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Abstract 43 

Objective: Increased subchondral cortical bone plate thickness and trabecular bone density are 44 

characteristic of knee osteoarthritis (OA). Knee joint distraction (KJD) is a joint-preserving knee OA 45 

treatment where the joint is temporarily unloaded. It has previously shown clinical improvement and 46 

cartilage regeneration, indicating reversal of OA-related changes. The purpose of this research was to 47 

explore 3D subchondral bone changes after KJD treatment using CT imaging. 48 

Design: Twenty patients were treated with KJD and included to undergo knee CT imaging before, one, 49 

and two years after treatment. Tibia and femur segmentation and registration to canonical surfaces were 50 

performed semi-automatically. Cortical bone thickness and trabecular bone density were determined 51 

using an automated algorithm. Statistical parametric mapping (SPM) with two-tailed F-tests was used to 52 

analyze whole-joint changes.  53 

Results: Data was available of 16 patients. Subchondral cortical bone plate thickness and trabecular bone 54 

density were higher in the weight-bearing region of the most affected compartment (MAC; mostly 55 

medial). Especially the MAC showed a decrease in thickness and density in the first year after treatment, 56 

which was sustained towards the second year.  57 

Conclusions: KJD treatment results in bone changes that include thinning of the subchondral cortical 58 

bone plate and decrease of subchondral trabecular bone density in the first two years after treatment, 59 

potentially indicating a partial normalization of subchondral bone. 60 

 61 

Keywords: Computed tomography; knee joint distraction; osteoarthritis; subchondral bone; cortical; 62 

trabecular. 63 
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Introduction 66 

Knee osteoarthritis (OA) is characterized not only by cartilage degeneration, but by significant bone 67 

remodeling as well.1 In end-stage knee OA, bony changes include subchondral (cortical) bone plate 68 

thickening and trabecular bone density decrease.2,3 The overall bone shape changes as well, most 69 

notably by widening and flattening of femoral and tibial condyles and formation of osteophytes at the 70 

edges.4 Bone changes after (joint-preserving) knee OA treatments are not evaluated often, as these 71 

studies generally focus on improving clinical patient-reported outcomes and, to a lesser degree, 72 

increasing cartilage thickness. Knee joint distraction (KJD) is one of the joint-preserving surgical 73 

treatments for relatively young (<65 years) knee OA patients. The treatment has been evaluated in 74 

several clinical trials, where it has shown significant short- and long-term clinical improvement.5–8 75 

Furthermore, KJD has demonstrated the ability to reverse OA cartilage degradation, as radiographic JSW 76 

and MRI cartilage thickness measurements showed significant short-term cartilage regeneration, which 77 

was sustained for up to ten years after treatment.6,9–11 Bone changes have been evaluated on plain 78 

radiographs, showing a decrease in overall subchondral bone density one year after treatment with 79 

increased osteophyte formation in the first two years after treatment.9,12 However, bone changes after 80 

KJD have never been evaluated in three-dimensions (3D), which enables measurement and visualization 81 

across the entire joint. As such, the purpose of this research was to explore subchondral cortical bone 82 

plate thickness and subchondral trabecular bone density from CT imaging before and up to two years 83 

after KJD treatment.  84 

 85 

Materials and Methods 86 

Patients 87 

Patients were included from two randomized controlled trials (RCTs). In one RCT, relatively young (<65 88 

years) OA patients considered for total knee arthroplasty (TKA) were randomized to either KJD (n=20) or 89 
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TKA (n=40) treatment. In a separate RCT, relatively young (<65 years) OA patients considered for high 90 

tibial osteotomy (HTO) were randomized to either KJD (n=23) or HTO (n=46). Inclusion criteria were 91 

similar between the two trials, and included Kellgren-Lawrence grade >2 (as judged by orthopedic 92 

surgeon), no history of inflammatory or rheumatoid arthritis, no primary patellofemoral OA, leg axis 93 

deviation less than 10 degrees, and no surgical treatment of the involved knee <6 months ago.6,13,14 94 

These patients were considered end-stage knee OA patients, since they exhausted conventional 95 

treatment options and required surgical intervention. 96 

In both RCTs, after randomization to KJD treatment, patients were asked to participate in an extended 97 

imaging protocol that included CT scans. The first 20 KJD patients (irrespective of the trial from which 98 

they were included) who gave written informed consent for the extended imaging protocol were 99 

included (10 from each trial / original indication TKA or HTO, respectively). 100 

 101 

KJD treatment was performed using an external fixation frame, fixed to the joint laterally and medially 102 

using four pairs of bone pins. During surgery the joint was distracted to a distance of 2 mm, which was 103 

gradually extended by 1 mm per day over the next three days, reaching 5 mm of total distraction. This 104 

was confirmed radiographically, after which patients were discharged. Full weight-bearing on the treated 105 

knee was allowed and encouraged, using crutches if necessary. After six weeks, patients returned to the 106 

hospital, where the frame and pins were removed, without further imposed rehabilitation protocol. 107 

 108 

The original RCTs and the extended imaging protocol were granted ethical approval by the medical 109 

ethical review committee of the University Medical Center Utrecht (protocol numbers 10/359/E, 11/072 110 

and 11/482/E). All patients gave written informed consent. 111 

 112 

CT analyses 113 
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Patients underwent CT scanning with a reconstructed slice thickness of 0.45-0.5 mm, at baseline (pre-114 

treatment) and one and two years after treatment. All CT scans were made at the UMC Utrecht using the 115 

same CT scanner and settings. All scans were performed with 120 kVp and exposure 87–232 mA. The 116 

field of view was 512x512 pixels and pixel spacing varied between 0.27x0.27 mm and 0.98x0.98 mm. The 117 

CT dose index (CTDIvol) was 3.9–10 mGy and dose length product 174–495 mGy*cm.  118 

Stradview v6.0 (University of Cambridge Department of Engineering, Cambridge, UK, in-house developed 119 

software freely available at https://mi.eng.cam.ac.uk/Main/StradView) was used for semi-automatic 120 

segmentation of the tibia and femur. Cortical bone mapping was used as measurement technique, as it is 121 

not limited by the CT resolution and uses an automated optimized Gaussian model fit algorithm able to 122 

measure bone thickness in the sub-millimeter range, unconstrained by the point spread function limit of 123 

the CT imaging system.15,16 Cortical bone thickness (mm, referring to the subchondral bone plate as well 124 

as cortical bone in non-articular regions) was determined, and trabecular bone density (Hounsfield units, 125 

HU) was measured as part of this optimized solution from the inner cortical bone edge inwards to 12 mm 126 

beneath the mesh surface (outer bone surface). This is not the same as bone mineral density, as no 127 

dedicated phantom was scanned for calibration, but gives a reasonable approximation that enables 128 

comparisons across time points. A 3D isosurface was generated for the two bones separately through 129 

semi-automatic segmentation. This software and technique have been explained in detail previously.17,18 130 

Segmentation parameters were determined scan by scan by one trained user, and osteophytes were 131 

excluded from the segmentation (see example of segmentation in figure 1). 132 

 133 

Figure 1 suggested position. 134 

 135 

Afterwards, wxRegSurf v18 (Cambridge University Engineering Department, Cambridge, UK, in-house 136 

developed software freely available at http://mi.eng.cam.ac.uk/~ahg/wxRegSurf/) was used for non-rigid 137 

Jo
urn

al 
Pre-

pro
of

https://mi.eng.cam.ac.uk/Main/StradView
http://mi.eng.cam.ac.uk/~ahg/wxRegSurf/


registration of all femur and tibia surfaces to a canonical femur and tibia respectively, using a free-form 138 

deformation model based on B-splines.19 This registration was performed for the femur and tibia 139 

separately, to allow combining and comparing of surface objects from multiple scans. The canonical 140 

surfaces were created by averaging the shapes of the femurs and tibias of all patients at baseline. The 141 

vertex by vertex displacement data to the canonical surfaces of each individual scan was saved, and used 142 

to visually explore the bone shape changes between time points. Results of these shape changes can be 143 

found in the supplementary data. 144 

Only patients for whom baseline and at least one of the two follow-up time points available were 145 

included for analysis. Since KJD has previously shown significant results mostly in the patients’ most 146 

affected compartment (MAC), patients were separated into two groups based upon whether their MAC 147 

was medial or lateral. The MAC was determined at patient inclusion based on weight-bearing 148 

radiographs.  149 

 150 

Statistical analyses 151 

MATLAB R2020a and the SurfStat MATLAB package (https://www.math.mcgill.ca/keith/surfstat/, 152 

optimized for this specific application by Graham Treece of the University of Cambridge) were used for 153 

whole-bone, vertex-wise data analysis and visualization.  154 

Average cortical bone thickness and trabecular density were displayed for each time point separately, by 155 

averaging data of all available patients at each time point. Statistical parametric mapping (SPM) was 156 

used for statistical analysis, which uses all subjects’ values at each vertex for statistical testing and 157 

delivers vertex-wise p-value corrections for multiple comparisons at a set corrected p-value threshold 158 

using random field theory.17  159 

SPM with two-tailed F-tests were used to calculate changes over time against a null hypothesis of no 160 

change.20 In all cases, a p-value <0.05 was considered statistically significant. Although measurement and 161 
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analysis of the bony parameters are performed for the whole bone surfaces, in this study we focus 162 

attention on the subchondral cortical bone plate and trabecular density.  163 

 164 

Results 165 

Patients 166 

Three patients did not have appropriate CT imaging at baseline and at least one follow-up time point, 167 

one patient could not be analyzed because of metal artefact around the joint space area at baseline, and 168 

in one patient the imaged femur shaft at baseline was too short for final analysis. This left 16 patients for 169 

tibial analyses and 15 patients for femoral analyses at baseline. These patients were all available at one-170 

year follow-up as well, while one patient was lost to follow-up between one and two years because of 171 

additional surgery. Baseline characteristics for the 16 included patients are shown in table 1. The MAC 172 

was predominantly the medial knee compartment (medial MAC n=14; lateral MAC n=2).  173 

 174 

Table 1 suggested position. 175 

 176 

Cortical bone thickness 177 

Cortical bone thickness results for patients with a predominantly medial compartmental knee OA are 178 

shown in figure 2 (colorblind accessible version can be found in supplementary figure S1). On average a 179 

higher thickness was seen on the medial femur and tibia compared to the lateral side for these patients, 180 

as indicated by the green-blue color on the medial side as compared to the yellow-orange elsewhere. 181 

Similarly, the average of the two patients with predominantly lateral compartmental OA showed a higher 182 

subchondral cortical bone thickness at the lateral site as compared to the medial side (supplementary 183 

figure S2; colorblind accessible version supplementary figure S3). 184 

 185 
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Figure 2 suggested position. 186 

 187 

One year after treatment, the cortical subchondral bone plate thickness at the medial weight-bearing 188 

femur and tibia of the predominantly medial compartmental OA patients decreased by up to 0.25mm, as 189 

shown in figure 3. Between one and two years after treatment, bone thinning was relatively small 190 

compared to the thinning that was seen in the first year compared to baseline, showing a marginal bone 191 

thickness decrease on the lateral side as well. Cortical bone thickness around the joint margins seemed 192 

to increase between one and two years post-treatment. None of the changes between any of the time 193 

points reached statistical significance. The variance in the subchondral changes was the highest on the 194 

medial side (supplementary figure S4; colorblind accessible version supplementary figure S5). Patients 195 

with a predominantly lateral compartmental OA showed a similar pattern, showing a decrease in 196 

subchondral plate thickness especially on the lateral side (supplementary figure S2; colorblind accessible 197 

version supplementary figure S3).  198 

 199 

Figure 3 suggested position. 200 

 201 

Trabecular bone density 202 

The trabecular bone density was also higher before treatment on the medial (most affected) side as 203 

compared to the lateral side, for both the tibia and femur, for patients with predominantly medial 204 

compartmental OA as shown in figure 4 with green-blue colors (colorblind accessible version 205 

supplementary figure S6). Similarly, the two patients with predominantly lateral compartmental OA 206 

showed a higher subchondral trabecular bone density at the lateral site as compared to the medial site 207 

(supplementary figure S7; colorblind accessible version supplementary figure S8). 208 

 209 
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Figure 4 suggested position. 210 

 211 

In the first year after treatment, a decrease in trabecular density was seen throughout the entire joint, 212 

although statistically significant only for small areas on mostly the medial side where this decrease was 213 

up to approximately 80 HU over the first year (figure 5). Between one and two years after treatment, a 214 

(non-significant) increase throughout almost the entire joint was seen (~40 HU), except for a statistically 215 

significant decrease around the medial tibial eminence. Again, the variance in the changes was higher 216 

the highest on the medial side (supplementary figure S9; colorblind accessible version supplementary 217 

figure S10). 218 

Although differences between the medial and lateral side were less pronounced than in patients with 219 

medial compartmental OA, also patients with predominantly lateral compartmental OA showed a 220 

general decrease in trabecular bone density throughout the joint at one and two years follow-up 221 

compared to baseline (supplementary figure S7; colorblind accessible version supplementary figure S8). 222 

 223 

Figure 5 suggested position. 224 

 225 

Discussion 226 

This exploratory study demonstrates that in end-stage OA patients, KJD treatment causes remodeling of 227 

the subchondral bone plate especially in the first year after treatment and most notably in the MAC, 228 

characterized by a decrease in subchondral cortical bone plate thickness and a decrease in subchondral 229 

trabecular thickness. These first-year changes are largely sustained throughout the second year and go 230 

paired with overall bone shape alterations (supplementary results). In the patients included in the 231 

current study, significant clinical improvement and cartilage restoration have previously been reported 232 

in the same time period.6,10,13,14,21 Apparently not only cartilage is repaired, but also bone shows 233 
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alterations in architecture that could be considered a partial normalization. This, in combination with the 234 

fact that KJD has shown anabolic and catabolic changes in joint homeostasis as well (measured with 235 

synovial fluid biomarkers and mesenchymal stem cells), indicates KJD results in modification of the 236 

whole-joint including not only cartilage but also bone and synovial tissue activity that could, as indicated 237 

by results from other KJD studies, lead to long-term joint repair.9,22,23  238 

 239 

As the subchondral cortical bone plate is thicker in advanced OA, especially in the tibia, it was 240 

anticipated that at baseline the MAC showed a higher cortical bone thickness compared to the less 241 

affected compartment of the joint.3,24 Throughout the entire subchondral bone, but most evidently in 242 

the MAC, KJD appears to result in a decrease in thickness at the subchondral bone plate that is sustained 243 

at two years. Between one and two years after treatment, the cortical thickness around the joint 244 

margins seemed to increase, which might be related to formation of osteophytes in those regions, as 245 

previously shown using this same analysis technique in the hip.17 This exploratory study is hampered by 246 

the absence of a matched healthy control group with CT images available. As such it is difficult to say 247 

what a normal subchondral cortical bone thickness is, particularly given the novelty of this analysis 248 

technique. However, the fact that the MAC of the OA joint seems to become more similar to the part of 249 

the joint that is less affected by OA, suggests the effects are positive and cause (at least partial) 250 

normalization of subchondral cortical bone plate thickness.  251 

The subchondral trabecular bone density showed higher values in the MAC as well. The density 252 

decreased throughout the entire joint in the first year after treatment, likely the result of the six-week 253 

unloading, and remained decreased at two years compared to baseline despite the small increase 254 

between one and two years after treatment. This increase in the second year could be the result of 255 

natural progression, or could be somewhat increased thickening as the result of thinning in the first year 256 

after treatment. Also, values in the MAC shifted towards values observed in the least affected 257 
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compartment, with the largest and most significant changes occurring in the MAC, again indicating a 258 

shift towards (partial) subchondral bone normalization.  259 

CT analyses in patients treated with ankle distraction showed subchondral bone density normalization as 260 

well, as the overall density decreased while density in low-density (cystic) areas increased.25 Previous 261 

radiographic evaluations showed a significant subchondral bone density decrease one year after KJD 262 

treatment as well, and this decrease was significantly larger in patients who nine years after treatment 263 

still did not receive a TKA compared to patients who did.9 In these studies, no differentiation between 264 

cortical plate thickness and trabecular density was made. In the present study for the first time we show 265 

that these observed density changes after joint distraction, previously seen in ankle distraction patients 266 

on ankle CTs and in KJD patients on plain knee radiographs, could be the result of a combination of both 267 

a decrease in cortical plate thickness and a decrease in trabecular density.  268 

 269 

This study is clearly an explorative study regarding its sample size and the absence of a healthy control 270 

group as well as an untreated matched OA group. The sample size was small, which may be why there 271 

were only small areas with statistically significant changes, although they were largely in line with the 272 

general concept. KJD is still a relatively new treatment, and CT scans are not often included in studies 273 

and especially not in regular care. The observed changes agree with those found previously on 274 

radiographs. Furthermore, the two patients with a lateral MAC could be a mirrored control group, and 275 

the fact they showed opposite results (and as such both showed the same effect for the MAC) is 276 

supportive to our conclusions. Notwithstanding, a healthy control group and a matched group of OA 277 

patients would have strengthened our conclusions significantly, although not treating patients with such 278 

severe OA for multiple years is (ethically) impossible. It also would have been worthwhile to include a 279 

calibration phantom during the CT scans, to enable measuring cortical bone mineral density, another 280 

useful parameter. Furthermore, while normal clinical quality control measures were taken with respect 281 

Jo
urn

al 
Pre-

pro
of



to the CT scans, no additional measures were taken to account for potential HU drift. Future studies 282 

should take these points into account to strengthen the concept of bone normalization upon distraction 283 

treatment as one of the underlying mechanisms of the observed clinical benefit. 284 

 285 

In conclusion, we have shown that bone changes after KJD treatment include thinning of the 286 

subchondral cortical bone plate and decrease of subchondral trabecular bone density in the first year 287 

sustaining towards the second year.  288 
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Figure legends 403 

 404 

Figure 1: Example segmentation from one CT slice. (A) Axial CT slice; (B) Thresholding of bone (pink); (C) 405 

Final semi-automatic segmentation of this slice (yellow line), excluding osteophytes. 406 

 407 

Figure 2: Average weight-bearing tibiofemoral subchondral cortical bone thickness of patients with 408 

predominantly medial compartmental osteoarthritis (n=14), before (T0), one (T1) and two years (T2) 409 

after treatment with knee joint distraction, looking at the femoral articular surface from below and the 410 

tibial articular surface from above. 411 

 412 

Figure 3: Cortical bone thickness changes one (left) and two (middle) years after treatment with knee 413 

joint distraction, and two years compared to one year post-treatment (right), for patients with 414 

predominantly medial compartmental osteoarthritis (n=14). 415 

 416 

Figure 4: Trabecular bone density of patients with predominantly medial compartmental osteoarthritis 417 

(n=14), before and one and two years after treatment with knee joint distraction. 418 

 419 

Figure 5: Trabecular bone density changes one (left) and two (middle) years after treatment with knee 420 

joint distraction, and two years compared to one year post-treatment (right), for patients with 421 

predominantly medial compartmental osteoarthritis (n=14). Statistically significant changes (p<0.05) are 422 

indicated by the unmasked (brighter) regions using the left color bar, while changes that were not 423 

statistically significant (p≥0.05) are indicated by masked (duller) regions using the right color bar. 424 

 425 
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Table 1: Baseline parameters of included patients. 

Parameter 

Mean±SD or n (%) 

KJD patients  

(n=16) 

Age, years 53.8±6.8 

BMI, kg/m2 26.7±3.4 

Male sex 11 (69) 

Medial MAC 14 (88) 

Kellgren-Lawrence grade 
- Grade 0 
- Grade 1 
- Grade 2 
- Grade 3 
- Grade 4  

 
0 (0) 

2 (13) 
1 (6) 

9 (56) 
4 (25) 

KJD = knee joint distraction; SD = standard deviation; BMI = body mass index; MAC = most affected 

compartment 
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