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31 Abstract

32 The aims of this case-control study were to: (1) Identify cartilage locations and volumes at risk 

33 of osteoarthritis using subject-specific finite element (FE) models; (2) Quantify the 

34 relationships between the simulated biomechanical parameters and T2 and T1ρ relaxation times 

35 of MRI.

36 We created subject-specific FE models for 7 patients with anterior cruciate ligament (ACL) 

37 reconstruction and 6 controls based on a previous proof-of-concept study. We identified 

38 locations and cartilage volumes susceptible to osteoarthritis, based on maximum principal 

39 stresses and absolute maximum shear strains in cartilage exceeding thresholds of 7 MPa and 

40 32%, respectively. The locations and volumes susceptible to osteoarthritis were compared 

41 qualitatively and quantitatively against 2-year longitudinal changes in T2 and T1ρ relaxation 

42 times.

43 The degeneration volumes predicted by the FE models, based on excessive maximum principal 

44 stresses, were significantly correlated (r=0.711, p<0.001) with the degeneration volumes 

45 determined from T2 relaxation times. There was also a significant correlation between the 

46 predicted stress values and changes in T2 relaxation time (r=0.649, p<0.001). Absolute 

47 maximum shear strains and changes in T1ρ relaxation time were not significantly correlated. 

48 Five out of seven patients with ACL reconstruction showed excessive maximum principal 

49 stresses in either one or both tibial cartilage compartments, in agreement with follow-up 

50 information from MRI. Expectedly, for controls, the FE models and follow-up information 

51 showed no degenerative signs. 

52 Our results suggest that the presented modelling methodology could be applied to prospectively 

53 identify ACL reconstructed patients at risk of biomechanically driven osteoarthritis, 

54 particularly by the analysis of maximum principal stresses of cartilage.
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56 1. Introduction

57 Anterior cruciate ligament (ACL) rupture is a common sports-related knee joint injury. It has 

58 been shown that patients with ACL rupture have a high risk of developing osteoarthritis 

59 (OA)1,2. Given the contribution of ACL in the knee joint stability, ACL ruptures are often 

60 surgically reconstructed using tissue grafts. However, postoperative studies have shown that 

61 knee OA may develop even in the short-term after ACL reconstruction (ACLR)2,3. It has been 

62 reported that almost half of patients with ACLR have signs of articular cartilage degeneration 

63 at 1-year follow-up2. Identifying patients that are at low or high risk of developing OA would 

64 be useful, as this may improve our mechanistic understanding of OA and promote the 

65 development of post-operative strategies for delaying and/or preventing the onset and 

66 progression of OA.

67 There are several methods to clinically assess knee OA using self-assessment questionnaires, 

68 such as Knee Osteoarthritis Outcome Score (KOOS), or using imaging methods, such as 

69 Kellgren-Lawrence (KL) or whole-organ resonance magnetic imaging (WORMS)4. However, 

70 these methods provide limited information on cartilage integrity or composition and are 

71 susceptible to intra- and interobserver variability5. Measurement of T2 and T1ρ relaxation times 

72 offers a quantitative assessment of local articular cartilage composition6. Several studies have 

73 related the T2 relaxation time with collagen network integrity and arrangement7,8 and the T1ρ 

74 relaxation time with proteoglycan (PG) content9,10.

75 A possible mechanism that may lead to OA in patients with ACLR is altered knee joint 

76 biomechanics, leading to abnormal stresses or strains experienced by articular cartilage11,12. 

77 These abnormal stresses and strains have been evaluated experimentally13,14 and 

78 computationally13,14 ex vivo, and by finite element (FE) modeling of human joints15,16. In a 

79 clinical setting, the FE model generation and computational solution should be as fast as 
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80 possible. In terms of model complexity, several studies have shown that FE models with 

81 simplified geometry and motion17, cartilage material properties18 and ligament formulation19 

82 produce similar, if not the same, results as more computationally demanding approaches. In a 

83 recent proof-of-concept study, we showed that these simpler FE models can predict areas 

84 susceptible to OA in agreement with follow-up information20. 

85 The aims of this study can be divided into two sub-aims: (1) Identify locations and cartilage 

86 volumes in the knee joints of patients with ACLR and controls at risk of  developing OA, using 

87 the biomechanical modeling methodology from a previous proof-of-concept study20. Excessive 

88 maximum principal stresses were assumed to lead to collagen network degeneration20,21 and 

89 excessive absolute maximum shear strains were assumed to cause PG loss22,23. (2) Quantify the 

90 ability of the simulated maximum principal stresses and maximum shear strains to predict 2-

91 year longitudinal changes in T2 and T1ρ relaxation times, respectively. 

92 We examined the following hypothesis: (1) Collagen nework damage simulated via excessive 

93 maximum principal stresses is strongly related to longitudinal changes in the collagen-sensitive 

94 T2 relaxation time; (2) PG loss simulated via excessive absolute maximum shear strains is 

95 strongly related to longitudinal changes in PG-sensitive T1ρ relaxation time To our knowledge, 

96 the only FE modeling study aiming at predicting knee OA progression for a relatively high 

97 number of subjects is a recent study by Mononen et al.15 (n=21). In contrast to that study, we 

98 believe this is the first study in which subject-specific FE models of the knee joint, in terms of 

99 both geometry and motion, were created for a cohort and were qualitatively and quantitatively 

100 verified against follow-up MR imaging assessment methods. 
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101 2. Materials and methods

102 The workflow of the study is shown in Figure 1. This study is a level II prospective cohort 

103 study and includes 13 subjects: 7 patients with ACLR and 6 healthy controls. FE models for 

104 each subject were generated, with knee joint geometries manually segmented from the 3D-FSE 

105 (CUBE) MRI sequences (Figure 1a) and knee joint motions obtained from motion capture data 

106 (Figure 1b). The FE models included femoral and tibial cartilages, menisci, and cruciate and 

107 collateral ligaments (Figure 1c). The simulation results of the models were then compared 

108 against follow-up T2 and T1ρ information, as well as WORMS and KOOS grades (Figure 1e-f, 

109 Table 1). 

110 2.1. Patient demographics and acquired data

111 MR imaging and motion capture were performed at the University of California, San Francisco 

112 (UCSF) (Table 1). All subjects gave informed consent and data acquisition was approved by 

113 and carried out in accordance with the rules and regulations of the Institutional Review Board 

114 under the Human Research Protection Program at UCSF. More details on the patient 

115 demographics and measurement setup are provided in the Supplementary materials.

116 T2 and T1ρ relaxation time mapping was done using a two-parametric non-linear exponential 

117 fit with Aedes plugin (http://aedes.uef.fi) for Matlab and custom scripts at both 1- and 3-year 

118 follow-up time points. Each compartment of the tibial cartilage was manually segmented from 

119 the T2 and T1ρ mapped images. 

120 Co-registering the 1-year and 3-year MRI images may be possible. However, it would 

121 introduce uncertainties due to the MRI slice thickness of 4 mm and the discrepancy in the slice 

122 location between the two follow-up points. Also, at the 3-year follow-up timepoint, there may 

123 be regions showing changes in cartilage thickness, complicating co-registering the two MRI 

124 image stacks. Instead, T2 and T1ρ relaxation times above 60ms were assumed to indicate 
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125 collagen network damage and PG loss, respectively24–27 (see more below). Some sensitivity 

126 analysis for this threshold has also been done in a previous study16. Please also find more 

127 clarification on the threshold selection in the Supplementary materials.

128 2.2. FE models

129 The methodology used to generate the FE models for each subject was identical to that applied 

130 in our previous study20. Details of the FE model generation process, including segmentation, 

131 mesh generation, and motion and material implementation, are presented in Supplementary 

132 materials. Detailed material properties for each soft tissue are shown in the Supplementary 

133 materials, Table s1.

134 To identify locations prone to collagen network degeneration, the maximum principal stress 

135 (tensile stress) distribution was calculated by taking the peak centroid value of the maximum 

136 principal stress in each element throughout the entire stance phase of gait. Similarly, to identify 

137 location prone to PG loss, the distribution of absolute maximum shear strains was calculated 

138 by taking the peak centroid value of the absolute maximum shear strain in each element 

139 throughout the entire stance phase of gait. Maximum principal stresses above 7 MPa threshold 

140 were assumed to indicate collagen network degeneration20,21. Absolute maximum shear strains 

141 above 32% threshold were assumed to indicate PG loss22,23. These thresholds were based on 

142 previous experimental and computational studies14,22,28–38. They also match values reported in 

143 a recent review article by Jørgensen39. Some sensitivity analysis for these thresholds has also 

144 been done in previous studies16. 

145 2.3. Comparison between FE model results and T2 / T1ρ relaxation times

146 Qualitative comparison

147 The FE model results were qualitatively compared against T2 and T1ρ relaxation times using 

148 axial views (Figure 1d). For the FE model, the axial view indicates the distribution maximum 

149 principal stresses or absolute maximum shear strains (centroid values of elements) on the 
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150 superficial tibial cartilage. To determine the T2 and T1ρ values on the tibial cartilage surface we 

151 used a custom Matlab script. An example of process for obtaining the axial view is provided in 

152 the Supplementary materials, Figure s4.

153 Quantitative comparison

154 Volume comparison. To compare volumes susceptible to collagen degeneration and PG loss 

155 predicted by the FE models at the 1-year follow-up time point against the cartilage volumes 

156 with changes in T2 and T1ρ relaxation times between the 1- and 3-year follow-up time points, 

157 the following steps were taken:

158 1. For the FE models, in each compartment a volume-of-interest (VOI) was defined as the 

159 total volume of elements exceeding the 7 MPa or 32% thresholds and taken as the 

160 degenerated percentage of the total volume of the compartment. 

161 2. For T2 and T1ρ relaxation times at both the 1- and 3-year follow-up time points, in each 

162 compartment, the VOI was defined as the total volume exceeding the 60ms threshold24–27,40 

163 and similarly taken as the degenerated percentage of the total volume of the compartment. 

164 The volume of tissue assumed to be degenerated between the time points was calculated by 

165 subtracting the VOI at the 3-year time point from the VOI at the 1-year time point.

166 Value comparison. To assess the relationship between the maximum principal stress and the 

167 change in T2 relaxation times between the 1- and 3-year follow-up time points, the following 

168 steps were taken:

169 1. For the FE models, the location and value of peak maximum principal stress was 

170 determined for each joint compartment from the entire stance phase (one location and one 

171 centroid value). Then, the average value of all element centroids around the peak value was 

172 determined. Henceforth, we will refer to the calculated ‘average centroid value around the 

173 peak’ as ‘peak value’ (values are almost the same for all patients, see the Supplementary 

174 materials).
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175 2. For the T2 maps, T2 values at the 1- and 3-year follow-up time points were determined at 

176 the areas corresponding (defined as the average of 10 pixels) to those determined in the 

177 step 1. The change in T2 relaxation times between the 1- and 3-year time points was 

178 computed.

179 Similar steps were applied to assess the relationship between the peak absolute maximum shear 

180 strain and the change in T1ρ relaxation times between the 1- and 3-year follow-up time points. 

181 More information is provided in the Supplementary materials. Please note that for the 

182 quantitative analysis, both sets of participants are combined. 

183 Other verification methods

184 We also compared the peak maximum principal stresses against 3-year WORMS grades 

185 (grades from 0 to 3 at the 3-year follow-up, details are provided in the Supplementary 

186 materials). Additionally, we compared the biomechanical parameters (peak maximum 

187 principal stresses and absolute shear strains predicted at the 1-year time point) and the measured 

188 changes in MRI parameters (2-year longitudinal change in T2, T1ρ and WORMS) against the 

189 2-year longitudinal changes in KOOS grades (details are provided in the Supplementary 

190 materials).

191 Statistical analysis

192 We assessed the relationship between the predicted and potentially degenerated cartilage 

193 volumes. Performing a normality test revealed that the data was not normally distributed, and 

194 thus Spearman’s correlation was used. Bivariate least square linear fits were calculated using 

195 a method that takes into account the uncertainties in the variables41. This method is known to 

196 be robust for outliers and extreme observations. Similarly, the Spearman’s correlation 

197 coefficients and a bivariate least square linear fits were calculated between the peak values of 

198 maximum principal stress and absolute maximum shear strain and the change in T2 and T1ρ 
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199 relaxation times, respectively. Furthermore, bivariate least square linear functions41  were fitted 

200 between the simulated biomechanical parameters and the relaxation times. 

201 To evaluate if there are statistically significant differences in maximum principal stress and 

202 absolute maximum shear strain, and the change in T2 and T1ρ relaxation times, between patients 

203 with ACLR and healthy controls, we used the Mann-Whitney U-test, since the data was not 

204 normally distributed. All statistical tests were carried out in MATLAB, using custom scripts.
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205 3. Results

206 3.1. Comparison between the FE model results and T2 and T1ρ relaxation times

207 Qualitative comparison

208 We compared the maximum principal stress distributions on the joint surfaces at the 1-year 

209 follow-up time point and changes in the T2 relaxation time distributions at the 1- and 3-year 

210 follow-up time points for the 7 patients with ACLR (Figure 2) and the 6 controls (Figure 3). 

211 Both for the patients and controls there is a good qualitative correspondence between the 

212 simulated maximum principal stresses and the longitudinal changes in T2 relaxation times. For 

213 Patients 1-3, 5 and 7 with ACLR, the articular cartilage locations with excessive maximum 

214 principal stresses matched the areas with changes in T2 relaxation times (Figure 2). For Patients 

215 4 and 6, only small maximum principal stresses (less than 5 MPa) and changes in T2 relaxation 

216 times (less than 5ms) were observed. As was expected, small maximum principal stresses and 

217 negligible changes in T2 relaxation times were observed for all healthy control subjects (Figure 

218 3). For the 7 patients with ACLR, we also compared the sagittal sections (see Supplementary 

219 materials, Figure s5). 

220 In terms of absolute maximum shear strains, the correspondence between the FE model results 

221 and MRI findings was not evident. For Patient 1, PG loss was predicted via excessive absolute 

222 maximum shear strains on the lateral tibial cartilage with a similar distribution as the maximum 

223 principal stresses. T1ρ relaxation times were also increased between the 1- and 3-year follow-

224 up time points in the same regions (not shown). For Patients 2-7, absolute maximum shear 

225 strains did not exceed the assumed degeneration threshold (see below), while the T1ρ relaxation 

226 time showed a similar distribution and values as the T2 relaxation time.

227 Quantitative comparison – Cartilage Volumes
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228 The cartilage volumes with collagen network degeneration predicted by the FE models 

229 matched with the volumes of degenerated cartilage estimated based on the change in T2 

230 relaxation times (Figure 4a and Supplementary materials, Figure s6). There was a significant 

231 positive correlation between the predicted and measured degenerated cartilage volumes 

232 (r=0.711, p<0.001). Using bivariate least squares, we obtained a linear fit with an R2=0.946. 

233 The cartilage volumes with assumed PG loss predicted by the FE models did not match with 

234 the cartilage volumes with PG loss estimated based on the change in T1ρ relaxation times (see 

235 Supplementary materials, Figures s6 and s7). There was a non-significant and weak correlation 

236 between the volumetric PG loss predicted by the FE models and that estimated by the change 

237 in T1ρ relaxation times (r=0.279, p=0.168). 

238 Quantitative comparison - FE model and MRI peak values

239 There was a positive correlation between peak maximum principal stresses at the 1-year time 

240 point and local changes in T2 relaxation times between the 1- and 3-year follow-up time points 

241 (Figure 4b), (r=0.649, p<0.001). Using bivariate least squares, we obtained a linear fit with an 

242 R2=0.906. Again, there was no statistically significant correlation between peak absolute 

243 maximum shear strains and changes in T1ρ relaxation times (r=0.280, p=0.160, see 

244 Supplementary materials, Figure s8).

245 Quantitative comparison - FE model and WORMS

246 When grouping the subjects by WORMS grade (details provided in the Supplementary 

247 materials), we could differentiate patients roughly in three different risk groups for the 

248 progression of OA (low, moderate and high risk) (Figure 5 and Supplementary materials, 

249 Figure s9). Patients experiencing less than 7 MPa maximum principal stress showed no or 

250 minor tissue alterations based on WORMS and T2 relaxation times. On the other hand, patients 

251 experiencing stresses between 7 and 10 MPa were at a higher risk and those experiencing over 
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252 10 MPa maximum principal stresses had the most severe tissue changes during the follow-up, 

253 both in terms of WORMS and T2 relaxation times. 

254 Quantitative comparison – KOOS

255 We did not find any statistically significant correlations between the KOOS grades and 

256 biomechanical or MRI parameters (see Supplementary materials for more details).

257 3.2. Comparison between patients with ACLR and healthy controls

258 The median maximum principal stress value was significantly higher in patients with ACLR 

259 (7.20 MPa) than in healthy controls (5.30 MPa) (Figure 6, p=0.008). Similarly, the median 

260 change in T2 relaxation times between 1- and 3-year follow-up time points was significantly 

261 higher in ACLR patients (5.3ms) than controls (1.61ms) (Figure 6, p<0.001). The maximum 

262 principal stress and the change in T2 relaxation time showed large patient-specific variability 

263 in the ACLR group (standard deviation of 2.77 MPa and 12.45ms, respectively). Obviously, 

264 this was not the case for the control group where subjects mostly remained healthy (standard 

265 deviation of 0.54 MPa and 0.98ms, respectively). In terms of absolute maximum shear strains, 

266 there was no statistically significant difference between patients with ACLR and healthy 

267 controls (Figure 6, p=0.439). On the other hand, between the two groups, there was a 

268 statistically significant difference in the change of T1ρ relaxation time between the 1- and 3-

269 year follow-up time points (Figure 6, p<0.001). The distribution, range and values for the 

270 change in T1ρ relaxation times were similar to those in T2 relaxation times (not shown). Patients 

271 with ACLR had significantly lower KOOS grades at both 1- and 3-year follow-up time points 

272 than controls. More information is presented in the Supplementary materials..

273
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274 4. Discussion

275 In this study, FE models were created for seven patients with ACLR and six healthy controls. 

276 The knee geometry was obtained from manually segmented high-resolution MRI and the knee 

277 joint motion was obtained from motion capture. The methodology used to generate the FE 

278 models was identical to that described in a previous proof-of-concept study40. We identified 

279 locations in each compartment of the tibial cartilage at risk of biomechanically-driven OA due 

280 to excessive maximum principal stresses and absolute maximum shear strains. Then, we 

281 compared these FE model predictions qualitatively and quantitatively with follow-up MRI 

282 findings. The location and volume of cartilage at risk for collagen degeneration predicted by 

283 the FE model, through excessive maximum principal stresses, matched the cartilage volumes 

284 of increased T2 values during the follow-up in 85% of subjects. Furthermore, there was a 

285 positive correlation between the predicted volume and values of maximum principal stresses 

286 and T2 relaxation times. There were also significant differences in maximum principal stresses, 

287 and T2 and T1ρ relaxation times, but not in absolute maximum shear strains, between ACLR 

288 patients and healthy controls. Our results suggest that the proposed FE modeling workflow 

289 with simplified geometries (i.e. only the tibiofemoral joint), loading conditions (i.e. directly 

290 from motion capture without musculoskeletal modelling) and materials (i.e. without time-

291 dependent degeneration mechanisms), can identify patients at risk of developing 

292 biomechanically driven collagen degeneration in OA.

293 Collagen network. Both qualitatively and quantitatively, the articular cartilage locations with 

294 excessive maximum principal stresses matched the areas with changes in T2 relaxation times. 

295 For almost all patients the posterior aspect of the cartilage area showed high maximum 

296 principal stresses. In the same posterior aspect, T2 relaxation times were increased between the 

297 follow-up time points. The posterior site was also noted in other studies2,42,43 and is attributed 

298 to valgus collapse42,43, particularly for the lateral compartment. Importantly, all subjects in both 
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299 groups predicted to be at high-risk or at low-risk of OA onset and development by the FE 

300 model (maximum principal stresses above 10 MPa or below 7 MPa, respectively) matched the 

301 follow-up MRI information (change in T2 relaxation time above 23 ms or below 10ms, 

302 respectively; WORMS 3 or WORMS 0/1, respectively). This highlights the importance of 

303 patient-specific analysis. In the future, more subjects will be added from other patient groups. 

304 Using the 7 MPa and 60ms thresholds as collagen network degeneration indicators, a good 

305 match was found between the degenerated volumes predicted by the FE models and those 

306 determined from T2 maps (Figure 4a and Supplementary materials, Figure s6). Some 

307 differences between the predictions and MRI findings may be influenced by the assumed 

308 degeneration threshold values, which are likely patient-specific, or other limitations listed 

309 below. 

310 There were significant differences between patients with ACLR and healthy controls in 

311 maximum principal stresses and changes in T2 and T1ρ relaxation times. The predicted 

312 maximum principal stresses showed that some patients with ACLR are at a higher risk of 

313 developing OA than others, in agreement with previous ACLR studies1,2. Relaxation times 

314 showed similar patient-specificity. The distribution of peak maximum principal stresses and 

315 changes in T2 and T1ρ relaxation times were more clustered in controls with a small standard 

316 deviation, and the values were below the assumed degeneration thresholds. This was to be 

317 expected, since one of the criteria for the patient selection of healthy controls was that they 

318 should not show any degenerative signs at any time point. 

319 Interestingly, using 7 MPa30,44 and 10 MPa39 as maximum principal stress thresholds, we could 

320 differentiate patients whose knees were evaluated by WORMS roughly in three different risk 

321 groups for the progression of OA. Therefore, our proposed and relatively straightforward 

322 biomechanical method might be applicable for clinical risk assessment. However, it should be 
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323 noted that the rough division to these three risk categories was made by the authors, though 

324 based on the results, and apply at the moment only to these studied patient groups (patients 

325 with ACLR and controls). Therefore, this grouping cannot be generalized yet. There are several 

326 factors in the model that may need to be adjusted to other patient groups and are listed in 

327 limitations below. 

328 PG loss. Both qualitatively and quantitatively, the connection between absolute shear strain 

329 and increased T1ρ relaxation time was not evident (see Supplementary materials, Figures s6-s8 

330 and Table s2), though increased values in both of these parameters and WORMS can be seen 

331 especially in patients 1, 2 and 7. For patients 1 and 2, please refer to our previous proof-of-

332 concept study20, where the relationship between maximum shear strains and T1ρ relaxation 

333 times was examined in more detail.  These patients had full-depth cartilage defects, which were 

334 included and analyzed also in detail in a recent proof-of-concept mechanobiological modelling 

335 study28. The results of that study showed that for these two patients the simulated shear strain 

336 driven PG loss is highly localized around the cartilage lesion28. In that study, both T1ρ and T2 

337 relaxation times were increased in the vicinity of the lesion between 1- and 3-year follow-up 

338 time points. Combined, the results indicate that 1) at least on a compartment level, absolute 

339 maximum shear strain may not indicate PG loss or changes in tissue integrity, and 2) that highly 

340 localized strain levels may be more important and could indicate highly localized cell death 

341 and PG loss, even though global strain levels would not change. 

342 Similar to T2 relaxation times, there were significant differences between patients with ACLR 

343 and controls in terms of T1ρ. Generally, the values of T1ρ were ~10ms higher than those of T2 

344 at both 1- and 3-year follow-up time points. The range and distribution of T1ρ were similar to 

345 those of T2. This would suggest that both T2 and T1ρ may be more indicative of the overall state 

346 of articular cartilage integrity than collagen or PG separately7,45.
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347 Relation with patient reported outcomes. We did not find any statistically significant 

348 correlations between the KOOS grades and the FE model predictions, or between the KOOS 

349 grades and the MRI measures (see Supplementary materials, Table s3). This suggests that there 

350 are other factors than excessive stresses or altered integrity of cartilage that cause symptoms 

351 and reduced quality of life, which is not surprising. On the other hand, in the group level there 

352 was a significant difference in the KOOS grades and the patients with ACLR showed a greater 

353 variability in KOOS grades than controls. This emphasizes patient-specificity consistent with 

354 the biomechanical and MRI results. 

355 Limitations. This study has a few limitations that warrant discussion. They are briefly listed 

356 below and expanded upon in the Supplementary materials. 

357 The study was limited to 13 subjects, which is more than in most biomechanical modelling 

358 studies but still relatively low. Some discrepancies between the biomechanical parameters and 

359 MRI follow-up findings may be attributed to the still relatively low number of patients and may 

360 affect the correlation analysis. Generation of subject-specific FE models requires a lot of 

361 manual work and time in segmentation, meshing and making the models converge, typically 

362 taking at minimum one week per subject from an experienced researcher. However, the FE 

363 models were able to distinguish between different patients’ risk levels and were in agreement 

364 with the follow-up information in 85% of the subjects. To increase the number of patients, the 

365 model generation and simulation should become faster. Therefore, the used methodology 

366 should be coupled with semi-automatic or fully automatic segmentation techniques38 or even 

367 fully automated model generation methods15. For instance, in a recently developed atlas-based 

368 method15, the model generation for one patient takes only a few minutes. In the future, AI-

369 based methods could even eliminate the need for FE models, however a large amount of data 

370 is needed to properly train such models.
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371 The FE models did not include all muscle forces via musculoskeletal modelling and the 

372 patellofemoral joint. Other post-ACLR rehabilitation exercises, such as cutting or single-leg 

373 squat, were not included in this study. Constant stress and strain thresholds to estimate cartilage 

374 degeneration were used in the models. These thresholds, and material properties of cartilage, 

375 could be adjusted in the future at least according to age, gender or physical activity46, 

376 particularly as the incidence to ACL rupture is typically higher in younger patients2,47. Other 

377 mechanisms for OA onset and development, such as underloading and/or inflammation48 in 

378 early ACLR follow-up, were not considered in the FE models. Implementing all these 

379 aforementioned properties can be done in the future, but would increase the model complexity 

380 and increase time to obtain the results. This would take the methodology further away from 

381 clinical application.

382 With improved imaging techniques, maybe tissue level properties can in the future be obtained 

383 in a personalized manner. However, this is currently time consuming and even with this 

384 approach several model parameters need to be assumed from literature49,50. One relatively 

385 simple approach to obtain patient-specific tissue level information could be, e.g., to fine tune 

386 the degeneration thresholds in the model to capture the experimentally detected changes in 

387 cartilage structure during the follow-up of patients. This is one of our long-term goals requiring 

388 fast modeling workflow and a lot of subject-specific data from various subject groups.

389 Only the tibial cartilage was analyzed. This choice was mainly related to the quantitative MRI. 

390 In particular, the T2 relaxation time can show susceptibility to the orientation of the magnetic 

391 field. In a recent study7, it was shown that the T2 relaxation time shows the highest dependence 

392 on the tissue orientation. Therefore, analysis of the convex and round shape of the femoral 

393 condyles and patellar groove may introduce uncertainties8,26. From the clinical point of view, 

394 almost half of patients with ACLR show both early2,3 and long term1 signs of OA in the tibial 

395 cartilage compartment.
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396 The resolution of the T2 and T1ρ relaxation time maps was low with a slice thickness of 4 mm 

397 and a pixel size of 0.55x0.55mm. This may lead to partial volume effects that could lead to 

398 inaccuracies in T2 and T1ρ values, especially interfaces with high relaxation time differences 

399 (i.e. cartilage interface with synovial fluid or bone)6,8. Higher resolution may not be feasible as 

400 this would drastically increase the image acquisition time. 

401 Clinical application. Our results suggest that the presented relatively straightforward FE 

402 modelling method can be used to identify patients at different risk levels of developing 

403 biomechanically driven OA in agreement with MRI follow-up information. This method would 

404 be particularly useful in assessing the effects of surgical interventions, such as ALCR, on OA 

405 onset and progression. In the future, the methodology could be used to identify and evaluate 

406 optimal non-surgical management and post-ACLR rehabilitation strategies for avoiding or 

407 delaying the disease progression. FE models with simplified geometry (i.e. only tibiofemoral 

408 joint), motion (i.e. directly from motion capture without musculoskeletal modelling) and 

409 materials (i.e. without time-dependent degeneration mechanisms) could provide a pathway 

410 towards clinical application.
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626 Figure Captions

627 Figure 1. Workflow of the study. a) Knee joint MR image segmentation; b) Knee joint rotations 

628 and ground reaction forces from motion capture; c) FE model overview, with geometry from 

629 a) and motion from b); d) Axial view comparison between the FE model and T2 and T1ρ maps; 

630 e) Sagittal view comparison between the FE model and T2 and T1ρ relaxation times maps; f) 

631 Quantitative evaluation of degenerated volumes estimated from the FE model and MRI. Also, 

632 correlations between the predicted biomechanical parameters and changes in T2 and T1ρ 

633 relaxation times between 1-year and 3-year follow-up time points were computed.

634 Figure 2. Axial view of the maximum principal (tensile) stress distribution at the 1-year follow-

635 up time point and the T2 relaxation time distributions at the 1- and 3-year follow-up time points 

636 for patients with ACLR. Peak values for tensile stresses during the stance phase are given for 

637 each compartment. The values for the T2 relaxation time at the 1- and 3-year time points are 

638 given for the same location as peak tensile stresses. Note: Both left and right knees are shown 

639 in the same coordinate system, with medial compartment on the left.

640 Figure 3. Axial view of the maximum principal (tensile) stress distribution at the 1-year follow-

641 up time point and the T2 relaxation time distribution at the 3-year follow-up time point in 

642 healthy controls. Peak values for tensile stresses are given for each compartment. The values 

643 for the T2 relaxation time are given for the same location as peak tensile stresses. Note: The T2 

644 relaxation time distribution at the 1-year follow-up time point is not presented, since it is almost 

645 identical with the 3-year follow-up time point. Note: Both left and right knees are shown in the 

646 same coordinate system, with medial compartment on the left.

647 Figure 4. a) Correlation between the predicted degenerated volumes from the FE models at the 

648 1-year time point and those estimated from T2 between the 1-year and 3-year follow-up time 

649 points. b) Correlation between the peak values of maximum principal (tensile) stresses at the 
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650 1-year time point and changes in the T2 relaxation time between the 1- and 3-year follow-up 

651 time points. Note: The values for the tensile stress and changes in the T2 relaxation time are 

652 taken in the same location.

653 Figure 5. Correlation between the peak values of maximum principal (tensile) stresses at the 

654 1-year time point and changes in the T2 relaxation time between the 1- and 3-year follow-up 

655 time points. Data points were grouped according to WORMS grades at the 3-year follow-up 

656 time point. The green, yellow and red areas indicate compartments at low, moderate and high 

657 risk of developing OA.

658 Figure 6. Box plots of the peak values of maximum principal (tensile) stresses and absolute 

659 maximum shear strains during the stance phase of gait at the 1-year time point and changes in 

660 the T2 and T1ρ relaxation times between the 1- and 3-year follow-up time points for patients 

661 with ACLR and healthy controls. Mann-Whitney U-test p-values are also provided.

662 Table Captions

663 Table 1. Demographics and measured data. A detailed description of measurement protocols 

664 can be found in Supplementary materials. 

665
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Tables and Captions

Table 1. Demographics and measured data. A detailed description of the measurement protocols 
can be found in Supplementary material. 

Demographics ACLR (n=7) Controls (n=6)
Age (years) 37.8±6.5 31.3±0.37
Gender (male: female) 5:2 3:3
Weight (kg) 70.60±13.43 68.3±10.3
Height (m) 1.74±0.11 1.69±0.11

Time points and usageMeasured data 1-year follow-up 3-year follow-up
3D-FSE CUBE MRI (3D fat-saturated, 
intermediate- weighted, fluid-sensitive fast-
spin-echo)

FE geometry + 
WORMS

WORMS

Sagittal 3D MAPSS MRI sequence52,62 T2/T1ρ relaxation time T2/T1ρ relaxation time
Knee injury Osteoarthritis Outcome Score 
(KOOS)

Verification Verification

Motion Capture FE motion -

5
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Workflow of the study. a) Knee joint MR image segmentation; b) Knee joint rotations and ground reaction 
forces from motion capture; c) FE model overview, with geometry from a) and motion from b); d) Axial view 
comparison between FE model and T2 and T1ρ maps; e) Sagittal view comparison between FE model and T2 

and T1ρ relaxation times maps; f) Quantitative evaluation of simulated and actual degenerated volumes. 
Also, the correlation between predicted biomechanical parameters and the change in T2 and T1ρ relaxation 

values between 1-year and 3-year follow-up time points was computed. 
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Axial view of the maximum principal (tensile) stress distribution at the 1-year follow-up time point and the 
T2 relaxation time distributions at the 1- and 3-year follow-up time points for patients with ACLR. Peak 

values for tensile stresses during the stance phase are given for each compartment. The values for the T2 
relaxation time at the 1- and 3-year time points are given for the same location as peak tensile stresses. 

Note: Both left and right knees are shown in the same coordinate system, with medial compartment on the 
left. 
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Axial view of the maximum principal (tensile) stress distribution at the 1-year follow-up time point and the 
T2 relaxation time distribution at the 3-year follow-up time point in healthy controls. Peak values for tensile 

stresses are given for each compartment. The values for the T2 relaxation time are given for the same 
location as peak tensile stresses. Note 1: The T2 relaxation time distribution at the 1-year follow-up time 

point is not presented, since it is almost identical with the 3-year follow-up time point. Note 2: Both left and 
right knees are shown in the same coordinate system, with medial compartment on the left. 
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a) Correlation between the predicted degenerated volumes from the FE models at the 1-year time point and 
those estimated from T2 between the 1-year and 3-year follow-up time points. b) Correlation between the 

peak values of maximum principal (tensile) stresses at the 1-year time point and changes in the T2 
relaxation time between the 1- and 3-year follow-up time points. Note: The values for the tensile stress and 

changes in the T2 relaxation time are taken in the same location. 
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Correlation between the peak values of maximum principal (tensile) stresses at the 1-year time point and 
changes in the T2 relaxation time between the 1- and 3-year follow-up time points. Data points were 

grouped according to WORMS grades at the 3-year follow-up time point. The green, yellow and red areas 
indicate compartments at low, moderate and high risk of developing OA. 
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Box plots of the peak values of maximum principal (tensile) stresses and absolute maximum shear strains 
during the stance phase of gait at the 1-year time point and changes in the T2 and T1ρ relaxation times 

between the 1- and 3-year follow-up time points for patients with ACLR and healthy controls. Mann-Whitney 
U-test p-values are also provided. 
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