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Abstract

:

This study investigated the differences in ankle alignment changes after TKA in patients with varying preexisting ankle deformities. We retrospectively examined 90 knees with osteoarthritis and varus deformity in 78 patients who underwent TKA. Preoperative and postoperative radiographic parameters were analyzed. According to their preexisting ankle deformity, patients were assigned to the valgus or varus group. Overall, 14 (15.6%) cases were of preoperative valgus ankle deformity; the remainder were of preoperative varus ankle deformity. Hip–knee–ankle angle (HKA), tibial plafond–ground angle (PGA), and talus–ground angle (TGA) all exhibited significant correction in both groups; however, tibial plafond–talus angle (PTA) and superior space of ankle joint (SS) only changed in the varus group. The median PTA and SS significantly decreased from 1.2° to 0.3° (p < 0.001) and increased from 2.5 to 2.6 mm (p = 0.013), respectively. Notably, ∆PTA positively correlated with ∆HKA in the varus group (r = 0.247, p = 0.032) but not in the valgus group. Between-group differences in postoperative PTA (p < 0.001) and ∆PTA (p < 0.001) were significant. The degree of ankle alignment correction after TKA differed between patients with preexisting varus and valgus ankle deformities. TKA could not effectively correct the preexisting ankle valgus malalignment.
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1. Introduction


Total knee arthroplasty (TKA) is considered the gold standard for treating end-stage knee osteoarthritis (OA). Studies have proved the effectiveness of TKA in alleviating pain and improving functional outcome [1,2]. However, in clinical scenarios, some patients complain of aggravation of ankle pain after surgery. Some of these patients have preexisting ankle OA [3,4,5,6]. Ankle pain following TKA is very troublesome and is associated with poorer clinical outcomes [3,5,7]. Therefore, to implement TKA in patients with both knee and ankle problems, one must consider possible postoperative changes in ankle alignment in the context of preventing ankle symptom exacerbation.



Severe knee OA is often comorbid with varus deformity of the knee. The aims of TKA are pain relief and reconstruction of the mechanical axis of the lower limb. TKA is performed to treat knees with OA and severe varus deformity, substantially correcting the angle of knee deformity and altering the alignment of the entire lower limb. Several radiological studies have asserted that changes in knee and lower limb alignment caused by TKA may also induce changes in the angle of the ankle joint [3,4,8,9,10,11,12].



When lower limb alignment is altered because of TKA, the alignment of the hindfoot, including the ankle and subtalar joints, is affected. To maintain balance and prevent overshift in the mechanical axis of the lower limb, the hindfoot uses a compensation mechanism. Regarding hindfoot compensation in the coronal plane, the ability of the subtalar joint is superior to that of the ankle joint. Several studies have reported changes in the angle of the subtalar joint after TKA [13,14,15,16,17].



Studies have proposed that limitations of subtalar compensation and preoperative ankle deformity are critical risk factors for post-TKA aggravation of ankle problems [17,18]. According to Lee et al., post-TKA ankle OA is more likely to occur in situations involving preoperative valgus deformity than in those involving preoperative varus deformity [3]. This may be because the compensation ability of the subtalar joint on the hindfoot differs depending on the preoperative ankle deformity. Numerous studies have confirmed that TKA leads to postoperative ankle alignment alterations [3,4,8,9,10,11,12]. However, regarding preexisting varus or valgus deformity of the ankle, few studies have explored whether TKA exerts different effects on ankle alignment correction. Furthermore, whether preoperative ankle deformities can be corrected after TKA remains a topic of debate [8,11,12].



To the best of our knowledge, this is the first investigation to focus on whether the degree of post-TKA ankle alignment alteration changes according to the types of preoperative ankle deformity of patients with varus OA knees. This study compared the extent to which ankle malalignment, with regard to preoperative valgus and varus deformity, can be corrected after TKA. We posited that preoperative varus ankle deformity is correctable after TKA but that preoperative valgus ankle deformity is uncorrectable.




2. Materials and Methods


2.1. Patient Enrollment


We conducted a retrospective search of patients receiving TKA between January 2010 and August 2015. The study protocol was approved by the institutional review board of our institution. The inclusion criteria were as follows. First, to reduce the potential effects of preoperative knee deformity on the results, we only included patients with varus knee deformities defined by a preoperative hip–knee–ankle angle (HKA) of >0°. Second, the patients must have undergone full-length standing anteroposterior radiography preoperatively and postoperatively. Third, the patients must have received a posterior-stabilized prosthesis. Patients who had received surgery on the ipsilateral lower extremity were excluded, as were patients with fracture of the ipsilateral lower extremity, abnormal congenital development, autoimmune diseases, infection, and incomplete medical records. All TKAs were performed by six experienced arthroplasty surgeons. During the operation, the posterior cruciate ligament was removed. Posterior stabilizing prostheses were used, the brand of which was determined according to the surgeon’s preference. A total of 90 knees in 78 patients were examined. Median patient age was 72.0 years (interquartile range [IQR]: 66.0 to 79.0). The operation was performed on the right leg, left leg, and both legs in 32, 34, and 12 of the patients, respectively. The median follow-up duration in this study was 14.9 (IQR: 9.2 to 31.3) months. The patients’ demographic data are shown in Table 1.




2.2. Study Grouping and Parameters of Knee and Ankle


The patients’ preoperative and postoperative knee and ankle alignment angles were determined through full-length standing anteroposterior radiographs of the lower extremity, which involved the use of the picture archiving and communication system Ultraquery (Taiwan Electronic Data Processing, New Taipei City, Taiwan). The HKA was measured, as were six ankle parameters: the lateral distal tibial angle (LDTA), tibial plafond–ground angle (PGA), talus–ground angle (TGA), and tibial plafond–talus angle (PTA), as well as the medial space (MS) and superior space (SS) of the ankle joint (Figure 1). The preoperative–postoperative differences of these parameters were calculated and expressed as ∆HKA, ∆PGA, ∆TGA, ∆PTA, ∆MS, and ∆SS, respectively. All measurements were independently performed by two orthopedists, whose results were then averaged. According to the preoperative ankle deformity (with regard to the PTA of the ankle joint), the patients were assigned to the valgus group or the varus group, defined by a preoperative PTA of <0° and ≥0°, respectively.




2.3. Radiographic Measurements


Regarding the HKA measurement, the centers of the hip, knee, and ankle were identified on X-ray images taken before and after the operation. The angle between the line segments connecting the hip center and the knee center was measured, as was that connecting the center of the knee and ankle. The hip center was obtained using concentric Moose circles, whereas the ankle center was defined as the midpoint of the talar dome. The preoperative center of the knee was defined as the intersection of the tibial spine midline with that between the femoral condyles and the tibial tip (Figure 1a). After TKA, the center of the knee was defined as the intersection of the polyethylene inlay midline with that between the femoral condyles and the tibial tip (Figure 1b) [19]. An HKA of >0° indicates varus knee alignment, whereas an HKA of <0° indicates valgus knee alignment.



The LDTA was defined as the lateral angle of the mechanical axis of the tibia and the tibial plafond (Figure 1c) [20]. The PGA and TGA were defined as the angle between the tibial plafond and the ground and the angle between the talar dome and the ground, respectively. The PTA, also well known as the talar tilt angle, was defined as the angle between the tibial plafond and the talar dome (Figure 1c) [21]. Positive and negative PGA, TGA, and PTAs mean that the angle opens outward and inward, respectively. In other words, positive and negative PTAs are indicative of varus and valgus ankles, respectively.



The MS and SS (mm) were used to represent the ankle joint space (Figure 1c). The MS was defined as the vertical distance from the distal tip of the medial malleolus to the medial wall of the talus. The SS was defined as the shortest distance between the medial end of the talar dome and the tibial plafond.




2.4. Statistical Analysis


Analysis of between-group differences was conducted. Continuous variables were subjected to two-sided Mann–Whitney U tests, whereas categorical variables underwent a chi-square test or Fisher’s exact test. The Wilcoxon signed-rank test was performed to examine the preoperative–postoperative parameter differences. Correlation analysis was conducted using the Spearman correlation coefficient. All statistical analyses were performed using IBM SPSS Statistics for Windows, version 22 (IBM Corp., Armonk, NY, USA). The significance level was p < 0.05.





3. Results


As mentioned, 90 knees with OA and varus deformity were examined. The knees in the valgus (patients with preoperative PTA < 0°) and varus (patients with preoperative PTA ≥ 0°) groups numbered 14 and 76 (15.6% and 84.4%), respectively. The demographic data and preoperative radiographic parameters are listed in Table 1. No significant between-group differences were observed in age, sex, body mass index, or operation side. Regarding the preoperative radiographic parameters, the HKA, LDTA, PGA, TGA, and MS did not differ significantly between groups, but the PTA (median −1.3° vs. 1.2°; p < 0.001) and SS (median 3.0 vs. 2.5 mm; p = 0.021) did.



3.1. Radiographic Parameters of the Knee and Ankle Joint Change after Total Knee Arthroplasty in Patients with Different Preexisting Ankle Deformity


After TKA, significant changes in the HKA, PGA, and TGA were observed in both groups. In the varus group, the median (IQR) HKA decreased significantly from 10.4° (6.9° to 14.3°) to 2.3° (0.9° to 4.8°; p < 0.001). The median (IQR) PGA and TGA significantly increased from −5.4° (−9.1° to −1.2°) to −1.1° (−4.5° to 3.2°); p < 0.001) and from −6.8° (−10.9° to −3.1°) to −1.7° (−5.5° to 2.6°; p < 0.001), respectively. In the valgus group, the median (IQR) HKA significantly decreased from 10.5° (3.6° to 12.3°) to 2.7° (0.5° to 5.0°; p = 0.001). The median (IQR) PGA and TGA significantly increased from −6.6° (−8.8° to −2.3°) to −1.6° (−3.9° to 1.8°; p = 0.017) and from −5.2° (−7.0° to −1.8°) to −0.1° (−3.1° to 2.6°; p = 0.008), respectively. Significant differences in the PTA and SS were observed only in the varus group. The median (IQR) PTA significantly decreased in the varus group from 1.2° (0.5° to 2.5°) to 0.3° (−0.2° to 1.6°; p < 0.001). In the valgus group, the median PTA changed from −1.3° to −0.9° (p = 0.197), a nonsignificant difference. The median (IQR) SS in the varus group (in millimeters) significantly increased from 2.5 (2.2 to 2.8) to 2.6 (2.3 to 2.9; p = 0.013), but the difference in the valgus group was nonsignificant (Table 2). In essence, only the preexisting ankle deformities in the varus group were corrected after TKA (Figure 2).




3.2. Correlation between Ankle Parameter Changes and HKA Changes in Patients with Different Preexisting Ankle Deformity


Regarding correlation analysis, in the varus group, ∆HKA was significantly negatively correlated with ∆PGA (r = −0.519, p < 0.001) and with ∆TGA (r = −0.615, p < 0.001). Furthermore, ∆HKA and ∆PTA (r = 0.247, p = 0.032) were significantly positively correlated. In the valgus group, ∆HKA was not significantly correlated with the changes in any of the ankle parameters (Table 3). Overall, for the patients with both varus knee and varus ankle deformities, the greater the degree of the knee deformity correction with regard to the TKA, the greater the degree of the ankle deformity correction.




3.3. Correlation between Ankle Parameter Changes and Preoperative HKA in Patients with Different Preexisting Ankle Deformity


To examine the association between the degree of varus deformity of the knee and the degree of ankle deformity correction in both varus and valgus groups, correlation analysis was conducted. Preoperative HKA significantly negatively correlated with ∆PTA in the varus group (r = −0.235, p = 0.041) but not in the valgus group (r = 0.029, p = 0.923) (Table 3). The extent of preoperative varus of the knee did partially affect the extent of the ankle correction.




3.4. Between Group Comparison of Radiographic Parameters in Patients with Different Preexisting Ankle Deformity


Difference analysis of the postoperative parameters and the preoperative–postoperative variations was conducted between groups. Significant parameter differences were not noted except for those of postoperative PTA and ∆PTA, which exhibited significant differences between groups. As shown in Table 4, the median (IQR) postoperative PTA differed significantly between groups: 0.3° (−0.2° to 1.6°) in the varus group and −0.9° (−1.4° to 0.0°; p < 0.001) in the valgus group. The median (IQR) ∆PTA in the varus and valgus groups was −0.7° (−1.6° to −0.2°) and 0.4° (−0.5° to 1.4°; p < 0.001), respectively. These results reveal that TKA exerted significantly different effects in the correction of varus and valgus ankle deformities.





4. Discussion


To the best of our knowledge, this study is the first to report significantly different effects of TKA on ankle alignment correction in patients with varying preexisting ankle deformities. Specifically, according to the results from the present study, varus ankle deformity was successfully corrected after TKA. The median (IQR) PTA decreased significantly from 1.2° (0.5° to 2.5°) to 0.3° (−0.2° to 1.6°; p < 0.001) in the varus group. Postoperatively, relatively neutral alignment was achieved by the majority of patients in the varus group (Figure 3). The extent of correction of the HKA was significantly positively correlated with that of the PTA (r = 0.247, p = 0.032). By contrast, changes in the ankle alignment of the valgus group did not exhibit clear correction; the deformity remained after TKA. To reiterate, preexisting ankle varus deformity was corrected to near neutral alignment after TKA, whereas preexisting ankle valgus deformity was not corrected.



Unlike primary OA of the hip or knee, primary ankle OA is rare. Most cases of ankle OA are classified as secondary OA, with the ankle as the affected part in 70 percent or more of cases of posttraumatic OA [22,23]. The correlation between ankle malalignment and ankle OA remains under debate. Abnormal ankle alignment causes tibial plafond–talus incongruence and changes in ankle biomechanics. Reductions in contact area increase the contact stress in the ankle joint, resulting in cartilage destruction that eventually leads to ankle OA [4,24,25,26]. Severe ankle malalignment can be managed and corrected in an expert surgeon’s hands. Many surgical procedures are indicated for end-stage ankle arthritis with wide coronal deformity, including arthrodesis and total ankle arthroplasty [27]. However, for those cases of mild malalignment of ankle without arthritic change, joint-sparing procedures may be more beneficial in the long term. In the present study, preoperative ankle varus deformity could be indirectly corrected after TKA, blocking the mechanism of ankle degradation. Moreover, the extent of knee alignment correction after TKA was positively correlated with the extent of ankle alignment correction in the varus group. For patients with substantial preexisting varus knee and ankle deformities, TKA can greatly correct knee deformity and, to a lesser extent, ankle deformity, resulting in fewer opportunities for ankle OA to develop. This may be one reason Lee et al. observed that preoperative valgus ankle deformity is more likely to cause ankle OA after TKA than is preoperative varus ankle deformity [3].



Ankle alignment can be measured through numerous methods. For example, some studies have used the angle between the ankle joint and the ground, including the PGA and TGA [4,8,9,11,12]. It is obvious that these two parameters change according to the alignment of the tibial bone corrected during TKA. Thus, that these parameters result in a position that is close to neutral after TKA is reasonable. However, the congruence between the tibial plafond and the talar dome, i.e., the PTA, and the degenerative process of the ankle are more closely linked. To the best of our knowledge, only few studies involving the determination of effects on the ankle from the radiographic evaluation of TKA have measured the PTA, the findings of which on the post-TKA effects on ankle alignment are inconsistent. Tonogai et al. reported changes in the PGA, TGA, and PTA after TKA [12], whereas Jeong et al. noted changes in only the TGA and PTA [11]. Gursu et al. indicated changes in the PGA but not the PTA [8]. In short, whether the PTA changes after TKA remains a topic of controversy. This inconsistency may be attributable to the lack of pre-TKA identification of different types of ankle malalignment. As mentioned, the PGA, TGA, and PTA all changed in the present varus group after TKA. Regarding the PTA changes after TKA, our result is consistent with that of Tonogai et al. but inconsistent with those of Jeong et al. and Gursu et al. However, we further observed that the PGA and TGA changed after TKA in the valgus group but that PTA did not. Significant between-group differences in the ∆PTA were detected. Therefore, we concluded that the correction (including the extent) of the PTA after TKA differed between the two groups. The PTA was corrected after TKA in the varus group but not in the valgus group.



The compensatory function of the hindfoot has been extensively studied. When severe deformities in lower limb joints (e.g., the ankle or knee) are surgically corrected, compensation by the subtalar joint sometimes occurs [13,14,15,16,17,28,29]. The fact that this phenomenon does not always occur suggests the presence of limiting factors in subtalar compensation [15,17,18,30]. Regarding the variation in preoperative ankle deformities, hindfoot compensation mechanisms may differ. According to Wang et al. and Colin et al., ankles with valgus deformity exhibit poorer compensation ability [15,18]. Through weight-bearing computed tomography (CT) of ankles with varus OA, Krahenbuhl et al. confirmed the greater occurrence of subtalar compensation with regard to varus ankle alignment. By contrast, no subtalar compensation was noted in cases of valgus ankle OA [17]. This could be linked to the natural range of motion of the subtalar joint [30]. Lee et al. suggested that patients with preoperative valgus ankle deformities could more easily develop ankle OA after TKA, possibly because the compensation ability of the subtalar joint in cases of preexisting valgus ankle deformities is weaker. The present study is the first to examine differences in two groups before and after TKA under the conditions of preoperative varus or valgus ankle deformities. The results indicate that the varus ankle deformities were correctable and well compensated, whereas the valgus ankle deformities were not. Therefore, before TKA is performed, in addition to assessing the alignment of the knee joint and the lower limbs, preexisting ankle deformities should be carefully assessed. Comprehensive preoperative planning for surgical alignment correction should be conducted in case problems with the knee joint are resolved but progressive ankle symptoms are exacerbated. However, progressive postoperative ankle symptoms ascribable to preexisting ankle deformities warrant further investigation.



This study has several limitations. First, this was a retrospective study; selection bias is a potential concern. Data loss and damage prevented us from effectively compiling data on functional outcomes. Furthermore, we did not take a time factor into account in this study. It is hard to control follow-up duration accurately due to the study’s retrospective nature. Several studies have reported the association between long-term exercise habit and osteoarthritis of the ankle [31,32]. To obtain more convincing conclusions, researchers can conduct prospective randomized studies that are well controlled. Second, the valgus group was smaller, potentially affecting statistical power; most of the cases were of varus deformity. However, the data conformed to distributions of general ankle deformity. In future investigations, case–control matching can be used to increase the sample size of participants with valgus ankle deformities, thereby increasing the reliability of statistical inferences. Finally, the radiographic parameters were all measured from full-length standing anteroposterior radiographs; no parameters were examined from the lateral view. Consequently, the measurements were less accurate when knee flexion contracture was involved. More precise measurements can be obtained by using three-dimensional weight-bearing CT. However, it is less clinically feasible because it increases patient exposure to radiation.




5. Conclusions


TKA produced different effects on ankle alignment depending on the nature of the preexisting ankle deformity (varus vs. valgus). TKA effectively corrected ankle alignment, including that with respect to the PGA, TGA, and PTA, in patients with both varus knee and varus ankle deformities. The greater the degree of the knee deformity correction, the greater the degree of the ankle deformity correction. TKA might effectively reduce the risk of ankle OA after the operation. In contrast, for patients with both varus knee and valgus ankle deformities, TKA exerted only weak benefits in ankle correction, and the likelihood of ankle OA development was high. Before TKA, comprehensive radiographic evaluation of ankle alignment is recommended. The preexisting ankle deformities should be addressed to avoid progressive ankle symptoms following TKA.







Author Contributions


Conceptualization, H.-T.S. and S.-P.W.; methodology, H.-T.S.; software, H.-T.S.; validation, H.-T.S., W.-J.L., K.-C.T. and S.-C.T.; formal analysis, H.-T.S.; investigation, H.-T.S.; resources, S.-C.T.; data curation, S.-C.T.; writing—original draft preparation, H.-T.S.; writing—review and editing, S.-P.W.; visualization, S.-C.T.; supervision, C.-H.L.; project administration, H.-T.S.; funding acquisition, S.-P.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded partially by Taichung Veterans General Hospital, Taiwan, grant number: TCVGH-1105104B.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of Taichung Veterans General Hospital (No. CE21157B).




Informed Consent Statement


Patient consent was waived due to a retrospective study which used extracted data from medical record.




Data Availability Statement


All data are available upon reasonable request from the corresponding author.




Acknowledgments


The authors greatly appreciated the support of the statistical analysis of Hsu, Chiann-Yi from the Biostatistics Task Force of Taichung Veterans General Hospital, Taichung, Taiwan.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Anderson, J.G.; Wixson, R.L.; Tsai, D.; Stulberg, S.D.; Chang, R.W. Functional outcome and patient satisfaction in total knee patients over the age of 75. J. Arthroplast. 1996, 11, 831–840. [Google Scholar] [CrossRef]

	



Hawker, G.; Wright, J.; Coyte, P.; Paul, J.; Dittus, R.; Croxford, R.; Katz, B.; Bombardier, C.; Heck, D.; Freund, D. Health-related quality of life after knee replacement. Results of the knee replacement patient outcomes research team study. J. Bone Jt. Surg. Am. 1998, 80, 163–173. [Google Scholar] [CrossRef]

	



Lee, J.H.; Jeong, B.O. Radiologic changes of ankle joint after total knee arthroplasty. Foot Ankle Int. 2012, 33, 1087–1092. [Google Scholar] [CrossRef]

	



Tallroth, K.; Harilainen, A.; Kerttula, L.; Sayed, R. Ankle osteoarthritis is associated with knee osteoarthritis. Conclusions based on mechanical axis radiographs. Arch Orthop. Trauma Surg. 2008, 128, 555–560. [Google Scholar] [CrossRef]

	



Chang, C.B.; Jeong, J.H.; Chang, M.J.; Yoon, C.; Song, M.K.; Kang, S.-B. Concomitant ankle osteoarthritis is related to increased ankle pain and a worse clinical outcome following total knee arthroplasty. J. Bone Jt. Surg. Am. 2018, 100, 735–741. [Google Scholar] [CrossRef] [PubMed]

	



Xie, K.; Jiang, X.; Han, X.; Ai, S.; Qu, X.; Yan, M. Association between knee malalignment and ankle degeneration in patients with end-stage knee osteoarthritis. J. Arthroplast. 2018, 33, 3694–3698.e1. [Google Scholar] [CrossRef] [PubMed]

	



Kim, C.-W.; Gwak, H.-C.; Kim, J.-H.; Lee, C.-R.; Kim, J.-G.; Oh, M.; Park, J.-H. Radiologic factors affecting ankle pain before and after total knee arthroplasty for the varus osteoarthritic knee. J. Foot Ankle Surg. 2018, 57, 865–869. [Google Scholar] [CrossRef]

	



Gursu, S.; Sofu, H.; Verdonk, P.; Sahin, V. Effects of total knee arthroplasty on ankle alignment in patients with varusgonarthrosis: Do we sacrifice ankle to the knee? Knee Surg. Sports Traumatol. Arthrosc. 2016, 24, 2470–2475. [Google Scholar] [CrossRef]

	



Gao, F.; Ma, J.; Sun, W.; Guo, W.; Li, Z.; Wang, W. Radiographic assessment of knee–ankle alignment after total knee arthroplasty for varus and valgus knee osteoarthritis. Knee 2017, 24, 107–115. [Google Scholar] [CrossRef]

	



Kim, J.G.; Suh, D.H.; Choi, G.W.; Koo, B.M.; Kim, S.-G. Change in the weight-bearing line ratio of the ankle joint and ankle joint line orientation after knee arthroplasty and high tibial osteotomy in patients with genu varum deformity. Int. Orthop. 2021, 45, 117–124. [Google Scholar] [CrossRef]

	



Jeong, B.O.; Kim, T.Y.; Baek, J.H.; Jung, H.; Song, S.H. Following the correction of varus deformity of the knee through total knee arthroplasty, significant compensatory changes occur not only at the ankle and subtalar joint, but also at the foot. Knee Surg. Sports Traumatol. Arthrosc. 2018, 26, 3230–3237. [Google Scholar] [CrossRef]

	



Tonogai, I.; Hamada, D.; Sairyo, K. Radiographic changes in coronal alignment of the ankle joint immediately after primary total knee arthroplasty for varus knee osteoarthritis. Foot Ankle Online J. 2017, 10, 2. [Google Scholar] [CrossRef]

	



Burssens, A.B.; Buedts, K.; Barg, A.; Vluggen, E.; Demey, P.; Saltzman, C.L.; Victor, J.M. Is lower-limb alignment associated with hindfoot deformity in the coronal plane? A weightbearing CT analysis. Clin. Orthop. Relat. Res. 2020, 478, 154–168. [Google Scholar] [CrossRef]

	



Norton, A.A.; Callaghan, J.J.; Amendola, A.; Phisitkul, P.; Wongsak, S.; Liu, S.S.; Fruehling-Wall, C. Correlation of knee and hindfoot deformities in advanced knee OA: Compensatory hindfoot alignment and where it occurs. Clin. Orthop. Relat. Res. 2015, 473, 166–174. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Saltzman, C.L.; Chalayon, O.; Barg, A. Does the subtalar joint compensate for ankle malalignment in end-stage ankle arthritis? Clin. Orthop. Relat. Res. 2015, 473, 318–325. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimoto, K.; Noguchi, M.; Yamada, A.; Nasu, Y. Compensatory Function of the Subtalar Joint for Lower Extremity Malalignment. Adv. Orthop. 2019, 2019, 7656878. [Google Scholar] [CrossRef] [PubMed]

	



Krähenbühl, N.; Siegler, L.; Deforth, M.; Zwicky, L.; Hintermann, B.; Knupp, M. Subtalar joint alignment in ankle osteoarthritis. Foot Ankle Surg. 2019, 25, 143–149. [Google Scholar] [CrossRef] [PubMed]

	



Colin, F.; Horn Lang, T.; Zwicky, L.; Hintermann, B.; Knupp, M. Subtalar joint configuration on weightbearing CT scan. Foot Ankle Int. 2014, 35, 1057–1062. [Google Scholar] [CrossRef] [PubMed]

	



Cooke, T.D.V.; Sled, E.A.; Scudamore, R.A. Frontal plane knee alignment: A call for standardized measurement. J. Rheumatol. 2007, 34, 1796–1801. [Google Scholar]

	



Paley, D.; Tetsworth, K. Mechanical axis deviation of the lower limbs. Preoperative planning of uniapical angular deformities of the tibia or femur. Clin. Orthop. Relat. Res. 1992, 280, 48–64. [Google Scholar]

	



Cox, J.; Hewes, T.F. “Normal” talar tilt angle. Clin. Orthop. Relat. Res. 1979, 140, 37–41. [Google Scholar] [CrossRef]

	



Saltzman, C.L.; Salamon, M.L.; Blanchard, G.M.; Huff, T.; Hayes, A.; Buckwalter, J.A.; Amendola, A. Epidemiology of ankle arthritis: Report of a consecutive series of 639 patients from a tertiary orthopaedic center. Iowa Orthop. J. 2005, 25, 44–46. [Google Scholar]

	



Valderrabano, V.; Horisberger, M.; Russell, I.; Dougall, H.; Hintermann, B. Etiology of ankle osteoarthritis. Clin. Orthop. Relat. Res. 2009, 467, 1800–1806. [Google Scholar] [CrossRef] [PubMed]

	



Gao, F.; Ma, J.; Sun, W.; Guo, W.; Li, Z.; Wang, W. The influence of knee malalignment on the ankle alignment in varus and valgus gonarthrosis based on radiographic measurement. Eur. J. Radiol. 2016, 85, 228–232. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, T.; Inokuchi, S. A kinematic study of ankle joint instability due to rupture of the lateral ligaments. Foot Ankle Int. 1997, 18, 729–734. [Google Scholar] [CrossRef]

	



Tarr, R.R.; Resnick, C.T.; Wagner, K.S.; Sarmiento, A. Changes in tibiotalar joint contact areas following experimentally induced tibial angular deformities. Clin. Orthop. Relat. Res. 1985, 199, 72–80. [Google Scholar] [CrossRef]

	



Usuelli, F.G.; Di Silvestri, C.A.; D’Ambrosi, R.; Orenti, A.; Randelli, F. Total ankle replacement: Is pre-operative varus deformity a predictor of poor survival rate and clinical and radiological outcomes? Int. Orthop. 2019, 43, 243–249. [Google Scholar] [CrossRef]

	



Nakada, I.; Nakamura, I.; Juji, T.; Ito, K.; Matsumoto, T. Correlation between knee and hindfoot alignment in patients with rheumatoid arthritis: The effects of subtalar joint destruction. Mod. Rheumatol. 2015, 25, 689–693. [Google Scholar] [CrossRef]

	



Chandler, J.T.; Moskal, J.T. Evaluation of knee and hindfoot alignment before and after total knee arthroplasty: A prospective analysis. J. Arthroplast. 2004, 19, 211–216. [Google Scholar] [CrossRef]

	



Milgrom, C.; Giladi, M.; Simkin, A.; Stein, M.; Kashtan, H.; Margulies, J.; Steinberg, R.; Aharonson, Z. The normal range of subtalar inversion and eversion in young males as measured by three different techniques. Foot Ankle 1985, 6, 143–145. [Google Scholar] [CrossRef]

	



Bestwick-Stevenson, T.; Ifesemen, O.S.; Pearson, R.G.; Edwards, K.L. Association of Sports Participation with Osteoarthritis: A Systematic Review and Meta-Analysis. Orthop. J. Sports Med. 2021, 9, 23259671211004554. [Google Scholar] [CrossRef] [PubMed]

	



Armenis, E.; Pefanis, N.; Tsiganos, G.; Karagounis, P.; Baltopoulos, P. Osteoarthritis of the ankle and foot complex in former Greek soccer players. Foot Ankle Spec. 2011, 4, 338–343. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 10 03624 g001 550] 





Figure 1. Preoperative and postoperative measurement of radiographic parameters for the knee and ankle in one patient. (a) Preoperative HKA measurement. Positive HKAs denote varus knee alignment, whereas negative HKAs denote valgus knee alignment. (b) Postoperative HKA measurement. (c) Ankle parameters: MAt line, mechanical axis of the tibia; P line, tibial plafond; T line, talar dome; G line, ground line. The LDTA is defined as the lateral angle of the MAt line and the P line. The PGA is defined as the angle between the P line and the G line. The TGA is defined as the angle between the T line and the G line. The PTA is defined as the angle between the P line and the T line. Positive PGA, TGA, and PTA values mean that the angle opens outward, whereas negative values mean that the angle opens inward. The MS and SS are indicated by m and s, respectively. 
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Figure 2. Post-TKA changes in (a) tibial plafond–talus angle (PTA) and (b) superior space (SS). ** p < 0.01, * p < 0.05. 
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Figure 3. Ankle alignment changes after TKA in different preexisting ankle deformities. (1) Preexisting varus ankle deformity: (1a) HKA: 14.2 to 1.9°; (1b) PTA: 4.0 to 0.9°. (2) Preexisting valgus ankle deformity: (2a) HKA: 10.9 to 0.1°; (2b) PTA: −0.6 to −0.8°. 






Figure 3. Ankle alignment changes after TKA in different preexisting ankle deformities. (1) Preexisting varus ankle deformity: (1a) HKA: 14.2 to 1.9°; (1b) PTA: 4.0 to 0.9°. (2) Preexisting valgus ankle deformity: (2a) HKA: 10.9 to 0.1°; (2b) PTA: −0.6 to −0.8°.



[image: Jcm 10 03624 g003]







[image: Table] 





Table 1. Demographic and baseline characteristics of cases.
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	Total
	Valgus Group

(Preoperative PTA < 0°)
	Varus Group

(Preoperative PTA ≥ 0°)
	p-Value a





	Number (%)
	90
	14 (15.6)
	76 (84.4)
	



	Age (years)
	72.0 [66.0, 79.0]
	72.0 [68.8, 77.0]
	72.0 [65.0, 79.0]
	0.462



	Sex

Male (%)

Female (%)
	 

28 (31.1)

62 (68.9)
	 

5 (35.7)

9 (64.3)
	 

23 (30.3)

53 (69.7)
	0.756

 





	BMI (kg/m2)
	27.7 [25.8, 30.9]
	27.3 [24.5, 32.6]
	27.7 [26.0, 30.8]
	0.609



	Side

Right (%)

Left (%)
	 

44 (48.9)

46 (51.1)
	 

6 (42.9)

8 (57.1)
	 

38 (50.0)

38 (50.0)
	0.623

 





	Preoperative parameters
	
	
	
	



	HKA (°)
	10.4 [6.4, 14.2]
	10.5 [3.6, 12.3]
	10.4 [6.9, 14.3]
	0.379



	LDTA (°)
	88.1 [84.8, 89.9]
	88.9 [86.0, 92.5]
	88.0 [84.6, 89.5]
	0.130



	PGA (°)
	−5.4 [−8.8, −1.5]
	−6.6 [−8.8, −2.3]
	−5.4 [−9.1, −1.2]
	0.494



	TGA (°)
	−6.7 [−10.3, −3.0]
	−5.2 [−7.0, −1.8]
	−6.8 [−10.9, −3.1]
	0.208



	PTA (°)
	0.9 [0.3, 2.3]
	−1.3 [−1.7, −0.6]
	1.2 [0.5, 2.5]
	<0.001



	Medial space (mm)
	2.3 [1.8, 2.9]
	2.3 [1.8, 2.8]
	2.3 [1.8, 2.9]
	0.978



	Superior space (mm)
	2.5 [2.2, 3.0]
	3.0 [2.4, 3.3]
	2.5 [2.2, 2.8]
	0.021







Values are given as median with interquartile ranges [square brackets]. a Mann–Whitney U test applied for continuous variables, chi-square test or Fisher’s exact test for categorical variables. Significance level p < 0.05. BMI = body mass index, HKA = hip–knee–ankle angle, LDTA = lateral distal tibial angle, PGA = tibial plafond–ground angle, TGA = talus–ground angle, PTA = tibial plafond–talus angle.
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Table 2. Preoperative and postoperative changes in radiographic parameters.
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Radiographic Parameters

	
Preoperative

	
Postoperative

	
p-Value a






	
Valgus group

	
HKA (°)

	
10.5 [3.6, 12.3]

	
2.7 [0.5, 5.0]

	
0.001




	
PGA (°)

	
−6.6 [−8.8, −2.3]

	
−1.6 [−3.9, 1.8]

	
0.017




	
TGA (°)

	
−5.2 [−7.0, −1.8]

	
−0.1 [−3.1, 2.6]

	
0.008




	
PTA (°)

	
−1.3 [−1.7, −0.6]

	
−0.9 [−1.4, 0.0]

	
0.197




	
Medial space (mm)

	
2.3 [1.8, 2.8]

	
2.3 [1.7, 3.7]

	
0.937




	
Superior space (mm)

	
3.0 [2.4, 3.3]

	
2.8 [2.4, 3.3]

	
0.537




	
Varus group

	
HKA (°)

	
10.4 [6.9, 14.3]

	
2.3 [0.9, 4.8]

	
<0.001




	
PGA (°)

	
−5.4 [−9.1, −1.2]

	
−1.1 [−4.5, 3.2]

	
<0.001




	
TGA (°)

	
−6.8 [−10.9, −3.1]

	
−1.7 [−5.5, 2.6]

	
<0.001




	
PTA (°)

	
1.2 [0.5, 2.5]

	
0.3 [−0.2, 1.6]

	
<0.001




	
Medial space (mm)

	
2.3 [1.8, 2.9]

	
2.5 [1.7, 3.1]

	
0.154




	
Superior space (mm)

	
2.5 [2.2, 2.8]

	
2.6 [2.3, 2.9]

	
0.013








Values are given as median with interquartile ranges [square brackets]. a Wilcoxon signed-rank test. Significance level p < 0.05. HKA = hip–knee–ankle angle, PGA = tibial plafond–ground angle, TGA = talus–ground angle, PTA = tibial plafond–talus angle.
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Table 3. Correlation between ankle parameter changes and HKA changes as well as preoperative HKA.
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Ankle Parameters

	
Correlation between Ankle Parameter Changes and ∆HKA

	
Correlation between Ankle Parameter Changes and Preoperative HKA






	

	

	
r a

	
p a

	
r a

	
p a




	
Valgus group

	
∆PGA (°)

	
−0.499

	
0.069

	
0.484

	
0.079




	

	
∆TGA (°)

	
−0.526

	
0.053

	
0.543

	
0.045




	

	
∆PTA (°)

	
−0.077

	
0.793

	
0.029

	
0.923




	

	
∆Medial space (mm)

	
−0.115

	
0.695

	
0.341

	
0.233




	

	
∆Superior space (mm)

	
0.156

	
0.593

	
−0.208

	
0.475




	
Varus group

	
∆PGA (°)

	
−0.519

	
<0.001

	
0.363

	
0.001




	

	
∆TGA (°)

	
−0.615

	
<0.001

	
0.463

	
<0.001




	

	
∆PTA (°)

	
0.247

	
0.032

	
−0.235

	
0.041




	

	
∆Medial space (mm)

	
−0.116

	
0.32

	
0.073

	
0.531




	

	
∆Superior space (mm)

	
−0.036

	
0.759

	
0.001

	
0.993








a Spearman correlation analysis. Significance level p < 0.05. HKA = hip–knee–ankle angle, PGA = tibial plafond–ground angle, TGA = talus–ground angle, PTA = tibial plafond–talus angle.
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Table 4. Between-group comparison of radiographic parameters.
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Ankle

Parameters

	
Valgus Group

	
Varus Group

	
p-Value a






	
Postoperative

	
HKA (°)

	
2.7 [0.5, 5.0]

	
2.3 [0.9, 4.8]

	
0.824




	
PGA (°)

	
−1.6 [−3.9, 1.8]

	
−1.1 [−4.5, 3.2]

	
0.676




	
TGA (°)

	
−0.1 [−3.1, 2.6]

	
−1.7 [−5.5, 2.6]

	
0.439




	
PTA (°)

	
−0.9 [−1.4, 0.0]

	
0.3 [−0.2, 1.6]

	
<0.001




	
Medial space (mm)

	
2.3 [1.7, 3.7]

	
2.5 [1.7, 3.1]

	
0.929




	
Superior space (mm)

	
2.8 [2.4, 3.3]

	
2.6 [2.3, 2.9]

	
0.145




	
Preoperative and Postoperative Differences

	
∆HKA (°)

	
−6.4 [−11.0, −3.8]

	
−8.1 [−12.2, −4.8]

	
0.293




	
∆PGA (°)

	
4.5 [2.0, 9.1]

	
4.9 [1.1, 7.4]

	
0.566




	
∆TGA (°)

	
3.3 [2.2, 9.1]

	
5.4 [1.6, 8.0]

	
0.859




	
∆PTA (°)

	
0.4 [−0.5, 1.4]

	
−0.7 [−1.6, −0.2]

	
<0.001




	
∆Medial space (mm)

	
−0.1 [−0.2, 0.5]

	
0.0 [−0.3, 0.5]

	
0.499




	
∆Superior space (mm)

	
0.0 [−0.2, 0.1]

	
0.1 [−0.1, 0.4]

	
0.100








Values are given as median with interquartile ranges [square brackets]. a Mann–Whitney U test. Significance level p < 0.05. HKA = hip–knee–ankle angle, PGA = tibial plafond–ground angle, TGA = talus–ground angle, PTA = tibial plafond–talus angle.
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