the lateral 

side of the knee approx. 1-2 cm medial from the epicondyle of femur towards the patella (2),  lateral 

proximal on the patella (3), medial proximal on the patella (4), lateral distal on the patella (5), medial distal 

on patella (6), the medial side of the knee approx. 1-2 cm medial from the epicondyle of femur towards the 

patella (7), and the tibial tuberosity (8). Example of the micro machined accelerometer mounted on a 

printed circuit board used to record the vibroarthrographic signals.

Fig. 2: Average maps of the (i) averaged rectified values (ARV, mm*s-2), (ii) mean power frequency 

(MPF, Hz), (iii) variance of means squared (VoMS, mm-4*s-8), (iv) form factor (FF, a.u.), (v) % of 

recurrence (%REC), and (vi) % of determinism (%DET) of the vibroathrographic signals recorded using 

eight accelerometers (black dots) during activities of daily living (sit to stand, stairs descent and stairs 

ascent) among patients with knee osteoarthritis (n=20) and asymptomatic participants (n=20). See Fig. 1 for 

accelerometer nomenclature.
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