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Editorial on the Research Topic
Knee arthroplasty: techniques and complications



Knee arthroplasty is considered the most successful surgery of the past decade. Even then, 10%–20% of patients remain dissatisfied following the procedure (1). The understanding of this technique has developed from mechanical to kinematic alignment, and the accuracy has been enhanced from conventional manual technique to computer navigation, patient-specific implantation (PSI), and robotic-assisted surgery. Using various parameters, researchers are trying to predict the complications, such as fever, infection, loosening, and hospital stay. The collection of articles in this special issue has published many such innovative concepts that will be helpful to arthroplasty surgeons.

The restricted kinematic alignment (RKA) restores the pre-arthritic constitutional lower limb alignment in TKA Vendittoli et al. The principles aim at hip-knee-ankle (HKA) angle restoration of 3 degrees on either side, joint line obliquity within 5 degrees of neutral, restoration of knee soft tissue tension, preservation of femoral anatomy, and making the pivot point on the less damaged condyle. As nearly half of the patients need anatomic modifications to fit within the restricted kinematic alignment boundaries, the technique can be best adopted using PSI, computer navigation, or a robot. The clinical report suggested better mid-term function, a higher patient-reported outcome score, and a gait pattern equivalent to a non-arthritic limb. Unlike mechanical alignment, RKA avoids extensive corrections and soft tissue releases. RKA can also be applied to revision TKA, particularly in early, non-wear-related, unsuccessful mechanically aligned TKAs Kostretzis et al.

The article “Clinical and Radiological Changes of the Ankle in Knee Osteoarthritis with Varus After Total Knee Arthroplasty: A Systematic Review” provides a comprehensive overview of the clinical and radiological changes that occur in the ankle joint and hind foot following total knee arthroplasty (TKA) in patients with knee osteoarthritis and varus alignment Feng et al. The authors systematically reviewed the literature and analyzed the results of 8 studies involving 913 patients with 1,157 knees. TKA in patients with varus knee osteoarthritis significantly improved ankle function and hindfoot alignment. However, the ankle pain increased after TKA in patients with osteoarthritis ankle, hindfoot stiffness, and residual knee deformity. The authors suggested that patients with residual knee deformity and pain in the hindfoot should receive treatment for the foot problem after six weeks of TKA as further improvement is remote. The authors concluded with a message to the arthroplasty surgeons that all patients should have thorough clinical and radiological examinations of the ankle/hindfoot before TKA. Symptomatic ankle or hindfoot problems with radiological changes can receive treatment in the preoperative or postoperative periods of TKA. However, patients without ankle/hindfoot problems before TKA may also develop foot symptoms after TKA, and they can be treated when discomfort occurs.

Noninfectious fever (NIF) after TKA is a serious issue for orthopedic surgeons. It is defined as a raised body temperature equal to or higher than 38.0°C with a negative bacterial culture of blood, urine, sputum, and synovial fluid aspirate. It leads to prolonged antibiotic use and hospital stay, thus increasing the medical cost of treatment. The retrospective data published in this special issue reported a 39% incidence of NIF in 146 patients of TKA Xu et al. The proposed nomogram by the team predicted NIF within seven days of TKA from three parameters:


	•Intraoperative blood loss

	•The volume of postoperative drainage fluid

	•Frequency of blood transfusion



The author proposed that this nomogram had a sensitivity of 54% and a specificity of 82%. While the nomogram can predict fever of noninfectious origin, the study suggests surgeons pay more attention to perioperative bleeding control measures and judicious use of blood transfusion to minimize the incidence of NIF.

An exciting article predicted the length of hospital stay after TKA from a nomogram Liu et al. The parameters were age, Hb, surgical duration, procedure description, diabetes mellitus, day of operation, blood transfusion, and repeat surgery within 30 days. Three quartiles of patients (Q3) had a hospital stay of six days, and 20% had an extended stay.

In an innovative model, the Polyetheretherketone (PEEK) based TKA allowed computed tomographic assessment of the underlying bone with bone mineral density (BMD) measurement Cai et al. The authors noted a reduction in BMD in a lateral tibial plateau at three months follow up and noted tibial prosthesis overhang in 2 of 10 patients. PEEK may offer the advantages of accurately measuring periprosthetic bone changes and prosthesis overhang while avoiding metal-related reactions.

Prosthetic joint infection (PJI) is alarming as the incidence is increasing because of increased primary TKA. The available serum biomarkers lack specificity, and synovial fluid markers play a more significant role in diagnosis (2). The prospective study on PJI reported that both synovial fluid IL-4 (SF-IL4) and polymorphonuclear cell percentage (SF-PMN %) could diagnose PJI with 97% specificity and 96% accuracy when the cut-off values were 1.7 pg/ml and 75%, respectively Huang et al.

The data from Richmond, USA, about stem survivorship in revision TKA (n = 133 revision in 122 patients) revealed that hybrid (primary fixation through diaphyseal stem-bone fixation and secondarily with epiphyseal or metaphyseal cement) and fully cemented techniques of both femoral and tibial stem implantations have similar survival rates Kemker et al. The stem survivorship was 81% in the hybrid group and 85% in the cemented groups at a minimum follow-up of 2 years. The authors did not find an association between age, sex, and BMI with the failure in either group. There were no differences in length of hospital stay and hemoglobin drop in both the groups suggesting no difference in early postoperative complications rate.

The technique of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release for TKA in the bony ankylosed knee with severe flexion contracture (>80°) has shown promising results without neurovascular complications or infection. At medium-term follow-up, the authors reported a significantly improved knee society score with a mean range of motion of 100 degrees Chen et al.

The articles in this special issue are blended with research articles, new technology, and systematic review. Information provided through these articles will be helpful to arthroplasty surgeons for better patient care, precision in surgery and future development.
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Introduction: After a better understanding of normal knee anatomy and physiology, the Kinematic Alignment (KA) technique was introduced to improve clinical outcomes of total knee arthroplasty (TKA). The goal of the KA technique is to restore the pre-arthritic constitutional lower limb alignment of the patient. There is, however, a large range of normal knee anatomy. Unusual anatomies may be biomechanically inferior and affect TKA biomechanics and wear patterns. In 2011, the leading author proposed the restricted kinematic alignment (rKA) protocol, setting boundaries to KA for patients with an outlier or atypical knee anatomy.

Material and Equipment: rKA aims to reproduce the constitutional knee anatomy of the patient within a safe range. Its fundamentals are based on sound comprehension of lower limb anatomy variation. There are five principles describing rKA: (1) Combined lower limb coronal orientation should be ± 3° of neutral; (2) Joint line orientation coronal alignment should be within ± 5° of neutral; (3) Natural knee's soft tissues tension/ laxities should be preserved/restored; (4) Femoral anatomy preservation is prioritized; (5) The unloaded/most intact knee compartment should be resurfaced and used as the pivot point when anatomical adjustment is required. An algorithm was developed to facilitate the decision-making.

Methods: Since ~50% of patients will require anatomic modification to fit within rKA boundaries, rKA is ideally performed with patient-specific instrumentation (PSI), intra-operative computer navigation or robotic assistance. rKA surgical technique is presented in a stepwise manner, following the five principles in the algorithm.

Results: rKA produced excellent mid-term clinical results in cemented or cementless TKA. Gait analysis showed that rKA TKA patients had gait patterns that were very close to a non-operated control group, and these kinematics differences translated into significantly better postoperative patient-reported scores than mechanical alignment (MA) TKA cases.

Discussion: Aiming to improve the results of MA TKA, rKA protocol offers a satisfactory compromise that recreates patients' anatomy in most cases, omitting the need for extensive corrections and soft tissue releases that are often required with MA. Moreover, it precludes the reproduction of extreme anatomies seen with KA.

Keywords: knee-surgery, alignment, kinematic, personalized medicine, anatomical, arthroplasty (replacement), mechanical, restricted


INTRODUCTION


Mechanical Alignment Limitations

Most patients following mechanically aligned (MA) total knee arthroplasty (TKA) do not report a natural joint (1). Every fifth patient is dissatisfied (2), every second patient presents residual symptoms (3), and every fourth one would not undergo the same surgery again (4). Following TKA, patients walk with a diminished total range of knee motion and significant kinematic discrepancies, as demonstrated by gait analysis studies (5). Historically, TKA implantation lacked instrument precision, and technical errors were frequent. Surgeons focused mainly on implant survivorship rather than on recreating a normal knee function (6). To ensure satisfactory prosthetic survivorship, the mechanical alignment (MA) technique was introduced. Neutral femoral and tibial cuts with adjusted femoral rotation and ligamentous releases to create equal flexion and extension gaps were the foundation of this simple method of knee alignment. This “one size fits all” philosophy, albeit reproducible, does not incorporate the full range of normal knee anatomy (7).

Even though the mean hip-knee-ankle angle (HKA) is close to neutral, in a study of 4,884 lower limb CT-scans of patients scheduled for TKA, we found that only 0.1% of patients had both a mechanical proximal tibial angle (mPTA) and mechanical distal femoral angle (mDFA) at neutral, which is MA goal. Such modifications of the bony anatomy will affect the soft tissue laxities and knee balance (Figure 1).


[image: Figure 1]
FIGURE 1. Anatomic modification linked to mechanical alignment technique on the distal femur and proximal tibia.


Simulating MA bone cuts on 1,000 knee CT scans, we found that MA results in many cases of gap asymmetries (8, 9). Mediolateral imbalances of more than 3 mm were observed in 25 and 54% of varus and valgus knees, respectively. Only 49% of varus and 18% of valgus knees had <3 mm of imbalance in mediolateral and flexion/extension gaps when employing trans-epicondylar axis for femoral rotation. Some imbalances might not be surgically correctable and may result in residual instability and poor results in knee replacement patients. A better understanding of normal knee joint functional anatomy led to the introduction of Kinematic Alignment (KA) technique to improve clinical outcomes after knee arthroplasty. It intends to restore the patient's pre-arthritic constitutional lower limb alignment and the orientation of its joint surfaces. The KA TKA technique is a joint resurfacing procedure rarely requiring soft tissue release (10–12). On the other hand, concerns remain about restoring “outlier” or “pathological” anatomies, which may be incompatible with current TKA prostheses and fixation methods.



Are All Observed Anatomies Physiologic?

The human knee anatomy is highly variable, and pathological changes increase this fluctuation even further (7, 13, 14). In 4,884 lower limb CT-scans of patients scheduled for TKA: arithmetic HKA (aHKA) was >3° in 40%, >5° in 19%, and >10° in 3% (7). The mDFA mean was 2.7° valgus, ranging from 11° varus to 15.5° valgus. The mPTA mean was 2.9° varus within 20.5° varus and 20.5° valgus range. This large spectrum of mPTA and mDFA values exhibits the vast variability in patient anatomy. The more outlying alignment may be inherently biomechanically inferior. It may have been altered by different conditions that might expedite the degenerative changes, such as trauma, developmental deformity, tumors or previous surgery.

The existence of patho-anatomies can be demonstrated by their unilateral occurrence or bilateral asymmetry in some patients (Figures 2, 3). The surgeon should not blindly reproduce the identical anatomy of outlier patients as it might negatively affect the TKA biomechanics and increase wear. On the other hand, these extreme cases are the most impacted by a MA technique as it significantly modifies their anatomy and likely causes soft tissue imbalances, variation of the femoral flexion axis, changes in joint line orientation, and alteration of knee kinematics.


[image: Figure 2]
FIGURE 2. Lower limb full-length radiographs showing lower limbs with windswept deformity. Her mechanical distal femoral angle (mDFA) is 10° valgus on the right femur vs. 1° on the left side. Regarding tibial anatomy, her right mechanical proximal tibial angle (mPTA) is at 0° vs. 5° varus on the left. Because of her important lower limb asymmetry, we consider her lower limb anatomy to be pathologic. Applying unrestricted KA technique would reproduce her lower limbs malalignment.



[image: Figure 3]
FIGURE 3. Lower limb full-length radiographs show bilateral valgus lower limbs with severe right knee OA. Her mDFA is 11° valgus and her mPTA is 6° varus. Applying unrestricted KA technique would reproduce her right lower limb alignment, reproducing extreme joint orientation (obliquity) and a lower limb arithmetic HKA (aHKA) in 5° of valgus. Such outlier anatomy might not be compatible with current TKA implant bearing and fixation methods.


A computer simulation study comparing the effects of MA or KA on a single knee joint replacement model showed that KA TKA produced near-normal knee kinematics, including higher femoral rollback and external rotation of the femoral component (15). However, it demonstrated increased contact stresses, questioning long-term results. A study of 178 MA knee arthroplasty revisions found that knees with higher varus alignment had greater total damage of the retrieved polyethylene components (16). They also demonstrated that MA-TKAs tended to drift away from a neutral mechanical alignment toward the preoperative varus deformity. Other clinical and simulator studies have found an association between polyethylene wear and varus alignment (17–19). Tibial baseplate migration and greater tibial varus were weakly correlated (r2 = 0.45) in a study with a 10-year follow-up (20). Interestingly, baseplate migration was not affected by overall limb alignment (HKA of 1.3° valgus to over 10° varus). No difference was shown between those within ± 3° of neutral and those higher than 3°. These studies suggest that systematic replicating the patho-anatomy of all patients might not be suitable for survivorship of the TKA using current materials and fixation methods.




FUNDAMENTALS OF RESTRICTED KINEMATIC ALIGNMENT


Five rKA Principles

The rKA protocol has been developed as an alternative to the unrestricted KA proposed by Howell (11, 21) for patients with an outlier or atypical knee anatomy. The concept of rKA aims to reproduce patient's constitutional knee anatomy within a safe range while avoiding extreme or pathological anatomies that have been demonstrated to exist (7). The five principles to perform rKA TKA are explained by its designer (PAV) in Video 1. https://youtu.be/k6qdpyh80Tc



rKA Principle 1: HKA Boundaries

Historically, the hip-knee-ankle (HKA) angle serves as a reference for knee alignment. MA TKA data has demonstrated that the survivorship of the implant is not affected if the values of HKA are kept within 3° (22). In a population of 4,884 patients awaiting a TKA, a total of 40% of patients had an aHKA >3°, and 3% had extreme anatomy with an HKA of >10° in varus or valgus (7) (Figure 4). Aiming at reproducing individual lower limb anatomy while keeping aHKA within ± 3° range establishes the first rKA principle.


[image: Figure 4]
FIGURE 4. Lower limb Ct-Scan, preoperative aHKA distribution from a population of 4,884 patients scheduled for a TKA (7).




rKA Principle 2: Joint Line Orientation

It is very rare (0.1%) for the human knee to have a neutral joint line (neutral mDFA + neutral mPTA) (7). In fact, the mean mPTA is in 2.9° varus, and the mean mLDFA is in 2.7° valgus. Furthermore, we found that 80% had an mDFA and mPTA below 5° (Figure 5). Keeping in mind the mean values and aiming to include the vast majority of patients, the second rKA principle strives to reproduce individual anatomy while keeping the LDFA and the mPTA within ± 5°. By this second principle, rKA limits the joint obliquity to 5°. Selecting 5° also includes all patients with ± 2° from the mean values (80% of the population).


[image: Figure 5]
FIGURE 5. Lower limb Ct-Scan preoperative mDFA and mPTA distribution from a population of 4,884 patients scheduled for a TKA (7).


Applying the first two rKA principles, 51% of the population would undergo a classic KA without any modification. Another 30% would have a correction of <1° (mean tibia 0.5° and mean femur 0.3°). The remaining 20% of patients would require more substantial adjustments (7). Awaiting further evidence regarding the acceptable limb alignment boundaries, the proposed rKA boundaries are sound and reasonable but may evolve with time.



rKA Principle 3: Preservation of Soft Tissue Laxities

The third rKA principle is to preserve/restore the natural knee's soft tissue tension. Physiologic soft tissue laxities, including ligaments, tendon and capsular structures, play a key role in knee kinematics. It has been shown that collateral ligaments are not isometric, and their laxities change over the arc of motion. The medial collateral ligament (MCL) is tighter than the lateral collateral ligament (LCL), and both ligaments are tighter in extension than in flexion (23). Furthermore, ligamentous laxity is higher in females than in the male population, and the inter-individual variation is wide. Following this notion, MA or any other technique that includes ligaments tensioning or gap balancing aiming to create an equal tension of medial and lateral collateral structures does not restore the correct kinematics of the knee (24, 25). With rKA, soft tissue release should only be performed in cases outside the boundaries of principles 1 and 2; i.e., a systematic deep MCL release at exposure should be avoided. In the senior author's experience, soft tissue releases are required when rKA boundaries necessitate an anatomy correction of more than 2-3°. For example, in a varus knee where the mPTA is modified from 8° to 5°, a deep MCL release should be enough to balance the gap modification in most cases.



rKA Principle 4: Femoral Anatomy Preservation

In consensus with numerous scientists, we consider the femoral anatomy to be fundamental to knee kinematics (26–28). The fourth rKA principle states that in cases where the patient's anatomy is outside the rKA boundaries described in principles 1 and 2, femoral anatomy preservation is prioritized over the tibia. The rKA algorithm (Figure 6) advocates correcting the most contributing bone to the alignment's deviation. In most mild varus knees, the tibia is the main contributor, whereas it is the femur in valgus cases. In more extreme cases (e.g., aHKA>10°), both the femur and the tibia contribute to the outlying anatomy (i.e., severe varus with the femur and tibia in varus). In such varus cases, we limit the femoral anatomy modification to 2°, and in severe valgus cases, after reducing the mDFA to 5°, no further modification to the femur is added. The tibia will have to be in 2° of varus to keep the overall aHKA within ± 3° (Principle 1).


[image: Figure 6]
FIGURE 6. rKA algorithm by P-A Vendittoli.


Furthermore, no external femoral rotation is set when using the rKA protocol. For posterior condyles resurfacing, a posterior referencing guide is set to neutral rotation, thus resecting only the implant thickness of the posterior condyles matching each patient's native femoral orientation (Figure 7).


[image: Figure 7]
FIGURE 7. Intraoperative photograph of posterior referencing guide placed in neutral femoral rotation (left). The resected posterior femoral condyle measurement shows 9 mm corresponding to femoral component thickness (right).


In cases where tibial anatomy is modified, e.g., mPTA of 8° is reduced to 5°, both the extension and flexion gaps will be affected (tightening), MCL release should be performed to restore the mediolateral gap balance in both extension and flexion. As described above, rKA does not aim toward MCL/LCL isometry since it would compromise natural knee kinematics, neither does it modify femoral bone cuts to create balanced gaps (as in gap balancing or functional alignment techniques).



rKA Principle 5: Pivot Point

When outside the boundaries set in principles 1 and 2, the surgeon needs to decide where the anatomical modification (bone resection changing patient's anatomy) should be; medial, lateral or balanced on both sides. Cut orientation can be adjusted using 3 different pivot points: medial, central or lateral. A medial pivot point would resurface the medial compartment and modify the resection thickness on the lateral side (vice versa for a lateral pivot). A central pivot would change cut thicknesses on both compartments. The fifth rKA principle proposes to resurface (resection thicknesses equal to those of the implant) the unloaded knee compartment, and cut adjustment is performed on the worn side. This will modify the resection thickness on the worn side: medial in varus (Figure 8), lateral in valgus (Figure 9).


[image: Figure 8]
FIGURE 8. An example of varus knee with mDFA 4° valgus, mPTA 8° varus and aHKA 4° varus. Following rKA principles, the mPTA is adjusted to 5°, consequently changing aHKA to 1° varus. Using a lateral pivot point (shown on the left), the intact (lateral) compartment is resurfaced to accommodate an implant thickness (10 mm), creating a tighter medial gap which might require a deep MCL release. The medial pivot (central image) would result in thicker bone resection of the intact compartment and enlarging the lateral gap. The right figure shows a balanced bone resection with a central pivot. It complexifies the decision-making and requires PSI or robotics.



[image: Figure 9]
FIGURE 9. A valgus knee example with mDFA 7° valgus, mPTA 3° varus and aHKA 4° valgus. According to rKA protocol, aHKA should be ± 3°; thus mDFA is modified to 5° valgus. The left image presents a lateral pivot resulting in a 2 mm medial compartment imbalance, which may be detrimental for a valgus knee. The central image demonstrates the medial pivot creating tightness in the damaged lateral compartment while maintaining medial stability. The right figure shows a balanced bone resection with a central pivot. It complexifies the decision-making and requires PSI or robotics.


By following this principle, the intact compartment is resurfaced by cutting the exact thickness of bone matching the implant thickness, thus preserving the joint line level and preserving bone. As in MA, this leaves a tighter damaged compartment. Most surgeons will then feel comfortable performing the required ligamentous release as they would do with MA. A balanced resection with a central pivot is appealing but hard to manage without sophisticated preoperative planning or intra-operative automated decision tool.



rKA Algorithm

To facilitate decision-making, an rKA algorithm following the five rKA principles is presented in Figure 6. As stated above, 51% of the patients present aHKA 3° and with both mPTA and mDFA ≤5°, implying that no adjustment is needed for those knee arthroplasties.

If the mPTA and mDFA are <5° but the aHKA is >3° varus (in 8% of the cases) or >3° valgus (in 7% of cases), then, following the fourth rKA principle of femoral anatomy preservation, the mPTA should be corrected to fall within 3° of aHKA. In cases with mPTA and/or mDFA >5° (right side of the algorithm), in varus knees, the mPTA needs to be adjusted to 5°; whilst in valgus knees, the mDFA should be brought to 5°. If those resections bring the aHKA ≤ 3°, the rKA objective is achieved. If the resultant aHKA is >3°, the previously unchanged parameter should be corrected, namely mDFA in varus knees and mPTA in valgus until the aHKA is ≤ 3°. In rare cases, where the above-mentioned steps do not lead to the desired aHKA ≤ 3°, MPTA should be further corrected. Ligamentous releases are rarely needed in cases with anatomic modifications of <3°. In more significant corrections, minimal releases can be done (usually, to a much lesser extent than in MA).

In our simulation study, unusual anatomy was observed in 17% of knees, with both the femur and tibia articular surfaces orientation in varus or valgus (7). As both bones contribute to the same overall HKA deviation, the surgeon has to decide which one to correct to reach the safe range. In our opinion, the femoral flexion axis plays a more significant role in knee kinematics; hence our practice maximally preserves femoral anatomy and performs most modifications of the tibia. For example, a valgus knee (aHKA 10° valgus) with a femur in 9° valgus and a tibia in 1° valgus, the femoral cut is modified to a maximum of 5° valgus and the tibial cut corrected to 2° varus, creating an aHKA of 3° valgus. Similarly, in severe varus knee (aHKA of 8° varus), with a femur 2° varus and tibia 6° varus, the femoral orientation is maintained (2° varus), and the tibial varus is reduced to from 6° to 1°, resulting in overall aHKA of 3° varus. It must be kept in mind that most of these cases have associated extra-articular deformities explaining these extreme alignments. The severe valgus is often due to diaphyseal tibia valga deformity, and the severe varus may be due to a femoral bowing creating this lower limb alignment (29). In these cases, KA (resurfacing the knee joint) will facilitate the preservation of ligament laxities but will not address the lower limb deviation caused by the extra-articular deformity. Performing the restricted KA protocol will correct the extra-articular deformity with intra-articular cuts and may require ligament adjustment to avoid secondary instability.




METHOD: RKA SURGICAL TECHNIQUE

In cases where the patient's anatomy fits into the rKA boundaries (51% of the cases), surgery could be performed using measured resection techniques with a caliper, as described by Howell (30). Doing so would require very meticulous preoperative radiographic planning to preserve the patient's anatomy. Since many patients will require anatomic modification to fit within rKA boundaries, rKA is ideally performed with patient-specific instrumentation (PSI), intra-operative computer navigation or robotic assistance (31). The following surgical technique applies to surgery with computer navigation or robotic assistance. A video is available for the PSI technique (Video 2) https://youtu.be/wKoSkbHmikI and computer navigation technique (Video 3) https://youtu.be/M8n-5l3Hzvo

After joint exposure, cartilage and bone loss thicknesses are estimated by comparing them to the intact areas. The intention is to restore the patient's pre-arthritic joint surfaces and lower limb alignment. For example, in a varus knee, for the unworn compartment (lateral), the distal femoral and proximal tibial cut resections are set at each implant's thickness (10 mm) (lateral pivot, rKA principle 5). Then, the cartilage wear thickness on the medial side of bone surfaces is assessed (intact cartilage = 0 mm, partial cartilage thickness wear = 1 mm, and exposed subchondral bone = 2 mm) (31). The cut angle is then adjusted to reach the desired medial resection thickness (e.g., a case with 2 mm of medial tibial wear (subchondral bone exposed), an 8-mm medial resection, and a 10-mm lateral resection should be performed.

Resections only differ from patient anatomy when the measured angles fall outside the pre-defined “safe range” as described in the rKA algorithm (rKA principles #1 and 2, Figure 6).

To preserve femoral anatomy (posterior and anterior joint surface orientations), the surgeon should aim to resurface the posterior condyles. Using a posterior referencing guide set to neutral rotation, the implant thickness on both posterior condyles will be ressected without modifying femoral rotation (Figure 7). Tibial component's rotation is set by its alignment with the femoral trial component, keeping the knee in 10 degrees of flexion. If the resected pieces do not match the computer plan or ligament laxities assessed with trial implants fall outside the expected native ligament laxity range (24), the resection accuracy can be confirmed by caliper measurement and cut adjustment is performed when needed (Figure 7).



CLINICAL RESULTS USING RKA

The rKA protocol aims to bring the extreme anatomies toward acceptable values by correcting the deformities and providing an implant orientation that is compatible with current materials and fixation methods. Comparing the required anatomy correction between MA and rKA in a cohort of 4,884 arthritic patients, significantly larger corrections were necessary with MA (7). The mean mPTA correction was 0.5° for rKA vs. 3.3° for MA (p < 0.001). Similarly, the mean mDFA correction was 0.3° for rKA vs. 3.2° for MA (p < 0.001). This highlights that MA introduces significant changes to normal anatomy. Consequently, these modifications of anatomy require larger soft tissue releases to balance the knee, which may have an unfavorable effect on normal biomechanics. The mediolateral and flexion-extension gap asymmetries were compared between measured resection MA and rKA protocol bone cut simulations in another study of 1,000 preoperative CT scans of patients awaiting knee arthroplasty. Greater than 2 mm extension space mediolateral (ML) imbalances occurred in 33% of TKA with MA technique vs. 8% of the knees with rKA. Imbalances of more than 4 mm were present in 11% of MA knees vs. 1% in rKA (p < 0.001). With MA, a higher rate of flexion space imbalance was created by the transepicondyar axis (TEA) technique (p < 0.001), compared to external rotation of 3° to posterior condyles (PC). rKA again performed better than both techniques (p < 0.001). MA with either TEA or PC, only 49 and 63% of the knees, respectively, had < 3 mm of imbalance throughout the extension and flexion spaces and medial and lateral compartments, vs. 92% with rKA (p < 0.001). A wide spectrum of complex collateral ligament imbalances, incorrigible by collateral ligament releases, caused by the significant anatomical modifications inherent in the MA technique, has been reported in the literature (7, 32).

A clinical series of the first 100 cemented TKA patients operated on using the rKA protocol demonstrated satisfactory functional outcomes at 2.4 years follow-up (33). Minor ligamentous releases were required in only 5% of the knees. Another study presented 100 cementless TKAs operated on using rKA protocol without any revision for aseptic loosening at 49 (32–60) months of follow-up (34). It also demonstrated excellent osseointegration of the implants, both on radiographic evaluation and on direct examination of implants in three revised patients- one following trauma that caused a tibial implant shift, one due to deep infection at 21 months after the index TKA, and one for instability due to implant under-sizing. The WOMAC, KOOS, and Forgotten Joint scores reported in this study were similar to those reported for cemented KA TKAs.

A study comparing the gait patterns of patients operated on with rKA vs. MA techniques found that the rKA TKA kinematics were significantly closer to healthy controls than in MA TKAs (33). When comparing the MA and control (healthy) groups, the former displayed a decreased maximum flexion (52° vs. 58°, p = 0.002), less sagittal plane range of motion (49° vs. 54°, p = 0.020) and increased adduction angle (2.0–7.5° vs. −2.8–3.0°, p < 0.05). KA group presented a significantly higher postoperative KOOS score when compared to the MA group (74 vs. 61, p = 0.034).



DISCUSSION: RKA VS. TRUE KA, A COMPROMISE?

Many surgeons are concerned about allowing too much varus or valgus with the KA technique. Howell et al. (35) reported 97.5% implant survivorship in a cohort of 222 KA TKAs at 10-year follow-up. There was no increased failure rate in patients with greater varus. The radio-stereometric analysis of TKAs randomized to MA or KA did not detect differences in implant migration between groups (31). There are few long-term follow-up studies on KA knee replacement, whereas MA TKAs have a long history of good survivorship (36–38). A mechanical axis ±3° of neutral has demonstrated better functional outcomes than TKAs with more extreme values (39–41). Increased rates of aseptic loosening related to malaligned components have been published (22, 42, 43). However, more recent studies have failed to demonstrate better survivorship or functional outcomes in prostheses aligned within ± 3° of neutral compared to malaligned ones (44–47). Caution should be taken, not transposing the results of these studies to KA. It is important to understand that an accurate KA, aiming for an HKA other than neutral, is inherently different from a failed MA TKA, targeting a neutral alignment. There are other factors than coronal alignment that affect the dynamic loading of the prosthetic knee. The joint line tends to remain parallel to the ground when standing, despite a range in alignment, in studies of both healthy, asymptomatic knees and in kinematic TKA patients (48, 49). The resultant functional joint line orientation may be favorable for the overall load profile of the prosthetic joint.

Some authors advise against widespread adoption of the KA technique due to the lack of long-term studies of KA TKAs (50). We believe the rKA protocol is an appealing compromise that allows the restoration of normal patient anatomy in the majority of cases. It averts the excessive corrections and ligamentous releases often required with MA but precludes the extremes of implant positioning that can be seen in unrestricted KA technique.



CASE ILLUSTRATIONS


Case Example 1

A 62-year-old female with bilateral symptomatic varus knee osteoarthritis (Figure 10A). A preoperative radiograph shows a left lower limb mDFA of 0° and mPTA of 7° varus, resulting in an aHKA of 7° varus. Following the algorithm (Figure 6), we should correct the mPTA from 7° to 5° (Principle 2). Her neutral mDFA, would lead to an aHKA of 5°, which is >3° (Principle 1). Further tibial varus reduction (down to 3°) would impact the knee's flexion gaps balance. Instead, following the algorithm, we suggest adding 2° of valgus to the distal femoral cut. No femoral rotation modification is needed, and femoral anatomy modifications are minimized (Principle 4). The overall angle correction was 4° (2 on de femoral side and 2 on the tibial side). We resurfaced the lateral compartment (lateral pivot point, Principle #5) and reduced medial compartment resection thicknesses (~2 mm thinner cuts on both the femur and tibia). To achieve medio-lateral ligament balance, we had to perform a deep MCL release alone. The postoperative radiograph confirms the achievement of our goals with a mDFA of 2° valgus and a mPTA of 5° varus (Figure 10B).


[image: Figure 10]
FIGURE 10. Case example 1, (A) preoperative standing long radiograph of a patient with a left lower limb mDFA of 0° and a mPTA of 7° varus, resulting in an aHKA of 7° varus. (B) on the postoperative radiograph, following the rKA algorithm, the implants mDFA is 2° valgus and mPTA is 5° varus.




Case Example 2

A 79-year-old female with a painful osteoarthritic right knee with a valgus deformity (Figure 11A). The patient has an aHKA of 5° valgus, resulting from a mDFA of 6° valgus and mPTA of 1° varus. Following rKA algorithm (Figure 6), the mDFA of 6° valgus must be brought to 5° (Principle 2). To obtain an aHKA is <3° (Principle 1) and minimize femoral anatomy modification (Principle 4), further correction is required on the tibial side. A slight tibial varisation from 1° to 2° would lead to an acceptable aHKA of 3° valgus. We resurfaced the intact medial compartment (medial pivot point, Principle #5) and reduced lateral compartment resection thicknesses. Overall anatomy modification for this patient was 2° (1° on both the femur and tibia), and no ligamentous release was required to obtain satisfactory joint laxities. Postoperative radiograph confirms that we achieved our implant alignment goals using computer navigation (Figure 11B).


[image: Figure 11]
FIGURE 11. Case example 2, (A) preoperative standing long radiograph of a patient with a left lower limb mDFA of 6° valgus and a mPTA of 1° varus, resulting in an aHKA of 5° valgus. (B) on the postoperative radiograph, following the rKA algorithm, the implants mDFA is 5° valgus and mPTA is 2° varus.


Further clinical examples are available in Video 4. https://youtu.be/GTi5me1tN4M. Surgeons should also understand how to manage specific/challenging cases (51, 52).
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Purpose: Kinematic alignment (KA) for primary total knee arthroplasty (TKA) has been shown to provide equivalent or better results to mechanical alignment (MA). The use of KA in revision TKA to restore the individual knee anatomy, kinematics, and soft-tissue balance, has not been documented yet. The purpose of this study is to describe the technique for performing TKA revision using the restricted KA (rKA) protocol and to report (1) rerevision rate and adverse events, (2) patient-reported outcome measures (PROMs), and (3) radiological signs of implant dysfunction related to this technique.

Methods: The rKA protocol was used in 43 selected TKA revisions cases suitable for the technique. Adverse events, reoperation, revision, and their causes were recorded. In addition, PROMs assessed by WOMAC score and radiographic evaluation to identify signs of implant dysfunction were documented at last follow-up.

Results: After a mean follow-up of 4.0 years (0.9–7.7, ±2), only one rerevision (2.3%) was required for persisting instability (polyethylene liner exchange from posterior stabilized to a semi-constrained). Short-cemented stems were used for both the femur and tibia in 28 (65%) cases, for the femur alone in 13 (30%) cases, and no stems in two cases. In 31 (72%) cases, a standard posterior stabilized tibial insert was used, while 12 (28%) cases required a semi-constrained insert. The mean WOMAC score was 34.4 (0–80, ±21.7). Mean postoperative arithmetic hip-knee-ankle angle (HKA) was 0.8° varus (from 5° varus to 4° valgus), mean mechanical distal femoral angle was 1.7° valgus (from 2° varus to 5° valgus), and mean mechanical tibia proximal angle was 2.2° varus (from 5° varus to 1° valgus). No radiological evidence of aseptic loosening or periprosthetic radiolucencies were identified.

Conclusion: Although current revision TKA implants are not ideal for revision TKA performed with rKA, they are an appealing alternative to MA, especially in cases of early, non-wear-related, unsuccessful MA TKAs. rKA TKA revision using short-cemented stems in conjunction with meticulous preoperative planning is safe in the mid-term.

Level of evidence: IV
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INTRODUCTION

The number of total knee arthroplasties (TKAs) performed worldwide is constantly increasing as the population is growing and indications for TKAs are widened to include younger patients (1). It has been estimated that revision knee surgeries could increase by 601% in the USA (2), and up to 332% in England and Wales (3), by 2030. Revision TKA procedures are highly complex procedures and have inferior survival rates and poorer functional outcomes than primary arthroplasties (4, 5). Currently, the main reasons for revision include infection, loosening, instability, and pain (6). As TKA implants have improved over the years, rates of aseptic loosening have gradually lowered, and it is now the second main reason for revision (7).

Despite the advances in implant technology, patient dissatisfaction has remained relatively high at 15–20% (8). In addition, up to 50% of patients report persisting residual symptoms such as pain, stiffness, and instability (9, 10). Some authors believe that many unsatisfactory outcomes may be due to anatomical changes linked to the mechanical alignment technique (11–13). In primary arthroplasty, kinematic alignment (KA) is proposed as an alternative to MA to minimize these issues. KA has shown equivalent or better functional outcomes and survival rates in the mid-term than MA (14). The logical next step is to apply the principles of KA in revision surgeries. The goal of KA is to restore or preserve the patient's pre-arthritic knee anatomy by resurfacing the native joint and maintaining the soft tissue envelope (11). As in primary TKA, KA principles could be applied to revision TKA. However, multiple challenges intrinsic to revision surgeries and the MA technique will need to be addressed: bone loss, loss of some anatomical landmarks, soft tissue management, revision implants, and instruments designed for MA.

The senior author (PAV) has used restricted KA (rKA, Figure 1) since 2011 when performing primary TKAs, and started using rKA for TKA revision in February 2013. The study objective is to describe the technique used to perform TKA revision using rKA principles and to report early outcomes, including (1) the rerevision rate, (2) patient-reported outcome measures (PROMs) assessed with WOMAC score and, (3) radiological signs of implant dysfunction. The hypotheses for the study were that revision TKA with the use of the rKA protocol would produce favorable outcomes in PROMs, while achieving low (<10%) rerevision rates at early follow-up.


[image: Figure 1]
FIGURE 1. Vendittoli's restricted kinematic alignment protocol.




MATERIALS AND METHODS


Patients

All revision TKAs performed by the senior author between February 2013 and November 2020 were retrospectively reviewed for inclusion in this study (N = 85). The following cases were excluded: revision surgeries for polyethylene liner exchange (4), for patellar resurfacing (2), with associated extra-articular deformities (1), that required long uncemented diaphyseal fixation (major metaphyseal bone loss) (15), that required hinged components (5), and 13 patients who did not want to participate in the study. A total of 42 patients (43 TKAs, one bilateral) gave their consent to participate in the study. There were 12 males and 31 females who had a mean age at the primary surgery of 67.7 years (55–85, ±7.2). Our scientific and ethics review committees approved the study, and all patients consented to include their case.



Methods of Assessment

A retrospective review of patients' charts was used to record any rerevisions and adverse events during the follow-up period. Adverse events were recorded using the Knee Society standardized TKA complication list (16). At the last follow-up, a single research assistant assessed patients' functional outcomes using the WOMAC score (15). The post-revision anteroposterior and lateral radiographs obtained during follow-up visits were evaluated following the modern Knee Society Radiographic Evaluation System (16) to assess radiolucent lines, osteolysis, and signs of component loosening. Radiographic pre- and post-revision coronal orientation measurements were calculated in AP standing long leg x-rays using the mechanical distal femoral angle (mDFA), the mechanical proximal tibial angle (mPTA), and the arithmetic hip-knee-ankle angle (aHKA = mDFA + mPTA). Using digitized image and measurement tools, the same evaluator (LK) performed all measurements. The preoperative rotational alignment of the femoral and tibial components were measured with the use of epicondylar axis and tibial tubercle as references on CT scans as described by Berger and Crossett (17).



Statistical Analysis

Continuous data are presented using mean, minimum, maximum, and standard deviation. Comparisons of the preoperative and postoperative continuous data were analyzed using a paired Wilcoxon test (pre- and post-revision mDFA, mPTA, aHKA). Categorial variables are presented as numbers and percentages. A significance level of p = 0.05 (two-sided) was used for all tests. The analyses were performed using the SPSS software version 26 (SPSS Inc., Chicago, IL, USA). No sample size calculation was done for this study as it is a cohort report with no comparison group.



Prosthesis

The implant used in all patients for this study was the Triathlon TS Knee System (Stryker Orthopedics, Mahwah, NJ). This prosthesis is a revision system that features a single radius femoral articulating design. Tapered uncemented or cemented femoral and tibial stems are available and come in 50-, 100-, and 150-mm lengths. The stems have a fixed angle of 6° of valgus to the femoral component and neutral alignment to the tibial component. 360° of stem offset of 2–8 mm for both the femur and the tibia are available.



Analysis of Failure to Plan rKA Reconstruction

Patients' preoperative clinical and radiographic assessments are crucial for determining the cause of failure, especially for patients with well-fixed implants, and planning the rKA reconstruction. Knees were examined for range of motion limitations and ligamentous instability. Implant size, position, orientation, and joint-line were compared with preoperative radiographic images when available or with the contralateral side. Computed tomography scans were performed to evaluate the axial rotation of the components when malrotation was suspected (17, 18). The coronal alignment was planned preoperatively using the restricted rKA protocol (Figure 1). As TKA revision systems were designed for MA with fixed coronal implant-stem angle (6° valgus on the femur and 0° on the tibia for most systems), stem relation to the meta-diaphyseal region is templated.

In most cases, to achieve the proper rKA coronal alignment, short-cemented stems are planned without interfering with the meta-diaphyseal cortex. Distal augments or bone resections needed to achieve the correct coronal angle for components was estimated. The amount of angulation achieved depends on the thickness of the augment and the size of the component (Figure 2). The approximate angular correction at the tibia for the 5- and 10-mm augments for each tibial component size are provided in Table 1. The approximate angular correction at the distal femur for the 5-, 10-, and 15-mm augments for each femoral component size are provided in Table 2. Posterior augments were utilized in a similar fashion to achieve the desired rotational alignment for the femoral component. The resulting rotational angular corrections are the same as the coronal angular corrections for the distal femoral augments already described in Table 2. If less angular correction is required, the selected augment will be combined intra-operatively with a bone resection (1–3 mm). Table 3 summarizes common problems encountered with failed primary arthroplasties and how to address them during rKA revision.


[image: Figure 2]
FIGURE 2. The inverse tangent of the augment's thickness over the implant's width can be used to approximate the angular correction given by apposing the component with a unilateral augment to a uniformly flat bone surface. In a purely mathematical sense, the augment would first contact a flat surface at point A. However, from a practical point of view, because of the use of cement and partial impaction in cancellous bone, using point A to calculate the angular correction would overestimate the correction. Thus point B, in the middle of the augment, was assumed to be where a flat plane would intersect the augment. The length of the segment BC was subtracted from the width of the implant in the calculations.



Table 1. Estimated angular correction given by apposing a tibial component with a unilateral augment to a uniformly flat bone surface.
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Table 2. Estimated angular correction given by apposing a femoral component with a unilateral augment to a uniformly flat bone surface.

[image: Table 2]


Table 3. Encountered problems specific to mechanically aligned primary arthroplasties revised with the rKA protocol and their solution.

[image: Table 3]



Surgical Technique to Apply rKA in the Revision Setting

The rKA TKA revision aims to recreate the pre-arthritic native knee anatomy and soft tissues laxities. To confirm or optimize our preoperative plan, at surgical exposure, a careful knee examination is performed to assess soft tissues laxity, knee range of motion, and the position, orientation, and fixation of the implant. After removing the implant and bone loss assessment, we used a distal femoral cutting jig connected to an intramedullary rod kept loose in the metaphysis (not deeply inserted, to avoid a tight fit in the diaphysis). We performed the distal femoral refreshing cuts including the planned supplemental bone resection and/or metallic augments to modify the mDFA adjust the joint line level when required (Table 2). In practice, a 5-mm augment angulates the component by 5°. When dealing with the smallest sizes, this angle would be closer to 6° and 4° with the largest components. Using an anterior referenced 4-in-1 femoral cutting block of the appropriate size, and positioned to correct any malrotation, we performed the anterior, chamfer, posterior, and posterior stabilized (PS) box cuts. Then, we performed the proximal tibial refreshing cuts using a cutting jig connected to an intramedullary rod kept loose in the metaphysis. Tibial cut orientation included the planned supplemental bone resection and/or metallic augments to modify the mPTA when required while keeping the tibial slope neutral (Table 1).

With trial implants in place, the collateral ligaments' laxities in 10° of flexion are assessed to determine the polyethylene thickness and serve as an indicator for achieving a planned coronal alignment (goal is 1–2 mm of medial and 2–3 mm of lateral joint opening). Next, the medial and lateral flexion gaps are assessed (goal is 2–3 mm of medial and 3–4 mm of lateral joint opening). If present, hyperlaxity is addressed by increasing the femoral size, using posterior augments. In cases of significant mediolateral imbalances (>4 mm difference) or gross flexion instability with the larger femoral component compatible with the selected tibial size, a varus-valgus constrained liner (TS) was used. Such imbalances were present in cases with longstanding soft tissue changes: ligament stretching or contractures where complete capsulectomy and debridement was required to obtain satisfactory ROM. Lastly, the patella was left intact if well tracking or revised if resurfaced with malposition or under resection.




RESULTS

Indications for performing knee revision are presented in Table 4. All interventions included both femoral and tibial components revision, except for one case where only the femoral component was revised for aseptic loosening. Cemented stems were used for both the femur and tibia in 28 (65%) cases, for the femur alone in 13 (30%) cases, and no stems in two cases. The stem lengths are presented in Table 5. Thirty-nine (91%) cases required femoral side augments, one case required augments in both femoral and tibial components, and three cases required no augments. A PS tibial insert was used in 31 (72%) cases, while 12 (28%) cases required a more constrained TS insert. The patella was resurfaced during the primary surgery in 39 (91%) cases, kept as is in 20 (47%) cases, and revised in 19 (44%) cases. Four (9%) patella were not resurfaced in any surgery. Mean surgical time was 102 min (66–156, ±18). Mean intraoperative blood loss was 236 ml (50–600, ±121).


Table 4. Indications for revision (there were revisions with more than one factor leading to revision indication).
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Table 5. Stem length details.

[image: Table 5]

After a mean post-revision follow-up of 4 years (0.9–7.7, ±2), no patient was lost to follow-up, and there was only one case of reoperation. This case is a female aged 67 years at the time of her index primary TKA in 2012. We performed a revision surgery in 2014 for instability. After the revision, she complained of persisting femorotibial instability. In 2016, we performed a simple polyethylene exchange from a PS to a TS insert. At the final follow-up at 78 months, this patient had a WOMAC score of 61 and a ROM of 0–130°.

There was a total of four adverse events requiring conservative treatment. First, there were two postoperative periprosthetic fractures due to trauma (one undisplaced metaphyseal femoral fracture and one transverse patellar fracture) treated conservatively and healed uneventfully. One patient developed ipsilateral thromboembolic disease and was treated with anticoagulants. Finally, one patient developed a wound complication (localized superficial wound infection) and was treated with antibiotics alone.

At the last follow-up, the mean WOMAC score was 34.4 (0–80, ±21.7). There were 14 (32.6%) patients who complained of persisting knee pain despite knee revision. These patients had a mean WOMAC score of 36.5 (3–71, ±20.5). In most cases, the pain level was reported as improved compared to the pre-revision level and could not be attributed to any specific cause. Two of these patients experienced mild pain associated with unresolved relapsing knee effusion. In one patient, the pain was attributed to a painful neuroma of the infrapatellar branch of the saphenous nerve. Finally, in one patient, the pain was thought to be of neuropathic origin, and the patient was referred to the pain clinic for further treatment.

There were no radiolucencies or osteolysis noted on radiographic evaluation. Pre- and post-revision radiographic measurements are provided in Table 6.


Table 6. Radiographic measurements (negative value represents varus and positive represents valgus).
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Case Examples

To illustrate the type of cases included in the present cohort, three cases examples are presented.


Case 1

A 61-year-old male with a painful and unstable right TKA 2 years after the surgery. At clinical examination, important MCL laxity was observed along with a biceps femoris tendinitis (see Figure 3A and Supplementary Video 1). Compared to the intact contralateral lower limb, the prosthetic knee was implanted with increased femoral varus (+7.0°), decreased tibial varus (–2.0°), and increased posterior tibial slope (+4.5°, Figures 3B–D). During revision surgery and after implant removal (no bone loss), to correct the mDFA by 7°, a 5-mm distal medial femoral augment was used in combination with a lateral distal condyle bone resection of 2 mm. Tibial bone surface was refreshed, by removing 4 mm of anterior bone (none posteriorly, reducing the slope) and 2 mm medially to adjust varus/valgus orientation. With trial implants in place, the observed laxities (MCL 1–2 mm and LCL 3–4 mm) at 10° of flexion confirmed that we achieved our goals. As diaphyseal stem fixation would prevent the restoration of the patient's joint orientations, on both femoral and tibial sides, 12 × 50-mm cemented stems were used. A standard PS insert was selected (Figures 4A–C). At 18 months follow-up, the patient reported to be pain-free with a WOMAC score of 15 and a ROM of 0–125°.


[image: Figure 3]
FIGURE 3. (A) Right knee clinical examination where swelling of the biceps tendon is observed. (B) Pre-revision long leg standing X-Ray reveals a right TKA implant with mDFA of 4° varus and a mPTA of 1.5° varus (5.5° varus aHKA). On the intact left side, the mDFA is 3.0° valgus and mPTA 3.5° varus (aHKA of 0.5° varus). (C) right knee lateral view where the implant posterior tibial slope is 6.5°. (D) Left knee lateral view where the native tibial slope is 2.0° posterior.



[image: Figure 4]
FIGURE 4. (A) Post-revision standing long-leg X-ray of the right lower limb where the implant mDFA has been modified to 3.0° valgus and the mPTA at 4.0° varus (1.0° varus aHKA). As expected, the 50 mm cemented stems are not aligned with the tibial and femoral bone diaphysis and comes in contact with the lateral cortex on the tibial side. (B) Right knee lateral view where the implant posterior tibial slope has been corrected to 2.0°. (C) Right patella skyline view showing a well-centered implant.




Case 2

A 75-year-old female was unsatisfied with the clinical results of her left TKA, 5 years after the surgery. There was a mid-flexion instability at clinical examination with a medial opening of 5 mm at 45° of flexion and a total ROM of 0–90°. On radiographic examination (Figures 5A–D), there was an oversized tibia (lateral overhang), a lateral patellar retinaculum calcification, and, compared to the intact contralateral lower limb, the prosthetic knee was implanted with increased femoral varus (+4.0°), decreased tibial varus (–5.5°), and increased tibial posterior slope (+6°). During revision surgery and after implant removal, to correct the mDFA by 5° and lower the elevated joint line, a 10-mm distal medial femoral augment was used in combination with a 5-mm augment on the lateral side after a 2-mm refreshing cut. Posterior augments (5 mm) were used medially and laterally. The tibial bone surface was cut by removing 5 mm of anterior bone (none posteriorly, reducing the slope) and 5 mm medially to adjust varus/valgus orientation. With trial implants in place, the observed laxities (MCL 2 mm and LCL 3 mm) at 10° of flexion confirmed that we achieved our goals. With the patient's bone anatomy, a 50 × 12-mm femoral stem and a short tibial stubby were cemented. A standard PS insert (13 mm) was selected (Figures 6A,B). At 53 months follow-up, the patient reported no pain and significantly improved with a WOMAC score of 13 and a ROM of 0–115°.


[image: Figure 5]
FIGURE 5. (A) Pre-revision long leg standing X-Ray reveals a left implant mDFA of 2° varus and an mPTA of 2° valgus (0° varus aHKA). On the intact right side, the mDFA is 2.0° valgus and mPTA 3.5° varus (aHKA of 1.5° varus). (B) Left knee lateral view where the implant posterior tibial slope is 12.0°. (C) Left patella skyline view showing a lateral patellar retinaculum calcification and a well-centered resurfaced patella. (D) Right knee lateral view where the native tibial slope is 6.0° posterior.



[image: Figure 6]
FIGURE 6. (A) Post-revision standing long-leg X-ray of the left lower limb where the implant mDFA has been modified to 2.0° valgus and the mPTA at 3.0° varus (1.0° varus aHKA). As expected, the femoral cemented stems is not aligned with the femoral bone diaphysis. On the tibial side, to restore patient's alignment, only a stubby stem could be used and comes in contact with the lateral cortex. (B) Left knee lateral view where the implant posterior tibial slope has been reduced to 3.0°. Because manufacturer recommendations for this implant is a neutral slope, we did not aim at patient's contra-lateral side value of 6°.




Case 3

A 76-year-old male with a painful left TKA 4 years after the surgery. At clinical examination, the knee had a flexion contracture of 15° and reached 90° of flexion. There was profound medial femoral and patellar pain upon palpation. On radiographic examination, compared to the intact contralateral lower limb, the right operated side was implanted with increased femoral valgus (+2°), decreased tibial varus (−2.0°), and reduced tibial posterior slope (−9.5°, Figures 7A–D). In addition, the unresurfaced patella was subluxed and severely worn. Posterior femoral offset was estimated to be 5–7 mm shorter, and the femoral implant translated anteriorly. After implant removal, in addition to a refreshing cut, a supplemental 2-mm resection on the distal lateral condyle was performed to correct the mDFA by 2°. To maintain the joint line, 5-mm distal augments were used on both condyles. To compensate for the posterior femoral condyles' asymmetry of the implant in place (Genesis femur from Smith and Nephew has a thicker medial condyle), and to increase posterior femoral offset, we used a 10-mm posterior augment on the medial side and a 5-mm augment on the lateral side. Tibial bone surface was cut by removing 5 mm of anterior bone (none posteriorly, reducing the slope) and 2 mm medially to adjust varus/valgus orientation. With trial implants in place, the MCL laxity was 5 mm larger than LCL at 10° of flexion. This difference was hypothesized to be secondary to long-term tension on the MCL and subsequent stretching. In such a situation, we preferred to use a semi-constrained implant (Figures 8A–C). At 16 months follow-up, the patient reported having minimal pain and a ROM of 0–125°.


[image: Figure 7]
FIGURE 7. (A) Pre-revision long leg standing X-Ray reveals a right implant mDFA of 4° valgus and an mPTA of 1.5° valgus (5.5° valgus aHKA). On the intact left side, the mDFA is 2.0° valgus and mPTA 0.5° varus (aHKA of 1.5° valgus). (B) Right knee lateral view where the implant tibial slope is 1.5° anterior. (C) Left knee lateral view where the native tibial slope is 8.0° posterior. (D) Right knee skyline view showing a subluxed and worn patella.



[image: Figure 8]
FIGURE 8. (A) Post-revision standing long-leg X-ray of the right lower limb where the implant mDFA has been modified to 1.0° valgus and the mPTA at 0.5° varus (0.5° valgus aHKA). (B) Right knee lateral view where the implant tibial slope has been shifted from 1.5° anterior to 2.0° posterior. The femoral implant has also been translated posteriorly to be flush with the anterior cortex. (C) Right knee skyline view showing a well-centered resurfaced patella.






DISCUSSION

The most important finding of the present study was that rKA principles can be safely used in revision TKA in the short- to mid-term, thus supporting our hypothesis. At a mean 4 years' follow-up, only one (2.3%) subject in our study required a reoperation for a polyethylene exchange.

Most revision TKA cases included in this study had unsuccessful clinical results of the primary joint replacement (persisting pain, stiffness, instability, etc.). To improve patients' function and satisfaction, the rKA protocol was used for revision TKA. In contrast to the studies listed in Table 7 where TS inserts were used almost systematically, the rKA protocol allowed most of our cases to be balanced with a standard PS insert (72%) and we obtained one of the lowest reoperation rates.


Table 7. Results of studies reporting their outcomes with the Triathlon TS Knee System (Triathlon Total Knee System; Stryker Orthopedics, Mahwah, NJ) for revision TKA.
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The PROMs of revision knee arthroplasty using rKA in our study showed a WOMAC score of 34.4 (0–80, ±21.7) at the last follow-up. We also found that 14 (33%) patients reported persisting anterior knee pain after their revision surgery, even though we did not use a pain scale to quantify this finding. PROMs and satisfaction rates differ between primary and revision TKAs, with revision surgeries showing less improvement (4, 22). It is very difficult to evaluate the functional results of patients with revision TKA because of the high heterogeneity of the causes of failure. The primary operation has a substantial influence on the postoperative outcome of the revision. Baker et al. (4), analyzing data from the National Joint Registry for England and Wales (NJR) found the highest improvements in PROMs and satisfaction in cases where aseptic loosening was the cause and the lowest improvements when stiffness was the cause for revision. Greidanus et al. (22) studied 60 TKA revision surgeries and found a total WOMAC score of 30.9 at 2 years after surgery. Kasmire et al. (23) followed 175 patients who underwent revision TKA for aseptic failure and reported a total WOMAC score of 28.1 at 2 years' follow-up. Notably, there is a paucity of literature regarding WOMAC scores for revision TKA at more than 2 years, and even though our scores do not show a superiority over the MA technique, we can assume that our WOMAC results would be at least comparable to projecting the results of the previous studies to a longer follow-up.

Radiographic analysis in the present study showed no radiolucencies or signs of loose components. Therefore, standing coronal alignment was changed from 1.8° to 0.8° of aHKA varus to recreate the native knee anatomy set within the limits of rKA protocol. Our findings suggest that rKA used in revision TKA does not preclude good outcomes for revision arthroplasty.

This study and the proposed rKA technique for revision TKA are not without limitations. First, to be eligible for a revision with the rKA protocol, a patient must be eligible to be revised with a short-cemented stem. If a longer stem with diaphyseal fixation is required, the longer stem may not be compatible with the patient's anatomy and its restoration. Therefore, it is plausible that some of the more complicated revision cases with severe bone loss or instability requiring hinge implant, for example (22/85 cases), were excluded from this study. This might explain our lower rerevision rate compared to other studies. Second, our study is limited by its small sample size (43 revision TKAs carried out by only one surgeon) and this might contribute to overlooking the increased risk for aseptic loosening and recurrent infection after revision surgery. However, it is a continuous series, and we believe that our cohort is representative of an academic center revision practice. Second, our study has a short mean follow-up (4 years), and longer follow-up studies are warranted to evaluate the long-term safety of this technique. Third, many patients that participated in our study were referred to us from different institutions and data regarding the primary surgery were not available to us. Therefore, because of the retrospective nature of this study, we could not measure the improvement in PROMs from primary surgery.

We believe that this study, being the first of its kind, will spark the interest in the orthopedic community to use rKA for revision TKA, especially in the cases of early, non-wear-related unsuccessful MA TKAs. It is agreed that using precision tools like navigation or robot is the future way to go to perform such procedures. Navigation in the setting of rKA revisions has been used by the authors (PAV, MOK). While this technology helps to make accurate refresh cuts, the actual design of the cutting block made for primary TKA makes it difficult to stabilize in cases with significant metaphyseal bone loss. It also does not allow the surgeon to perform step cuts. In the near future, robotic surgery may prove to be an appealing option to facilitate rKA knee revisions once the appropriate software is available.

Last, there is limited scientific evidence to define the acceptable lower limb alignment and joint line tilt limits and related implants orientations. Such evidence, supporting the universal use of KA in extreme anatomies, may allow removing rKA boundaries. Nevertheless, in the meanwhile, we believe that rKA is a safe and favorable new technique for TKA revision.



CONCLUSION

Although current revision TKA implants are not ideal for revision TKA performed with rKA; it is an appealing alternative to MA in the mid-term, especially in the cases of early, non-wear-related unsuccessful MA TKAs.
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Background: Arthritis with severe varus deformity remains a challenge in total knee arthroplasty (TKA). Until recently, surgeons aimed at a neutral lower limb alignment when performing a TKA. However, the impact of TKA on the ankle joint has been ignored. Therefore, we conducted a systematic review to assess the clinical and radiological changes in the ankle joint after TKA on knees with severe varus deformity.

Methods: A systematic search was conducted in four English (PubMed, Embase, Cochrane Library, and Web of Science) and four Chinese (CBM, VIP, CNKI, and Wan Fang Database) databases. Screening of literature and extraction of data were independently performed by two researchers. The modified methodological index for non-randomized studies (MINORS) was used to assess the quality.

Results: A total of eight studies were eligible, namely, four prospective and four retrospective studies. TKA resulted in a negative clinical effect in the ankle joint in patients with ankle osteoarthritis. Seven studies reported changes in the mechanical tibiofemoral angle, and four studies reported radiological changes in the hindfoot. The mean score of the MINORS was 9.8 out of eight (9–11).

Conclusion: As a result of the correction of the knee osteoarthritis with severe varus deformity following mechanically aligned TKA, the radiological malalignment of the ankle joint was improved. However, some patients experience increased ankle pain after undergoing TKA, especially, if there was a residual knee varus deformity, a stiff hindfoot with varus deformity, or ankle arthritis.

Keywords: systematic review, ankle, knee osteoarthritis, varus knee, total knee arthroplasty


INTRODUCTION

Concomitant ankle osteoarthritis (OA) is frequently found in patients who undergo TKA, which is a classic surgery for elderly patients, who have experienced knee osteoarthritis (KOA), with multiple joint degenerative changes (1–3). Furthermore, malalignment of the knee joint caused by KOA could induce ankle tilt that would further aggravate ankle OA (4). Nonetheless, a few patients experienced increased or newly developed ankle pain after TKA (5). Surgeons lack a comprehensive consideration of the ankle condition of the patient when performing TKA.

Most of the patients with knee arthritis who undergo TKA have varying degrees of knee joint deformity, which may be associated with hindfoot deformity (6–8). Previous studies reported an association between varus alignment of the knee joint and valgus alignment of the hindfoot in patients with KOA (7, 8). Because the mild deformity of the knee joint can be compensated by the subtalar joint (8), the knee joint alignment modification after TKA can affect the hindfoot alignment. Previous studies have demonstrated that improvements in the hindfoot alignment have been observed in patients who experience OA after TKA (7, 9, 10). However, hindfoot valgus may show little improvement and persist after TKA (7, 9).

Patients with a hindfoot deformity present a particular challenge when undergoing TKA. Clarifying the relationship between hindfoot alignment and TKA is useful to change the current state. Thus, this systematic review attempted to assess prospective and retrospective cohort studies to determine the relationship between the radiological changes and clinical symptoms of the ankle joint following acute correction of the lower alignment using TKA for severe varus knee.



METHODS


Literature Search

A systematic search was conducted in four English (PubMed, Embase, Cochrane Library, and Web of Science) and four Chinese (CBM, VIP, CNKI, and Wan Fang Database) databases from inception to December 2020 for relevant non-randomized controlled trials (nRCTs). The search was based on the following search terms: (“Arthroplasty, Replacement, Knee” OR “Total knee arthroplasty” OR “Knee replacement” OR “TKA”) AND (“varus knee”) AND (“ankle alignment” OR “ankle deformity” OR “hindfoot alignment” OR “hindfoot deformity”). Additional records were obtained by screening the references. Detailed inclusion and exclusion criteria were formulated to review the results of the search by two reviewers (Feng ZH W and Ma M); the abstract was screened first before reading the full text.



Literature Inclusion and Exclusion

The inclusion criteria were as follows: (1) nRCT, prospective or retrospective studies, and case control studies; (2) patients who underwent primary TKA as research participants; (3) with mechanical tibiofemoral angle (MTA), hindfoot alignment angle (HA), American Orthopedic Foot and Ankle Score (AOFAS), talar tilt (Tt), medial ankle joint space (MAJS), and medial ankle clear space (MACS) as indicators of the postoperative results; and (4) all retained studies should have the same hip knee ankle (HKA) goal, i.e., neutral mechanical alignment (MA). If not, the study should be excluded. The exclusion criteria were as follows: (1) diagnosis of a disease other than primary KOA; (2) KOA with valgus malalignment or rheumatoid arthritis; (3) history of femoral or tibial fractures in the past; (4) incomplete or missing research data; and (5) research data from animal experiments or theoretical analysis. Repeated publications, letters, case reports, comments, conference abstracts, or books were also excluded.



Data Extraction

We performed data extraction of all the included documents with predesigned tables, and all the studies were independently retrieved and assessed by two reviewers (ZH W Feng and M Ma). The extracted data should include the following: (1) title, first author, publication time, study design, clinical indicators, and radiological indicators; (2) patient characteristics such as number of patients, age, sex, number of patients who underwent TKA, and follow-up time; and (3) study details such as clinical results, radiological results, and conclusions. The extracted information was cross-checked to ensure accuracy. When there were disagreements, the decision was made by a third person.



Quality Assessment

The methodological quality of nRCTs was assessed using the modified MINORS (11). Eight questions for the nRCTs were used to score the relevant aspects of each study: a clear research purpose (I), continuous follow-up of patients (II), prospective research (III), suitable research purpose (IV), unbiased assessment of the research outcome (V), an appropriate follow-up period for the study (VI), the lost-to-follow-up rate was < 5% (VII), and perform a prospective calculation of the sample size (VIII).

The score criteria are as follows: not reported scored as 0, reported but inadequate scored as 1, and reported and adequate scored as 2. The MINORS score was assessed separately by the two reviewers (ZH W Feng and M Ma). Then, the categories were determined according to the study by Ekhtiari et al. (12): “0–4 points” were categorized as very low; “5–8 points” as low; “9–12 points” as good; and “13–16 points” as excellent.




RESULTS


Study Selection

A total of 733 studies were included in this study. After removing 277 duplicates, the titles, abstracts, and full articles were screened, and 425 studies were further excluded. A total of eight eligible articles were considered for further analysis. The results of the study selection process are presented in Figure 1.


[image: Figure 1]
FIGURE 1. Flowchart for the identification of eligible studies.




Study Characteristics

A total of 913 patients and 1,157 knees were included in the eligible studies. All included studies were observational studies, and their publication years ranged from 2012 to 2019. The follow-up duration was extended from 6 months to 3 years. Tables 1, 2 show the characteristics of the included study.


Table 1. Study details.
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Table 2. Study details.
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Quality Assessment

We used the MINORS criteria to assess the methodological quality of the nRCTs. The categories were determined according to the research of Ekhtiari et al. (12). The quality evaluation of the included research literature is shown in Table 3.


Table 3. MINORS score.
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Research Details

After removing duplicate studies and applying the inclusion and exclusion criteria, eight studies were eligible for further analysis (Figure 1). The eligible studies included a total of 913 patients and 1,157 knees, which included four prospective cohort studies (13, 16, 17, 19) and four retrospective studies (5, 14, 15, 18). Seven studies (5, 13–17, 19) only studied the varus KOA, and one study (18) investigated both varus and valgus KOA. The characteristics of the eligible studies were extracted by two researchers (Table 1).

All the clinical and radiological outcomes of the knee and hindfoot after TKA are shown in Table 2. Four studies (5, 14, 17, 19) have reported the specific clinical outcomes of the knee and hindfoot after TKA. Okamoto et al. (5) reported that patients with hindfoot deformity after TKA would have a significant improvement in Knee Society Score, Knee Society Functional Score, and AOFAS. Chang et al. (14) reported that patients with ankle OA experienced increased ankle pain and poor clinical prognosis after TKA. Meanwhile, Palanisami et al. (17) reported that the Oxford Knee Score and AOFAS of patients with foot deformities after TKA significantly improved. Kim et al. (19) also reported that a persistent ankle varus deformity could be attributed to increased ankle pain after TKA.

Seven studies (5, 13–17, 19) compared the change in MTA pre- and postoperative, which found significant postoperative improvement of MTA after TKA. Five studies (13, 14, 16, 17, 19) included a radiological analysis of HA before and after TKA, and found significant improvement in hindfoot deformity. Cho et al. (13) also found that there was a weak negative correlation between the preoperative HA and MTA (−0.484, p < 0.001), and a very weak correlation between the postoperative MTA and postoperative HA at 6 weeks (−0.147, p = 0.040). Six studies (5, 14–16, 18, 19) included a radiological analysis of pre- and postoperative Tt, which found significant improvement. Lee et al. (18) found that the incidence of ankle arthritis would obviously increase when the preoperative Tt was closer to the ankle medial or when the angle of correction was greater after TKA. Lastly, three studies (14, 18, 19) included a radiological analysis of MAJS and MACS pre- and postoperatively, which showed a significant difference.




DISCUSSION

Traditionally, obtaining a neutral lower limb alignment after a TKA was perceived as the ideal goal (20–23). However, since very few individuals have such anatomy, it implies a significant modification for most. Freeman et al. (24) first introduced the concept of right-angled femoral and tibial bone cuts in TKA-MA. Subsequently, Scuderi et al. (25), raised the importance of balancing the resulting medial–lateral and flexion–extension joint gaps. MA technique gradually became the gold standard in TKA. However, the recent studies found that MA-TKA generates disappointing efficacies (26, 27), probably due to MA-TKA produces a non-physiological prosthetic knee by changing the native anatomy, physiological ligament balance, and kinematics (28–31). Stephen Howell developed the kinematic alignment (KA) technique (28, 30). KA-TKA aims to generate a more physiological prosthetic knee joint by restoring the inherent knee joint anatomy and physiological soft tissue balance of the individual. Several studies have suggested that KA-TKA can accurately locate the position of the prosthesis (32), and also restore the native anatomy of the knee (32, 33) and physiological laxity (34, 35). The ultimate goal of TKA is to restore the anatomy and kinematics of native knees and provide a forgotten joint.

Recent studies have found that the alignment of the ankle joint and hindfoot could be affected by the malalignment of the lower limb (4, 5, 8, 36, 37). Moreover, the hindfoot deformity is closely associated with the lower limb alignment (38), and the clinical symptoms and radiographic outcome changes of the ankle joint and hindfoot in patients who underwent TKA would be influenced by changes in lower limb alignment (5). Chang et al. (14) found that there was less radiographic alignment change in the ankle and hindfoot when patients had ankle OA and increased ankle pain after TKA; and patients with a stiff hindfoot who underwent TKA experienced increased ankle pain, probably because of the inability to reorient the ankle after TKA. Nevertheless, different findings have been reported by these studies, but there have been no comprehensive reviews of this issue in the literature so far.

In this systematic review, we found that TKA may affect the clinical and radiological outcomes of patients with hindfoot deformity before TKA. In addition, the HA before TKA had a weak negative correlation with MTA (13). Clinically, four studies (5, 14, 17, 19) detected an obvious improvement in AOFAS at the hindfoot after TKA. However, increased ankle pain after TKA has also been reported in the patients with ankle OA or persistent knee deformity (14, 19). When patients have a residual deformity and pain of the hindfoot 6 weeks after TKA, they must receive active treatment because further improvement cannot be expected (13). Furthermore, five studies (13, 14, 16, 17, 19) reported an obvious radiological improvement in hindfoot alignment after TKA. Kim et al. (19) also reported a relationship between residual varus deformity and ankle pain after TKA.

Figure 2 shows the flowchart for the general treatment of patients with knee varus and ankle stiffness before and after TKA. Before TKA, the clinicians should perform clinical and radiological examinations of the ankle/hindfoot. If the patient has clinical or imaging problems with the ankle/hindfoot, the clinicians should inform the patient about the results and provide some treatment before and after TKA. If the patient does not have ankle/hindfoot problems before TKA, the clinician should tell them about possible problems after TKA. Patients should be informed and treated when discomfort occurs.


[image: Figure 2]
FIGURE 2. Flowchart in patients undergoing TKA.


This study has several limitations. First, eligible papers according to the search criteria used were not identified completely. Second, the eligible studies found for this systematic review had a relatively small number and a relatively high heterogeneous group, which could not be studied by meta-analysis. Third, the follow-up time in two studies (16, 17) was <2 years, which limited the ability to draw a long-term conclusion.

In conclusion, an improvement in the clinical function and radiological alignment of the hindfoot can be achieved following TKA. However, when patients had concomitant ankle OA with hindfoot stiffness, there is an increased ankle pain and a worse clinical outcome after TKA.

Therefore, the comprehensive preoperative evaluation of surgeons of the ankles of patients who complain of pain pre- and postoperatively and the correction of alignment during TKA should be given careful attention.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

ZF and MM worked on literature search, study review, and manuscript draft. YW, CY, and ZL prepared the tables and figures. YX worked on manuscript review, process supervision, and draft revision. All authors have read and approved the final manuscript.



FUNDING

This study was supported by the National Natural Science Foundation of China (81874017, 81960403, and 82060405); the Natural Science Foundation of Gansu Province of China (20JR5RA320); the Cuiying Scientific and Technological Innovation Program of Lanzhou University Second Hospital (CY2017-ZD02).



REFERENCES

 1. Ranawat CS, Park CN, White PB, Meftah M, Bogner EA, Ranawat AS. Severe hand osteoarthritis strongly correlates with major joint involvement and surgical intervention. J Arthroplasty. (2016) 31:1693–7. doi: 10.1016/j.arth.2016.01.044

 2. Tallroth K, Harilainen A, Kerttula L, Sayed R. Ankle osteoarthritis is associated with knee osteoarthritis. Conclusions based on mechanical axis radiographs. Archiv Orthopaed Trauma Surg. (2008) 128:555–60. doi: 10.1007/s00402-007-0502-9

 3. Cho HJ, Morey V, Kang JY, Kim KW, Kim TK. Prevalence and risk factors of spine, shoulder, hand, hip, and knee osteoarthritis in community-dwelling Koreans Older Than Age 65 years. Clin Orthopaed Relat Res. (2015) 473:3307–14. doi: 10.1007/s11999-015-4450-3

 4. 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) 85:228–32. doi: 10.1016/j.ejrad.2015.11.021

 5. Okamoto Y, Otsuki S, Jotoku T, Nakajima M, Neo M. Clinical usefulness of hindfoot assessment for total knee arthroplasty: persistent post-operative hindfoot pain and alignment in pre-existing severe knee deformity. Knee Surg Sports Traumatol Arthrosc. (2017) 25:2632–9. doi: 10.1007/s00167-016-4122-1

 6. Desai SS, Shetty GM, Song H-R, Lee SH, Kim TY, Hur CY. Effect of foot deformity on conventional mechanical axis deviation and ground mechanical axis deviation during single leg stance and two leg stance in genu varum. Knee. (2007) 14:452–7. doi: 10.1016/j.knee.2007.07.009

 7. Mullaji A, Shetty GM. Persistent hindfoot valgus causes lateral deviation of weightbearing axis after total knee arthroplasty. Clin Orthopaed Relat Res. (2011) 469:1154–60. doi: 10.1007/s11999-010-1703-z

 8. Norton AA, Callaghan JJ, Amendola A, Phisitkul P, Wongsak S, Liu SS, et al. Correlation of knee and hindfoot deformities in advanced knee OA: compensatory hindfoot alignment and where it occurs. Clin Orthopaed Relat Res. (2015) 473:166–74. doi: 10.1007/s11999-014-3801-9

 9. Chandler JT, Moskal JT. Evaluation of knee and hindfoot alignment before and after total knee arthroplasty: a prospective analysis. J Arthroplasty. (2004) 19:211–6. doi: 10.1016/j.arth.2003.09.007

 10. Hara Y, Ikoma K, Arai Y, Ohashi S, Maki M, Kubo T. Alteration of hindfoot alignment after total knee arthroplasty using a novel hindfoot alignment view. J Arthroplasty. (2015) 30:126–9. doi: 10.1016/j.arth.2014.07.026

 11. Slim K, Nini E, Forestier D, Kwiatkowski F, Panis Y, Chipponi J. Methodological index for non-randomized studies (minors): development and validation of a new instrument. ANZ J Surg. (2003) 73:712–6. doi: 10.1046/j.1445-2197.2003.02748.x

 12. Ekhtiari S, Horner NS, Bedi A, Ayeni OR, Khan M. The learning curve for the latarjet procedure: a systematic review. Orthop J Sports Med. (2018) 6:2325967118786930. doi: 10.1177/2325967118786930

 13. Cho WS, Cho HS, Byun SE. Changes in hindfoot alignment after total knee arthroplasty in knee osteoarthritic patients with varus deformity. Knee Surg Sports Traumatol Arthrosc. (2017) 25:3596–604. doi: 10.1007/s00167-016-4278-8

 14. Chang CB, Jeong JH, Chang MJ, Yoon C, Song MK, Kang SB. Concomitant ankle osteoarthritis is related to increased ankle pain and a worse clinical outcome following total knee arthroplasty. J Bone Joint Surg Am. (2018) 100:735–41. doi: 10.2106/JBJS.17.00883

 15. Gursu S, Sofu H, Verdonk P, Sahin V. Effects of total knee arthroplasty on ankle alignment in patients with varus gonarthrosis: do we sacrifice ankle to the knee? Knee Surg Sports Traumatol Arthrosc. (2016) 24:2470–5. doi: 10.1007/s00167-015-3883-2

 16. Jeong BO, Kim TY, Baek JH, Jung H, Song SH. 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) 26:3230–7. doi: 10.1007/s00167-018-4840-7

 17. Palanisami DR, Rajasekaran RB, Reddy PK, Natesan R, Sethuraman A, Rajasekaran S. Foot loading pattern and hind foot alignment are corrected in varus knees following total knee arthroplasty: a pedobarographic analysis. Knee Surg Sports Traumatol Arthrosc. (2020) 28:1861–7. doi: 10.1007/s00167-019-05629-6

 18. Lee JH, Jeong BO. Radiologic changes of ankle joint after total knee arthroplasty. Foot Ankle Int. (2012) 33:1087–92. doi: 10.3113/FAI.2012.1087

 19. Kim CW, Gwak HC, Kim JH, Lee CR, Kim JG, Oh M, et al. Radiologic factors affecting ankle pain before and after total knee arthroplasty for the varus osteoarthritic knee. J Foot Ankle Surg. (2018) 57:865–9. doi: 10.1053/j.jfas.2018.02.002

 20. Abdel MP, Oussedik S, Parratte S, Lustig S, Haddad FS. Coronal alignment in total knee replacement: historical review, contemporary analysis, and future direction. Bone Joint J. (2014) 96-B:857–62. doi: 10.1302/0301-620X.96B7.33946

 21. Li Z, Esposito CI, Koch CN, Lee Y-Y, Padgett DE, Wright TM. Polyethylene damage increases with varus implant alignment in posterior-stabilized and constrained condylar knee arthroplasty. Clin Orthopaed Relat Res. (2017) 475:2981–91. doi: 10.1007/s11999-017-5477-4

 22. van Hamersveld KT, Marang-van de Mheen PJ, Nelissen RGHH. The effect of coronal alignment on tibial component migration following total knee arthroplasty: a cohort study with long-term radiostereometric analysis results. J Bone Joint Surg Am. (2019) 101:1203–12. doi: 10.2106/JBJS.18.00691

 23. Almaawi AM, Hutt JRB, Masse V, Lavigne M, Vendittoli PA. The impact of mechanical and restricted kinematic alignment on knee anatomy in total knee arthroplasty. J Arthroplasty. (2017) 32:2133–40. doi: 10.1016/j.arth.2017.02.028

 24. Freeman MA, Swanson SA, Todd RC. Total replacement of the knee using the Freeman-Swanson knee prosthesis. 1973. Clin Orthop Relat Res. (2003) 2003:4–21. doi: 10.1097/01.blo.0000093886.12372.74

 25. Scuderi GR, Scott WN, Tchejeyan GH. The insall legacy in total knee arthroplasty. Clin Orthop Relat Res. (2001) 2001:3–14. doi: 10.1097/00003086-200111000-00002

 26. Carr AJ, Robertsson O, Graves S, Price AJ, Arden NK, Judge A, et al. Knee replacement. Lancet. (2012) 379:1331–40. doi: 10.1016/S0140-6736(11)60752-6

 27. Collins M, Lavigne M, Girard J, Vendittoli PA. Joint perception after hip or knee replacement surgery. Orthop Traumatol Surg Res. (2012) 98:275–80. doi: 10.1016/j.otsr.2011.08.021

 28. Rivière C, Lazic S, Boughton O, Wiart Y, Vïllet L, Cobb J. Current concepts for aligning knee implants: patient-specific or systematic? EFORT Open Rev. (2018) 3:1–6. doi: 10.1302/2058-5241.3.170021

 29. Rivière C, Iranpour F, Auvinet E, Aframian A, Asare K, Harris S, et al. Mechanical alignment technique for TKA: are there intrinsic technical limitations? Orthop Traumatol Surg Res. (2017) 103:1057–67. doi: 10.1016/j.otsr.2017.06.017

 30. Rivière C, Iranpour F, Auvinet E, Howell S, Vendittoli PA, Cobb J, et al. Alignment options for total knee arthroplasty: a systematic review. Orthop Traumatol Surg Res. (2017) 103:1047–56. doi: 10.1016/j.otsr.2017.07.010

 31. Blakeney W, Beaulieu Y, Puliero B, Kiss MO, Vendittoli PA. Bone resection for mechanically aligned total knee arthroplasty creates frequent gap modifications and imbalances. Knee Surg Sports Traumatol Arthrosc. (2020) 28:1532–41. doi: 10.1007/s00167-019-05562-8

 32. Rivière C, Iranpour F, Harris S, Auvinet E, Aframian A, Chabrand P, et al. The kinematic alignment technique for TKA reliably aligns the femoral component with the cylindrical axis. Orthop Traumatol Surg Res. (2017) 103:1069–73. doi: 10.1016/j.otsr.2017.06.016

 33. Nedopil AJ, Singh AK, Howell SM, Hull ML. Does calipered kinematically aligned TKA restore native left to right symmetry of the lower limb and improve function? J Arthroplasty. (2018) 33:398–406. doi: 10.1016/j.arth.2017.09.039

 34. Shelton TJ, Howell SM, Hull ML. A total knee arthroplasty is stiffer when the intraoperative tibial force is greater than the native knee. J Knee Surg. (2019) 32:1008–14. doi: 10.1055/s-0038-1675421

 35. Koh IJ, Lin CC, Patel NA, Chalmers CE, Maniglio M, Han SB, et al. Kinematically aligned total knee arthroplasty reproduces more native rollback and laxity than mechanically aligned total knee arthroplasty: a matched pair cadaveric study. Orthop Traumatol Surg Res. (2019) 105:605–11. doi: 10.1016/j.otsr.2019.03.011

 36. Lee KM, Chang CB, Park MS, Kang SB, Kim TK, Chung CY. Changes of knee joint and ankle joint orientations after high tibial osteotomy. Osteoarthritis Cartilage. (2015) 23:232–8. doi: 10.1016/j.joca.2014.11.001

 37. 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) 24:107–15. doi: 10.1016/j.knee.2016.09.023

 38. Burssens ABM, Buedts K, Barg A, Vluggen E, Demey P, Saltzman CL, et al. Is lower-limb alignment associated with hindfoot deformity in the coronal plane? a weightbearing CT analysis. Clin Orthopaed Relat Res. (2020) 478:154–68. doi: 10.1097/CORR.0000000000001067

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Feng, Ma, Wang, Yang, Liu and Xia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 17 September 2021
doi: 10.3389/fsurg.2021.690803






[image: image2]

Fluid Homeostasis May Predict the Prognosis of Non-infectious Fever After Total Knee Arthroplasty Within 7-Day: A Retrospective Cohort Study

Nafei Xu1,2†, Taotao Xu3†, Xiaoxue Tan4, Lujie Xu5, Menghua Ye1, Yue Pan1, Peijian Tong3, Xueqin Hu3,6* and Min Xu1,7*


1School of Nursing, Zhejiang Chinese Medical University, Hangzhou, China

2Department of Health and Tourism, Hangzhou Wanxiang Polytechnic, Hangzhou, China

3Department of Orthopedic Surgery, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China

4Department of Hematology, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China

5Department of Psychiatry, Faculty of Medicine & Dentistry, University of Alberta, Edmonton, AB, Canada

6Institute of Orthopadics and Traumatology, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China

7Department of Administration, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China

Edited by:
Jibanananda Satpathy, Virginia Commonwealth University Health System, United States

Reviewed by:
Hong Chen, First Affiliated Hospital of Chongqing Medical University, China
 Jianqiu Xiao, Washington University in St. Louis, United States
 Yan Zhang, Xi'an Jiaotong University, China

*Correspondence: Min Xu, yudi1212@163.com
 Xueqin Hu, 549772853@qq.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Orthopedic Surgery, a section of the journal Frontiers in Surgery

Received: 04 April 2021
 Accepted: 16 August 2021
 Published: 17 September 2021

Citation: Xu N, Xu T, Tan X, Xu L, Ye M, Pan Y, Tong P, Hu X and Xu M (2021) Fluid Homeostasis May Predict the Prognosis of Non-infectious Fever After Total Knee Arthroplasty Within 7-Day: A Retrospective Cohort Study. Front. Surg. 8:690803. doi: 10.3389/fsurg.2021.690803



Background: In the perioperative management of Total Knee Arthroplasty (TKA), postoperative fever has always been a concern. Current research focuses on infectious fever, and there is no relevant research on the occurrence of non-infectious fever (NIF) and its risk factors. Hence, the aim of this study was to clarify the risk factors for NIF after TKA, and construct an easy-to-use nomogram.

Methods: A retrospective cohort study was conducted. Consecutive patients undergoing primary unilateral TKA were divided into the non-infectious fever group and the control group. Clinicopathological characters were collected from electronic medical records. Univariate Logistic regression was used to analyze the related independent risk factors. The optimal threshold for each selected factor and combined index was determined when the Youden index achieved the highest value. And the predictive nomogram was developed by these independent factors.

Results: Ultimately, 146 patients were included in this study. Of them, 57 (39.04%) patients experienced NIF. Results of the univariable logistic regression analysis indicated that intraoperative blood loss (OR, 1.002; 95% CI, 1.000–1.0004), postoperative drainage fluid volume (OR, 1.003; 95% CI, 1.001–1.006) and frequency of blood transfusion (n = 1; OR, 0.227; 95% CI, 0.068–0.757) were independent risk factors of NIF occurrence. The predictive nomogram that incorporated the above independent risk factors was developed, and it yielded an areas under the curves (AUC) of 0.731 (95% CI: 0.651–0.801; P < 0.0001) with 54.39% sensitivity and 82.02% specificity.

Conclusions: Non-infectious fever after TKA prolongs the time of antibiotic use and hospital stay. Our results demonstrated that the nomogram may facilitate to predict the individualized risk of NIF occurrence within 7-day by intraoperative blood loss, postoperative drainage fluid volume and frequency of blood transfusion.

Keywords: total knee arthroplasty, risk factors, nomogram, fluid homeostasis, non-infectious fever


INTRODUCTION

Total Knee Arthroplasty (TKA) can improve joint mobility, correct deformities and restore joint function, and is recognized as the best treatment option for end-stage osteoarthritis (OA) (1–3). With the improvement of the quality of life for OA patients, the demand for knee replacement has greatly increased (4). In the perioperative management of this surgery, postoperative fever has always been a concern (5, 6). Infectious fever (IF) has been paid much more attention by scholars whereas non-infectious fever (NIF) has much less (7). In fact, non-infectious fever, majority of the fever after arthroplasty, is common in clinical practice (8). Non-infectious fever usually refers to the negative bacterial culture of blood, urine, sputum and joint cavity puncture fluid accompanied by fever symptoms (9). Limited studies have found that non-infectious factors such as tissue damage, drug and blood transfusion reactions, anemia, and deep vein thrombosis can all stimulate the body's release of inflammatory mediators and increase body temperature, but the primary and secondary relations of various factors is still unclear (10). Moreover, there are currently no reliable markers to predict the prognosis of NIF.

Clinically, patients with postoperative fever may prompt expensive invasive tests to determine whether it is an infection, but studies have shown that 76–98% of patients have negative test results (11). It can be seen that non-infectious fever is the main body of fever after TKA, and current research focuses on infectious fever, and there is no relevant research on the occurrence of non-infectious fever and its risk factors. By analyzing the risk factors of non-infectious fever after TKA, the perioperative management plan for elective surgery can be optimized, the occurrence of postoperative fever can be reduced, and the patient's prognosis can be improved.

Connecting with the practical situation, this paper probes into the easily monitored risk factors, which could affect fluid balance and blood volume, like intraoperative blood loss, blood transfusion and postoperative drainage fluid volume. These factors correlated significantly with fluid homeostasis of the organism, a key factor in maintaining thermoregulatory capacity (12, 13).

Therefore, the clinical data of patients undergoing primary unilateral knee replacement in our hospital were collected retrospectively in this study, aiming to clarify the risk factors for non-infectious fever of primary unilateral TKA, and constructed an easy-to-use nomogram for the risk of occurrence.



METHODS


Participants

From July 2018 to December 2019, 183 patients undergoing knee replacement were admitted to the Department of Orthopadics and Traumatology of the First Affiliated Hospital of Zhejiang Chinese Medical University.

Inclusion criteria included: (1) Diagnosed as knee osteoarthritis; (2) Using artificial knee joint replacement or total knee replacement; (3) First unilateral surgery; (4) Postoperative chest radiograph, hematuria, articular cavity puncture and other examinations showed no obvious signs of infection. Exclusion criteria included: (1) Patients undergoing unicondylar replacement surgery; (2) Severe perioperative complications, such as myocardial infarction, stroke, diffuse intravascular coagulation disorder, shock or pulmonary embolism, etc.; (3) Incomplete case data records.



Data Collection
 
Baseline Data and Drug Use Before TKA

Gender, age, diagnosis, past medical history (hypertension, diabetes, hyperlipidemia, cerebrovascular disease, etc.), preoperative chest radiograph, blood routine, urine routine and medication use (antibiotics, non-steroidal anti- inflammatory analgesics).



Operation Record

Surgeon, operation time, operation duration, prosthesis company, intraoperative blood loss, and blood transfusion.



Stay of Hospital, Postoperative Complications, and Related Parameters

Total length of hospital stay, postoperative complications (arrhythmia, myocardial infarction, stroke, diffuse intravascular coagulopathy, shock or pulmonary embolism, etc.), postoperative drainage fluid volume, postoperative body temperature and duration of antibiotic use.

From the day after the operation to the 7th day, the nurse used an infrared tympanic thermometer to collect and record the patient's body temperature. The temperature is measured at least 4 times a day (6:00, 10:00, 14:00, 18:00). In addition, this study defines non-infectious fever as: the body temperature measured at any point within 7-days after surgery is equal to or higher than 38.0°C, and negative chest x-ray, urine culture, blood culture, or other interventions included joint aspiration, Doppler ultrasound, or chest computed tomography (14).

The study was approved by the Ethics Committee of the First Affiliated Hospital of Zhejiang Chinese Medical University (Ethical approval ID: 2018-KL-018-01).




Statistics

Data were analyzed using Statistical Package for Social Sciences (SPSS Windows version. 21.0; SPSS Inc., Chicago, IL., USA) R statistical software (version 3.3.3, https://www.r-project.org). Combined with the normal test chart, Kolmogorov-Smirnov (K-S) results are used to determine whether the measurement data obey a normal distribution. Normally distributed measurement data is represented by the Mean ± Standard Deviation (M ± SD), and skewed distribution measurement data is represented by the Mean (25 percentile, 75 percentile), that is, M (P25, P75). For comparison between groups, independent-sample t-test and Mann-Whitney U test were used for measurement data according to whether they obey normal distribution, and chi-square test was used for count data. For the variables with statistical significance, the two-class single-factor Logistic regression was used to analyze the related independent risk factors. Receiver operating characteristic (ROC) curves, including the area under the areas under the curves (AUC) and its 95% confidence interval (95% CI), were analyzed to evaluate the performance of prognostic prediction. The optimal threshold for each selected factor and combined index was determined when the Youden index achieved the highest value (15). Based on the differences, the optimal model was selected, and then parameter estimates of this model were then used for constructing a nomogram using the “rms” package (16). Statistical significance was set at α = 0.05.




RESULTS

Verified the 203 selected participants, 16 patients underwent knee unicondylar replacement or revision surgery, 13 patients had postoperative fever caused by specific drugs for osteoporosis or infection, and 28 patients had incomplete data. Finally, 146 patients were included in this study (Figure 1).


[image: Figure 1]
FIGURE 1. This is a flow diagram illustrating patient inclusion. NIF, non-infectious fever.



Clinical Characteristics of Study Subjects

Demographics are available in Table 1 and are summarized here. The mean age of participants was 66.71 ± 8.89 years (range, 44–81 years); the majority of participants were female (78.08%, 114/146) and male (21.91%, 32/146); 57 (39.04%) patients experienced NIF. According to the presence or absence of the primary endpoint, the patients were categorized into the non-infectious fever group (57 patients) and the control group (89 patients). There was no difference in the demographic characteristics between the two groups for age, gender or comorbidities.


Table 1. Comparison of relative factors between the non-infectious fever group and the control group after total knee arthroplasty.

[image: Table 1]

Intraoperative blood loss, postoperative drainage fluid volume, frequency of blood transfusion, duration of antibiotic use and total length of hospital in the control were significantly different from those in the NIF group, however, blood transfusion and operation duration were similar.



Risk Factors of NIF Occurrence

Then, we performed further univariable logistic analysis using the factors with a P < 0.05 in the comparison between groups. Results of the univariable logistic regression analysis indicated that intraoperative blood loss (OR, 1.002; 95% CI, 1.000–1.0004), postoperative drainage fluid volume (OR, 1.003; 95% CI, 1.001–1.006) and frequency of blood transfusion (n = 1; OR, 0.227; 95% CI, 0.068–0.757) were independent risk factors of NIF occurrence, and display the results with a forest map (Table 2).


Table 2. Univariate logistic regression analysis of risk factors.

[image: Table 2]



Predictive Performance of the Intraoperative Blood Loss, Postoperative Drainage Fluid Volume, Frequency of Blood Transfusion and Combined Index

ROC curve analysis was used to analyze the predictive performance of the intraoperative blood loss, postoperative drainage fluid volume, frequency of blood transfusion and Combined Index (Figure 2). The optimal cut-offs and corresponding sensitivity and specificity are listed in Table 3. As expected, Combined Index yielded an AUC of 0.731 (95% CI: 0.651–0.801; P < 0.0001) with 54.39% sensitivity and 82.02% specificity, suggesting that the prognostic model had good sensitivity and specificity in predicting patients 7-day endpoint.


[image: Figure 2]
FIGURE 2. ROC curve analysis using the intraoperative blood loss (A), postoperative drainage fluid volume (B), frequency of blood transfusion (C), and Combined Index (D) for predicting the 7-day endpoint. Combined Index was chosen as the optimal model (E). ROC, receiver operating characteristic.



Table 3. Predictive performance of the intraoperative blood loss, postoperative drainage fluid volume, frequency of blood transfusion and Combined Index.

[image: Table 3]



Nomogram Construction

The predictive nomogram that incorporated the above independent risk factors was developed and is depicted in Figure 3. For the Clinical medical and nursing staff, the plot was available to locate a patient's intraoperative blood loss, postoperative drainage fluid volume and frequency of blood transfusion in each axis; to draw a line straight upward to the point axis and sum up the total points; and then to draw a line straight downward to determine the patient's risk for non-infectious fever of primary unilateral TKA. For example, a patient with a 600 ml intraoperative blood loss (25 points), 800 ml postoperative drainage fluid volume (45 points) and one time blood transfusion (15 points) underwent primary unilateral TKA, his total occurrence points were 75, with an approximated 7-day non-infectious fever occurrence probability of 88%. The ROC curve depicted in Figure 2D shows that derived nomogram performed well when compared to the actual results (AUC = 0.731).


[image: Figure 3]
FIGURE 3. Nomogram plot of NIF probabilities within 7-day was demonstrated. NIF, non-infectious fever.





DISCUSSION

To the best of our knowledge, this is the first study to explore the occurrent risk factors and construct an easy-to-use nomogram for NIF. This study retrospectively analyzed 146 patients after TKA, 57 patients developed non-infectious fever after surgery, the incidence was 39.04%, which was in line with the previous literature reports of 40%-50% (10). And the study clarified the harm of fever to patients, including prolonging the hospital stay of patients after TKA and the duration of antibiotic use. In addition, clinical observation found that non-infectious fever can cause panic in patients, affect doctors' clinical judgment or other interventions may have been performed.

Compared with non-infectious fever, transient postoperative hyperthermia has self-healing tendency, will not repeat, and is easy to be controlled by preventive antibiotics, However, non-infective fever is characterized by persistent POF and negative CXR, UC, and BC.

In the present study 11 related factors were included, results of the univariable logistic regression analysis indicated that intraoperative blood loss, postoperative drainage fluid volume and frequency of blood transfusion were independent risk factors of NIF occurrence. This result is similar to the results of Lu et al. (17), Kennedy et al. (18), Ishii et al. (19), and the incidence of fever after TKA is relatively high in cases of body fluid imbalance. However, Pan et al. found that reducing allogeneic blood transfusion may help prevent fever complications, especially in large orthopedic surgery (20). In addition, the amount of fluid drained after surgery is usually related to local vascular damage, wound exudation and metal stimulation. Andres et al. found that the bleeding and exudation of the surgically injured area will stimulate local inflammation, promote tumor necrosis factor, interleukin and other cytokines in the body, promote the production of endogenous heat sources, and cause the patient's body temperature to rise (21).

In addition, the entire research cycle is controlled within 2 years, and operation duration between the two groups were similar, which reduces the variable differences between the two groups to a certain extent and improves the reliability of the research results. However, there are several drawbacks to this study. First, as a retrospective design, our study has a certain selection bias; Second, as a single-center study, the number of included cases is small; Third, the included factors are still not comprehensive enough, and the relevant parameters of medical records, such as various inspection and laboratory results, are not fully included. Therefore, its clinical value requires further verification.



CONCLUSION

To sum up, non-infectious fever after TKA prolongs the time of antibiotic use and hospital stay, which seriously affects the medical cost after surgery. We developed a nomogram to predict the individualized risk of NIF occurrence by intraoperative blood loss, postoperative drainage fluid volume and frequency of blood transfusion. This nomogram was well-fitted. Our well-fitted nomogram suggests that physicians should pay attention to fluid balance and weigh blood transfusion decisions, which is of great significance to reduce non-infectious fever after TKA.
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Background: Total knee arthroplasty (TKA) is now frequently performed and is highly successful. However, patient satisfaction after TKA is often difficult to achieve. Because of the presence of metallic prosthetic knee joints, there is a lack of imaging tools that can accurately assess the patient's postoperative prosthetic position, soft tissue impingement, and periprosthetic bone density after TKA. We conducted a clinical trial of the world's first totally modular polyetheretherketone (PEEK) TKA and determined the bone density values in the stress concentration area around the prosthesis based on postoperative computed tomography data to reconstruct a three-dimensional model of the PEEK prosthetic knee joint after implantation. Based on the model, the overhang of the prosthesis was measured at various locations on the prosthesis.

Methods: All patients who underwent PEEK-based TKA were postoperatively assessed with radiography and computed tomography (CT). Hounsfield units (HUs) for the different components of the quantitative CT assessment were measured separately.

Results: Ten patients (nine female and one male) aged 59–74 (mean 66.9, median 67) years were included. The HU values were as follows: PEEK prosthesis mean 182.95, standard deviation (SD) 4.90, coefficient of variation (CV) 2.68; polyethylene mean −89.41, SD 4.14, CV −4.63; lateral femoral osteochondral mean 192.19, SD 55.05, CV 28.64; lateral tibial osteochondral mean 122.94, SD 62.14, CV 42.86; medial femoral osteophyte mean 180.76, SD 43.48, CV 24.05; and medial tibial osteophyte mean 282.59, SD 69.28, CV 24.52. Analysis of the data at 1, 3, and 6 months showed that the mean PE (p = 0.598) and PEEK (p = 0.916) measurements did not change with the time of measurement. There was a decrease in bone mineral density in the lateral tibia at 3 months (p = 0.044). Otherwise, there was no significant change in bone density in other regions (p = 0.124–0.803). There was no overhang in all femoral prostheses, whereas there were two cases of overhang in tibial prostheses. Overhang measurements do not differ significantly across time points. The overhang measurements were not significantly different at all time points (p = 0.186–0.967).

Conclusion: PEEK knee joint prosthesis has excellent CT compatibility. The change in periprosthetic bone volume during the follow-up period can be determined using the HU value after CT scan, while the prosthesis position can be assessed. This assessment may potentially guide future improvements in knee prosthesis alignment techniques and artificial knee prosthesis designs.

Keywords: arthroplasty, polyetheretherketone, computed tomography, bone density, prosthetic overhang


INTRODUCTION

Total knee arthroplasty (TKA) is one of the most successful orthopedic procedures for patients with end-stage arthritis, offering the opportunity to restore joint motion and improve the quality of life of older patients with knee osteoarthritis, severe rheumatoid arthritis, and tumors (1, 2). Traditional implants for total knee replacement primarily comprise titanium or cobalt-chromium alloys, forming the femoral and tibial components (1). Despite the decades-long history of success with metallic prostheses, there are still material defects that require improvement. For example, adverse reactions due to metal allergy have been reported after TKA in some patients (3–5).

The prevalence of contact allergy to nickel, cobalt and chromium in the population has been estimated at 13% (20% in women), 2.4%, and 1.1%, respectively (6–8). Eben et al. suggested that complications related to metal allergy are often underestimated, which reaches 29.6% (7). Complications associated with allergy to metal implants include dermatitis, poor wound healing, infection-like reactions, oozing, pain, and loosening (9). Although the mechanism by which metal allergy leads to TKA failure is unclear (10), there is consensus among surgeons to avoid postoperative discomfort, such as joint swelling, skin pruritus, and decreased range of motion (ROM), due to metal allergies.

Conversely, the stress-masking effect of the long-term fixation of metal prostheses cannot be avoided with bone cement fixation, which theoretically leads to the loss of bone volume around the prosthesis, resulting in periprosthetic bone resorption, pathological fractures, and loosening (2). The PEEK implant has a significantly lower stress-shielding effect compared to metal and the strain after implantation is not significantly different compared to intact bone (11). Bone loss due to metal implants is also considered a common side effect of frequent knee replacements (12–14). According to Wolff's law, this would be of great significance in avoiding loss of bone around the prosthesis. The imaging assessment of postoperative periprosthetic infection and aseptic loosening is hindered by the large metallic artifacts in imaging tests such as computed tomography (CT) and magnetic resonance imaging, which greatly limits the early diagnosis of infection and loosening after TKA. It is also difficult to accurately analyze the match of the prosthesis-osteointegration interface, prosthesis boundary, and osteotomy surface boundary after metal prosthesis placement, which may affect the development of high-performance artificial knee joint replacement technology.

Polyetheretherketone (PEEK), which has an elastic modulus more similar to bone than to metals (15, 16), better biocompatibility, and enables osteogenesis around the implant (17), has been used in intervertebral lumbar cages, screws, and cranial patches in orthopedic surgery (18). Moreover, research on PEEK as an artificial knee material has also progressed (19). A clinical trial of PEEK afemoral components and all-polyethylene tibial components has been reported recently (20), but there has been no clinical study about the totally modular PEEK knee joint prosthesis until now.

Our previous animal experiments demonstrated that cemented PEEK-on-highly cross-linked polyethylene (HXLPE) artificial knee joints have good biosafety in goat models (21). PEEK weight-bearing surfaces have better prevention of periprosthetic and contralateral cartilage degeneration than CoCrMo (cobalt-chromium-molybdenum alloy, vitallium) weight-bearing surface microprostheses (22). Bone density examination after PEEK artificial joint implantation showed an early periprosthetic femoral transient mild decrease, whereas no change was observed around the tibial prosthesis (21).

In 2016, Suzhou SinoMed Biomaterials Co., Ltd., China, in collaboration with Solvay, USA, developed the PEEK Knee system. Based on the positive results of the overall bio-completeness, in-vitro mechanical strength, and simulated wear experiments of the PEEK Knee system, we provided the PEEK artificial knee joint to 10 patients after obtaining ethical approval from the Shanghai Jiao Tong University School of Medicine, Renji Hospital Ethics Committee (KY2021-025). We performed X-ray, CT, and measurement studies on early prosthesis position, peripheral bone density, cement fixation status, and prosthesis-bone border matching after PEEK implantation to provide reliable methods and basic data for further quantitative imaging analyses for postoperative follow-up.



MATERIALS AND METHODS

The current trial was registered at ClinicalTrials.gov (NCT04927104) in June 2021. We conducted a one-arm parallel clinical exploratory study in adult patients undergoing PEEK TKA from June 2021 to July 2021 at a single center. Written consent for participation in the study was obtained from each patient.


Study Patients

All patients meeting the inclusion criteria were assessed for eligibility by three trained study coordinators. The inclusion criteria were as follows: (1) those aged 55–74 years; (2) patients who were skeletally mature; (3) patients with indications for TKA; and (4) patients whose diseased knee had not undergone TKA surgery. The exclusion criteria were as follows: (1) neuromuscular insufficiency that might have led to postoperative knee instability or gait abnormalities; (2) patients with bilateral knee disease who were expected to require bilateral knee replacement during the study (i.e., within the following 12 months); (3) alcohol or substance abusers; (4) those with a body mass index (BMI) of >35 kg/m2; (5) patients with severe diabetes mellitus (fasting glucose > 10 mmol/L); (6) pregnant or lactating women; and (7) those with other comorbidities that would have limited their participation in the study, prevented compliance with follow-up, or affected the scientific validity and integrity of the study. Ten patients were included in the first trial, in accordance with the inclusion criteria and clinical study design.

The 10 patients had a mean age of 66.9 (59–74) years, median age of 67 years, mean weight of 62.4 (53–89) kg, median weight of 60 kg, mean height of 158.4 cm, median height of 158.5 (148–175) cm, mean BMI of 24.87 (17.31–33.50) kg/m2, and median BMI of 24.72 kg/m2 (Supplementary Table 1).



Manufacturing the PEEK Prosthesis

The PEEK artificial knee joint consists of four parts: the femoral condyle (PEEK), tibial tray (PEEK), bearing (HXLPE), and patellar component (HXLPE). The femoral condyle and tibial tray were injection-molded from Solvay PEEK pellets and irradiated for sterilization. The bearing and patellar component were processed from Quadrant highly cross-linked polyethylene material and sterilized using ethylene oxide. The PEEK components and HXLPE bearing (Zeniva PEEK ZA-500, Chirulen HXLPE 1020X) were provided by Suzhou SinoMed Biomaterials Co. Ltd. (Figure 1).


[image: Figure 1]
FIGURE 1. The complete knee prosthesis consists of the PEEK femoral component, PEEK tibial component, and an all-polyethylene bearing. PEEK, polyetheretherketone.




Surgical Procedures

All procedures were performed under general anesthesia by the senior author. The surgical technique was the same for all the knee joints. All procedures were performed using an ~15-cm-long anterior skin incision at the midline of the knee.

Every patella underwent surface replacement, which was essentially guaranteed to be similar in thickness to the preoperative patella. An intramedullary femoral guide and an extramedullary tibial guide were used to adjust the force lines. The size and rotation of the components and bearing were selected using a joint spacer and tensor, respectively. All components were cemented. During each procedure, the surgeon routinely measured the fit of the prosthesis relative to the osteotomy margin after bone removal. The intraoperative C-arm X-ray machine revealed a good prosthesis position.



Radiographic Evaluation

Patients underwent preoperative radiography, CT, and X-ray postoperatively. The specific imaging systems used were the DigitalDiagnost (Philips, Amsterdam, Netherlands) for X-rays and uCT 780 (United Imaging Healthcare, Shanghai, China) and Optima CT680 series (GE Healthcare, Chicago, IL) for CT. We performed detailed imaging evaluations on 10 cases measured at 1 month, 10 cases at 3 months, and seven cases at 6 months.

The three-dimensional (3D) model reconstruction was based on different window widths for different tissues according to the data obtained from CT observation by Mimics version 21.0.0.406 (Materialise, Leuven, Belgium). The specific parameters were as follows: PEEK material, 120–220 Hounsfield unit (HU); bone and bone cement, 220–2,000 HU; and HXLPE,−100-−60 HU. The sketch obtained was the 3D reconstruction model shown in Figure 2 and Supplementary Figures 1–9.


[image: Figure 2]
FIGURE 2. Postoperative X-rays of frontal and lateral views of patient 1 (A,B), images of postoperative CT coronal intermediate and lateral condyle central layers (C,D), and a preview of the 3D reconstructed model (E–H) are shown. CT level selection: coronal, sagittal, and axial positions consistent with the joint force lines. The most central metal line was selected according to the position of the central tibial plateau prosthesis and the central lateral femoral condyle. The most central position of the metal wire was selected as the intercept plane (C). Mimics reconstruction software was used to arrange the viewing angles in the order of anterior, posterior, lateral, and medial positions (E–H).


Tiny particles that are not reconstructed from bone tissue, metal and cement were defined as noise. The location of these noises is often outside the bone tissue and joint prosthesis, so their removal does not affect the measurement of the prosthesis position. The stereolithography file prosthesis models obtained from the manufacturer were directly matched and superposed for the assembly of the models used in Figures 3, 4, in a manner similar to that previously reported (23).


[image: Figure 3]
FIGURE 3. The overhang measurement method. The femoral side was measured by taking the five planes of the prosthesis, the midpoint of each plane, and the length of the prosthesis and the bone-implant bed on the horizontal line of the inner and outer edges of points 1–13 (A,B). For tibial overhang measurement: two external tangential circles were made at the interior and lateral edge of the prosthesis, and the difference between the length of the prosthesis and the bone-implant bed was measured every 45° on these radii at points 14–23 (C).



[image: Figure 4]
FIGURE 4. The results of the 3D reconstruction of a patient are shown, with the HXLPE bearing, patella and patellar prosthesis, femoral stem, and a part of the tibial stem and fibula removed. The prosthesis was superposed by the corresponding type of prosthesis, and the placement of the prosthesis was determined by matching the results of the previous 3D reconstruction. A tibial plateau prosthesis with a posteromedial overhang is shown. HXLPE, highly cross-linked polyethylene.


The methods for measuring the HU values of the PEEK prosthetic stem, HXLPE bearing, and osteophyte are shown in Figure 5. We measured density data at 1, 3, and 6 months. Weasis Medical Viewer was used to measure the HU values of the HXLPE bearing and the PEEK tibial prosthetic stem in a postoperative CT coronal view of the selected area. The region-of-interest (ROI) was encircled using the circle tool while ensuring that no non-tissue of interest was involved, and the software automatically generated the average HU values in the area.


[image: Figure 5]
FIGURE 5. The CT density measurement method. In the sagittal position, the lateral and medial condyles were selected centrally (midpoint of the metal alignment line), and the cancellous area was encircled using the Weasis polygon tool (A,B). The HU values of the HXLPE bearing and the PEEK tibial prosthesis stem (stem) were selected in the coronal position (C). The ROI is distributed up to the highest area of the femoral prosthesis to the joint line a, and the lowest area of the tibial plateau is visible on CT to the joint line. CT, computed tomography; HU, Hounsfield unit; HXLPE, highly cross-linked polyethylene; PEEK, polyetheretherketone; ROI, region-of-interest.


According to the results of previous pre-experiments (21), the HU values of these two areas are relatively stable and not easily disturbed by metallic artifacts or bone cement. The lateral and medial condyles were selected in the sagittal superior sagittal position (the midpoint of the metal positioning line), and the osteophyte area of the polygon tool was used to circle the area from the highest to the joint line of the femoral prosthesis and the area from the lowest to the joint line visible on the medial tibial plateau. The software automatically generated the HU values within the area.

The method of measuring the overhang of each component of the prosthesis is shown in Figure 3. Before measurement, the prosthesis within the reconstructed model was replaced with an engineered prosthesis model to obtain more accurate edge measurements. Figure 4 shows a schematic diagram of the femoral and tibial overhang measurement methods. The overhang was measured on the femoral side by taking the five plane turning points of the prosthesis, the midpoint of each plane, and the position of the inner and outer edges of the upper edge of the prosthesis.

The length of the prosthesis and bone-implant bed on the horizontal line was measured on the condyles of the femur, where points 1, 2, 5, 7, 9, 11, and 13 were the locations of the turning points of the union surfaces of each facet prosthesis (Figure 3A). Moreover, points 3, 4, 6, 8, 10, and 12 were the locations of the midpoints between each turning point of the prosthesis on the anterior femoral condyles. Point 3 was the midpoint of points 1 and 5, while point 4 was the midpoint of points 2 and 5.

When measuring the lateral tibial overhang, the circles tangential to the lateral edges of the two platforms were drawn on the medial and lateral platforms. The centers of the two circles were connected as the transverse axis of the prosthesis. Moreover, a radius was drawn at the center of the two circles at 45°, and the length of the prosthesis and the bone-implant bed was measured on these radii at points 14–23 (Figure 3B). The bone exceeding the prosthesis was recorded as positive, and the opposite was recorded as negative. The specific measurements are listed in Supplementary Tables 2, 3.



Statistical Analysis

Grayscale data were read using Weasis version 3.7.1, and the length data of the overhang on each radial were read using Mimics. All data were retained to two decimal places. The means, standard deviations (SD), medians, and variability were calculated using SPSS version 26 (IBM Corp., Armonk, NY).

To minimize observational bias, two independent investigators repeated all imaging measurements at 2-week intervals. Intraclass correlation coefficients were used to assess intra- and interobserver reliabilities for all measurements. In this study, the intraclass correlation coefficient values for all measurements indicated intra- and interobserver reliabilities >0.8. Therefore, the mean values can be used for analysis.




RESULTS


Radiographs

Postoperative radiographs showed that all bone fragments were cleared, and the joint space was rebalanced. Both the PEEK and HXLPE components showed low radiograph signals in the entire prosthetic knee system. Because of the low contrast, it was relatively difficult to distinguish the prosthesis from the soft tissue on the X-rays. However, the bonding of the cement between the articular prosthesis and the implant bed surface can be demonstrated because of the radiopaque nature of the bone cement. The knee prosthesis has a metal wire for positioning, which was clearly visible on radiographs and facilitated its intraoperative fluoroscopic examination (Figures 2A,B). Misalignment of the metal wires often indicates dislocation of the prosthesis (24).



CT

CT with a window level of 350 HU and a window width of 2,000 HU allowed for clearer visualization of the prosthetic component. Most structures around the knee, including the PEEK and polyethylene components, as well as the femoral and tibial cement sleeves, could be reasonably well-visualized. We recommend that subsequent investigators look at the PEEK prosthetic knee system after implantation in this window width (Figures 2C,D).

The PEEK prosthesis value was 182.95 [SD 4.90, coefficient of variation (CV) 2.68] HU, the mean HXLPE value was −89.41 (SD 4.14, CV −4.63) HU, the lateral femoral osteochondral mean was 192.19 (SD 55.05, CV 28.64) HU, the lateral tibial osteochondral mean was 122.94 (SD 62.14, CV 42.86) HU, the medial femoral osteophyte mean was 180.76 (SD 43.48, CV 24.05) HU, and the medial tibial osteophyte mean was 282.59 (SD 69.28, CV 24.52) HU. After our initial exploration, we found that the range of variation in HU values for both HXLPE and PEEK materials in CT testing was in a relatively small range, as described in Supplementary Figure 10.

Without the interference of metal artifacts and bone cement, the HU values of PEEK and HXLPE on CT had low inter-patient variability and were comparable, whereas the osteophyte density was more labile. The mean, SD, and variability of 1 month post operation data for all patients are presented in Table 1. The 3 and 6 months post operation bone density data are presented in Supplementary Tables 2, 3. In Supplementary Table 4, the results of the ANOVA analysis show that there was no significant difference in the overall CT HU value measurements of PE, PEEK, and bone density data we measured from 1 to 6 months, but there was a statistically significant difference in the decrease in bone density of the lateral tibial plateau by 3 months (p = 0.044), and there is no longer a significant difference in bone density between 6 and 3 months postoperatively (Figure 6, Supplementary Figures 11A–F). We are only able to provide partial 6-month follow-up information because the time for follow-up is not yet available. We also found that bone density decreased at 3 months and slightly rebounded at 6 months in all regions, except for the medial femoral BMD, which increased at 6 months, but none of them were statistically different. These results indicated that the CT HU values of the prosthesis components could be used as a reference in subsequent examinations to assess the patient's postoperative acute bone loss.


Table 1. Results of HU measurements for HXLPE, PEEK, and cancellous bone (1 month post operation).

[image: Table 1]
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FIGURE 6. Fold plots of the change in HU values of PE, PEEK, lateral femur, lateral tibia, medial femur and medial tibia measured using CT at 1, 3, and 6 months postoperatively, which reflect the trend of density change in the measured area. Among them, the mean and standard deviation of HU values for PE and PEEK were almost unchanged (A). Except for the medial femur, which did not decrease at 3 months, there was a trend of decreasing bone density at 3 months in the remaining regions, with a statistically significant decrease in the medial tibia. All regions showed a rebound in bone density at 6 months (B).




3D Model Reconstruction

The 3D reconstruction model provides a broad view of the frontal, posterior, lateral, and medial aspects of the model. The 3D model provides a cursory view of the prosthetic alignment and generally shows the position of the implant and the match between the prosthetic components. The model reconstruction showed that the components of the prosthetic knee system were well-mounted and accurately aligned with the HXLPE bearing in place and the patella and patellar prosthesis in place (Figures 2E–H).



Overhang Measurement

The specific measurement method for the overhang of the prostheses has been described in detail in Section Radiographic Evaluation. Before the measurement, the prosthesis within the reconstruction model was replaced by an engineering prosthesis model to obtain more accurate edge measurements.

The overhang was measured on the femoral side by taking the length of the prosthesis and bone-implant bed on the horizontal line of the five plane turning points of the prosthesis, the midpoint of each plane, and the position of the inner and outer lateral edges of the upper edge of the prosthesis (25). Greater than 3 mm on the femoral side and 1.5 mm on the tibial side were defined as overhang, and vice versa as underhang (25, 26). The specific measurement for 1, 3, and 6 months post operation results are shown in Supplementary Tables 5–10. The results of the ANOVA analysis showed that there were no explicit that differences in the measurements at 1, 3, and 6 months, and the results are shown in Supplementary Table 11 (p > 0.05). For reasons previously stated, only partial measurements at 6 months are available.

We did not observe any overhang on the femur bone-implant interface. Two cases of overhang were observed on the tibia bone-implant interface in which case 3 had an overhang in both the medial posterior and lateral posterior angles (2.72 and 2.26 mm, respectively), whereas case 7 had a 4.04-mm overhang in the medial posterior angle. Figure 4 shows a 3D model of a patient with significant overhang at the medial posterior tibial plateau, which was obtained from the postoperative CT image reconstruction of case 7.




DISCUSSION

Admittedly, as a very early report of a new technology, this study has some limitations. We included only a small number of participants and no subgroup analyses were performed, such as differences in sex, age and BMI. The density of cement and bone on CT images were similar, making it difficult to distinguish between bone volume and overhang after model reconstruction. During densitometry, the density of the PEEK prosthesis close to the cemented area was prone to shift. As the first clinical trial of a fully assembled PEEK artificial knee prosthesis, the short follow-up period prevented us from evaluating imaging and other aspects of the patient's mid- to late-stage condition. However, our results demonstrate the importance of CT for the postoperative assessment of PEEK prosthetic knees.

As a copolymer compound, in contrast to metals, the biomaterial PEEK has a range of properties superior to those of metals, including reduced allergenicity, lighter weight (27), greater fatigue and chemical resistance (28). The average amount of bone removed in a total knee arthroplasty is about 155 g, while the weight of a metal knee prosthesis with bone cement is about 430 g, so the weight gain of the knee joint after implantation of a metal joint is very significant (29). According to the data provided by the manufacturer, the weight of our prosthesis with bone cement is ~120 g. Attempts to use polymers for joint prostheses began in the 1980's, with Moore et al. first pioneering attempts to use polyacetal (Delrin) for femoral prostheses (30). However, due to the poor sterilization tolerance of Delrin and its poor fixation stability to bone, research on polyacetal prostheses has since declined. The leaching of formaldehyde is also a hindrance to its promotion for long-term application in vivo (31). The structure of PEEK as a polyetheretherketone gives it excellent chemical resistance, making it extremely inactive and inherently resistant to chemical, thermal, and post-irradiation degradation. Radiation stability data shows that PEEK components can be effectively sterilized by gamma irradiation in air (28). Smooth PEEK prostheses are weakly osseointegrated and require surface modification for osteoinduction to enhance osseointegration, making biofixation of pure PEEK prostheses more difficult to achieve (32). Our choice of a cemented prosthesis in this experiment circumvents this problem and maintains consistency with conventional knee prosthesis fixation methods. Carbon fiber-reinforced PEEK has also been a hot topic of research in the past, but research in this area is slowly declining due to the higher polyethylene wear and still-higher modulus of elasticity associated with carbon fibers (33). We conducted the first-in-human trial of the world's first totally modular PEEK TKA and performed X-ray, CT, and measurement studies on early prosthesis position, peripheral bone density, cement fixation status, and prosthesis-bone border matching after PEEK implantation.

Subjective patient satisfaction after TKA is often lower than orthopedic surgeons' satisfaction with the imaging assessment, and prosthetic overhang and soft-tissue impingement have been suggested as potential causes of postoperative pain and decreased ROM (25, 34, 35). Previous studies have reported that the overhang in knee replacement prostheses may lead to surrounding soft-tissue compression, resulting in pain and poor functional recovery in the medium to long term postoperatively (25, 36–38). Simultaneously, underhang may be associated with tibial osteolysis and prosthesis sinking (39). Current techniques are limited in measuring the impingement site because metal prostheses produce artifacts in CT examinations. Moreover, most overhang measurements after prosthesis fitting are mostly performed in a two-dimensional plane (39), which undoubtedly produces errors in 3D examinations. The projections of both metal and bone are compressed in a finite number of two planes, and that the change in projection due to rotation causes many times many times loosening may be underestimated (39). Our study is the first to use unprocessed raw data for femoral and tibial overhang measurements due to the use of a PEEK prosthetic system without metal CT artifacts.

Mahoney et al. suggested that a >3-mm overhang at any one or more locations of the lateral femoral prosthesis increased the probability of postoperative pain by 90% after 2 years postoperatively (25). Moreover, we set overhangs of >3 mm as a risk factor in our study. However, no >3-mm overhang was observed in this study. No significant overhang was found on the femoral side (≤ 1.69 mm). On average, the femoral and tibial prostheses were slightly smaller than the osteotomy plane in the measurement direction, with an average overhang of 1.28 and 1.32 mm on the femoral and tibial sides, respectively. The tibial overhang generally occurs at the posterior corner of the tibial osteotomy surface, and the average overhang is 2.4 mm according to the ideal position (26). However, in this study, two patients had overhangs (2.72 and 4.04 mm), and the prosthesis was clearly outside of the osteotomy plane in the 3D model. Moreover, we observed that the underhang was relatively common on the femoral (up to 9.14 mm) and tibial (up to 7.15 mm) sides at the posterior lateral tibial angle. The femoral side had at least one measurement point of underhang in seven cases and more than three measurement points of underhang in four cases, with the largest degree of underhang occurring at point 4 in case 7 at 9.14 mm. The presence of underhang in conventional prostheses correlates with the degree of bone resorption in the corresponding tibia (39, 40), and the use of PEEK prostheses may reduce the occurrence of this phenomenon. These results may guide prosthetic fitting techniques and prosthesis design to reduce soft-tissue impingement and improve postoperative satisfaction in patients who had undergone TKA.

As an another issue of concern, although periprosthetic bone and stress-masking effects do not affect short-term patient satisfaction after TKA, they are a concern in the long term. Long-term osteoporosis not only affects prosthesis longevity but may also increase the risk of periprosthetic fractures (41). Biological fixation has been proposed as an alternative to cemented fixation to reduce osteoporosis following long-term periprosthetic fixation. Conversely, bone density around metal prostheses is difficult to measure, making it impossible to quantitatively analyze the relationship between periprosthetic bone density and late prosthetic failure. Although dual-energy radiography can measure whole-body bone density, it does not represent actual bone density changes in the prosthesis area. A more established method of measuring bone density in specific areas is based on quantitative CT (42, 43). In the past, this method could not be used in patients after TKA because of metal artifacts, but the PEEK prosthesis solves this problem. In this study, the HU values of PEEK, HXLPE, and cancellous bone in the stress concentration area were measured on CT scans. The density values of PEEK and HXLPE were very stable on CT (mean: −89.41 and 182.95 HU, CV −4.63 and 2.68%, respectively) and could be used as a reference value to quantify the bone loss of patients during mid- and long-term postoperative examinations (44), a quantitative localization that is not possible with conventional metal prostheses.

To avoid errors between CT examinations, we sought data that could be used as a reference value on CT images. We found that both PEEK prosthesis and HXLPE bearing maintained low variability between CT examinations. Moreover, we may consider setting parameters to normalize the bone mineral density (BMD) using the grayscale values of PEEK or HXLPE in the future, thus avoiding errors in the examination that may mislead the trend in BMD. Such a method would be useful for the prevention, diagnosis, treatment, and intervention of postoperative osteoporosis in artificial joints, preventing prosthetic loosening and periprosthetic fractures.

In conclusion, the first clinical application of the totally modular PEEK prosthetic joint is a milestone in developing a full-polymer total knee replacement system, offering a better option for patients with metal allergies. The method of local precision assessment may theoretically improve the level and accuracy of imaging assessment of patients after TKA. However, the long-term clinical performance and patient satisfaction of all-polymer joints after implantation in humans still require longer follow-up.
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Background: Synovial fluid biomarkers have been found to improve the diagnosis of chronic periprosthetic joint infection (PJI); however, no “gold standard” exists yet. Interleukin-4 (IL-4) and polymorphonuclear cell (neutrophil) count in the synovial fluid are crucial in mediating local inflammation during bacterial infections and could be valuable biomarkers for PJI.

Methods: This prospective study was conducted to investigate the diagnostic potential of synovial fluid IL-4 (SF-IL4) and polymorphonuclear cell percentage (SF-PMN%) for chronic PJI. A total of 110 patients who underwent revision arthroplasty between January 2019 and October 2020 were enrolled, and 11 patients were excluded. Of 99 patients, 43 were classified as having PJI and 56 as having aseptic failures according to the 2013 Musculoskeletal Infections Society criteria. In all patients, SF-IL4, SF-PMN%, serum C-reactive protein (CRP), and serum erythrocyte sedimentation rate (ESR) were quantified preoperatively. The diagnostic value for each biomarker was analyzed, and optimal cutoff values were calculated.

Results: The patient demographics did not significantly vary. The area under the curve of SF-IL4 and SF-PMN% was 0.97 and 0.89, respectively, higher than that for serum ESR (0.72) and serum CRP (0.83). The combination of SF-IL4 and SF-PMN% provided higher specificity (97.0%) and accuracy (96.0%) when the cut-off values were 1.7 pg/mL and 75%, respectively.

Conclusion: SF-IL4 is a valuable biomarker for chronic PJI detection, and the combination of SF-IL4 and SF-PMN% improved the diagnostic value of chronic PJI, and further studies are needed until its clinical application.

Keywords: synovial fluid, interleukin 4, polymorphonuclear cell percentage, chronic periprosthetic joint infection, diagnosis


INTRODUCTION

Periprosthetic joint infection (PJI) is a catastrophic complication after joint replacement surgery. Total knee arthroplasty (TKA) and total hip arthroplasty (THA) have low incidence rates of 0.3–2.4% and 0.8–2%, respectively (1, 2); however, PJI is the most common cause of revision for failed TKA and the third most common cause for revision for failed THA (3, 4). The cost of treatment of a PJI is three to four times higher than that for primary surgery (5). It is important to preoperatively distinguish between PJI and aseptic failure because it will determine the course of antibiotic therapy and surgical strategies.

Currently, there is no “gold standard” for PJI diagnosis (6). The diagnostic standards for PJI have been refined over the past decades (7–9). Serum C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) are highly sensitive markers of PJI, but their lack of specificity limits their diagnostic accuracy (10–12). In recent years, the use of synovial fluid (SF) biomarkers to diagnose PJI has attracted attention because of their low cost, ease of interpretation, and high accuracy (13, 14). Neutrophils are the first cells to produce a defensive response to bacterial infections; therefore, they are suitable candidates to achieve high sensitivity and specificity for PJI detection (15). SF-PMN% has been the basic indicator of SF analysis, but the cut-off value is still controversial (14, 16). Therefore, more valuable biomarkers to detect chronic PJI are needed.

IL-4 is involved in acute and chronic bacterial defense inflammatory responses, but the diagnostic value for chronic PJI is not yet known. IL-4 promotes immunoglobulin isotype switching and regulates the function of macrophages mainly via the Stat6 pathway (17). Serum IL-4 level is upregulated in bacterial infection-induced systemic inflammatory response syndrome and can be a good predictor of infection-related mortality risk (18). Serum IL-4 can be used as an immunological marker for diagnosing active tuberculosis and for monitoring the efficacy of antituberculosis therapy (19). Local administration or expression of IL-4 enhanced the pulmonary clearance of Pseudomonas aeruginosa in vivo and decreased mortality following infection (20). In joint aspiration, IL-4 was first secreted by synovial mast cells and then by T helper 2 (Th2) cells (21). Previous studies have demonstrated that the level of IL-4 is elevated in the SF during bacterial infection (6, 22). Therefore, we hypothesized that SF-IL4 may be used as a useful biomarker for chronic PJI detection.

This study was conducted to (1) explore and set an optimal cut-off value for serum CRP, ESR, SF-IL4, and SF-PMN% for chronic PJI diagnosis and (2) improve the diagnostic efficiency of chronic PJI by combining SF-IL4 with other biomarkers.



MATERIALS AND METHODS

This prospective study protocol was approved by the institutional ethics board of the First Affiliated Hospital of Chongqing Medical University. Informed consent was obtained from every patient. Patients who underwent revision TKA or THA between January 2019 and October 2020 were enrolled in this study. Patients were divided into chronic PJI group and aseptic failure group based on the 2013 Musculoskeletal Infections Society criteria (2013 MSIS) (Table 1) (8). Chronic PJI was defined as the occurrence of PJI symptoms more than 6 weeks after the primary implantation (23, 24). Aseptic failures included aseptic loosening, wear, instability, dislocation, adverse local tissue reactions, and metal allergic reactions (9). To rule out interference with other possible preconditions associated with elevated inflammatory factors, patients with (1) infections of other organs, including pneumonia and urinary tract infection, (2) active rheumatoid arthritis, ankylosing spondylitis, and gouty arthritis, or (3) malignant tumors were excluded.


Table 1. The Musculoskeletal society 2013 criteria for defining periprosthetic joint infection.
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Data on patient demographics (age, gender, preoperative diagnosis [PJI or aseptic failure and joint involved: hip or knee]) and the survival time of primary implantation were collected. Before revision surgery, peripheral venous blood (3 mL) was withdrawn to test serum ESR and CRP levels. SF (3–4 mL) was sampled for analyzing SF-IL4, SF-PMN%, and culture (48-h routine culture and 14-day prolonged culture; at least three intraoperative tissues were cultured). All biochemical assays were performed at the biochemistry laboratory of the biology technical platform in our institution.


Statistical Analysis

Data were analyzed using SPSS 26.0 (IBM Corporation, TX). Continuous data with a non-normal distribution are presented as the median and interquartile range (IQR). Mann-Whitney U test was used to analyze the statistical significance, and the chi-square test was used to compare the sensitivity and specificity of laboratory test data and categorical data (age, gender, joint involved). P < 0.05 (two-tailed) was considered to indicate a statistically significant difference. Receiver operating characteristic (ROC) curves and the area under the curve (AUC) were calculated using MedCalc 19.0.7 (Ostend, Belgium). The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were estimated for tested markers. The optimal cut-off value for each maker was computed using the maximized Youden index (sensitivity+specificity-1) method. A higher diagnostic odds ratio (DOR) indicated better discriminatory strength (25).




RESULTS


Baseline Data of the Two Groups Did Not Significantly Differ

Of the 110 patients initially enrolled, six patients were excluded due to “dry aspiration,” four patients with active rheumatoid arthritis, and one patient with acute PJI. Finally, 99 patients were included in the study, with 43 (43.4%) in the chronic PJI group and 56 (56.6%) in the aseptic failure group. The baseline characteristics of the two groups were similar (Table 2) with no significant difference in the demographics (P > 0.05).


Table 2. Demographic data for the study population.
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SF-IL4 Had Higher Diagnostic Power Than Serum ESR and CRP Levels

As shown in Table 3, the median value of serum ESR (35.00 mm/h [7.20–120.00 mm/h]) was higher in the chronic PJI group than in the aseptic failure group (22.0 mm/h [2.00–58.00 mm/h]; P = 0.001). Similarly, serum CRP level (21.4 mg/L [5.80–91.20 mg/L]) was higher in the chronic PJI group than in the aseptic failure group (6.75 mg/L [1.25–28.00]; P < 0.001). Results showed that the median level of SF-IL4 in the chronic PJI group is higher than that in the aseptic group (3.30 vs. 1.10 pg/mL, P < 0.0001). Finally, the median SF-PMN% was higher in the PJI group (87.58%) than in the aseptic failure group (56.95%), with statistical significance (P < 0.001).


Table 3. Analysis of single markers in patients with chronic PJI and aseptic failure.
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ROC curves were used to measure the discriminatory strength of the indicators (Figures 1A–D). The AUC of SF-IL4 (0.97 [95% CI, 0.92–0.99]) was higher than that of serum ESR (0.72 [95% CI, 0.62–0.84]; P = 0.0004), serum CRP (0.83 [95% CI, 0.74–0.90]; P <0.0001), and SF-PMN% 0.89 [95% CI, 0.82–0.95]; P = 0.053) (Figure 1E). The sensitivity, specificity, PPV, NPV, +LR, –LR, and DOR of these markers are in Table 4. The optimal cut-off value for SF-IL4 of 1.7 pg/mL achieved a sensitivity of 93.02% (95% CI, 80.9–98.5%), specificity of 94.64% (95% CI, 85.1–98.9%), and high PPV (93.0%), NPV (94.6%), and DOR (248).


[image: Figure 1]
FIGURE 1. ROC curves of the studied markers for chronic PJI diagnosis. (A–D) ROC curves of serum ESR, CRP, SF-IL4, and SF-PMN%. (E) Comparison of these four markers.



Table 4. AUC, cut-off value, and diagnostic value of each marker for chronic PJI.
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Combination of SF-IL4 With SF-PMN% Had Improved Diagnostic Value for Chronic PJI

Next, we combined SF-IL4 with other biomarkers (Table 5). When the cut-off values of SF-IL4 and SF-PMN% were met at the same time, the specificity increased to 97% and accuracy increased to 96%, but the sensitivity decreased to 91% for chronic PJI diagnosis.


Table 5. Diagnostic value of different combinations of markers for chronic PJI diagnosis.
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DISCUSSION

PJI is still a catastrophic complication of arthroplasty. Chronic PJI patients have poorer function score, lower quality of life, and significantly increased risk of short-term mortality (26–28). The diagnosis of chronic PJI relies on clinical symptoms, physical examination, biomarkers examination, and radiological examination. Because chronic PJI is a type of encapsulated and low-grade infection, it usually causes less extensive systemic inflammatory reactions, sometimes resulting in negative laboratory test results (29). Therefore, the diagnosis of chronic PJI is a challenge, especially without a “gold standard” (30).

SF interleukins play an important role in implant-associated infection. TNF-α, IL-1, and IL-6 are pro-inflammatory cytokines essential for initiating an inflammatory response to infection (31). IL-4 is an anti-inflammatory cytokine that participates in regulating chronic infection and immune processes (32). IL-4 regulates the ratio of Th1/Th2 lymphocyte subtypes in chronic infections (17). It can inhibit the development of biofilms in chronic infections of Staphylococcus aureus and promote spontaneous infection clearance (33). IL-4 induces the macrophage switch from the M1 to M2 phenotype, which inhibits osteoclast differentiation (34, 35), and promotes the differentiation of B cells and plasma cells, participates in humoral immunity, and exhibits anti-infective properties (36, 37).

Similarly, SF-IL4 has shown promising potential for PJI diagnosis. Gollwitzer et al. reported that SF-IL4 has 93% sensitivity and 85% specificity in PJI, making it better than other serum markers and SF cytokines such as IL-1β and IL-6 (6). However, their study only enrolled patients with S. aureus infection, which is more virulent. Therefore, the cut-off value for SF-IL4 was 7.79 pg/mL in their study, much higher than our cut-off value (1.7 pg/mL). Fröschen et al. found that combining SF-IL2, SF-IL4, SF-IL5, SF-IL6, SF-IL12, and granulocyte-macrophage colony-stimulating factor can achieve 100% sensitivity and 88.9% specificity, but these are not universal values as it is expensive to quantify all these markers (38). Consistent with previous studies, we found that the median level of SF-IL4 in the chronic PJI group was 3.30 pg/mL. When the cut-off value was set as 1.7 pg/mL for SF-IL4, the highest sensitivity (93.02 [95% CI, 80.9–98.5%]), specificity (94.64% [95% CI, 85.1–98.9%]), and diagnostic accuracy (94.6% [95% CI, 85.1–98.9%]) were obtained compared with values for serum ESR, serum CRP, and SF-PMN%.

Synovial leukocyte analysis is the basis of the SF test, Synovial fluid leukocyte counts and differentiation ratios have been widely proposed and discussed as secondary diagnostic criteria for chronic PJI. Differences in thresholds exist between different institutions and counting methods. Leukocyte counts are more strongly affected by many factors, especially the use of antibiotics before joint aspiration (15, 39–41) and metallosis, while neutrophil percentages are more stable with infection An SF-PMN% more than 80% has been recommended for the diagnosis of chronic PJI (>6 weeks after surgery) in the 2013 MSIS consensus (8). Zahar et al. found that an SF-PMN% cut-off of 66.1% achieved a sensitivity of 80.6% and specificity of 83.3% for chronic PJI (42). Higuera et al. used an SF-PMN% cut-off of 80% and found the sensitivity and specificity of chronic hip PJI as 92.1 and 85.8%, respectively (16). In the present study, when the optimal cut-off value of SF-PMN% was 75%, the AUC of diagnosing chronic PJI was 0.89 (95% CI, 0.82–0.95), with higher sensitivity of 95.35% (95% CI, 84.2–99.4%) but relatively decreased specificity of 78.57% (95% CI, 65.6–88.4%), respectively.

The 2013 MSIS consensus recommends a CRP cut-off value of 10 mg/L, and at this cut-off, the sensitivity and specificity were 81.4 and 58.9%, respectively, and the diagnostic accuracy was only 58.6% in our study. When the cut-off value of serum ESR was 30 mm/h, the sensitivity, specificity, and accuracy were 67.4, 62.6, and 50.5%, respectively. The unacceptably low sensitivity was coupled with a high number of false negatives. When we set the cut-off values of serum CRP and ESR levels as 18 mg/L and 34 mm/h, respectively, the detection accuracy for chronic PJI improved to 72.7 and 68.7%, respectively.

No single test could provide 100% accuracy for PJI diagnosis. Therefore, a combination of different indicators, with different sensitivity and specificity values, should be used to confirm or rule out the infection under high clinical suspicion (43–46). We found that when the SF-IL4 is >1.7 pg/mL and the SF-PMN% was more than 75%, the specificity and accuracy improved to 97 and 96%, respectively, for chronic PJI diagnosis. However, the combined diagnosis had high specificity but reduced diagnostic sensitivity, which may lead to missed diagnoses in some patients.

This study had some limitations. First, we did not adopt the latest 2018 ICM modified PJI diagnostic criteria, which includes new markers such as serum D-dimer and a scoring system, which is validated to have a higher sensitivity of 97.7% and specificity of 99.5% (47); however, the application of D-dimer for PJI is still controversial (48, 49). Second, we excluded patients diagnosed with active inflammatory arthritis at the time of admission, including rheumatoid arthritis, ankylosing spondylitis, and gouty arthritis. As these patients usually have higher serum ESR, serum CRP, SF-WBC count, and SF-PMN%, the inclusion of this group of patients will affect the accuracy of our results (39), and excluding these patients limits the clinical application of our results due to the limited sample size. Therefore, multicenter studies with larger sample sizes are required to produce more reliable results.



CONCLUSION

When we set the cut-off value as 1.7 pg/mL, SF-IL4 achieved a higher sensitivity of 93.02 and specificity of 94.64% than serum ESR, serum CRP, and SF-PMN%. The combined measurement of SF-IL4 and SF-PMN% improved the specificity to 97% and the diagnostic accuracy for chronic PJI to 96%. However, the cut-off value of SF-IL4 for chronic PJI detection is not yet consensual, requiring more research data to support our conclusion.
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Introduction: Hybrid fixation and fully cemented fixation are commonly used in revision total knee arthroplasty (rTKA). These two techniques are typically done based on surgeon preference and one has not demonstrated superiority over the other. The purpose of this study was to examine if there was a difference in survivorship between the two different techniques.

Methods: A retrospective cohort study of all consecutive patients undergoing rTKA (CPT 27487) from January 1, 2011 to January 1, 2018 at a single academic center was performed. Patients were divided into cemented and hybrid rTKA groups with comparison of patient demographic, clinical and radiological outcomes, reoperation, change in post-operative hemoglobin (HgB), and length of stay (LOS).

Results: A total of 133 rTKA for 122 patients were identified: 30.1% in the cemented and 69.9% in the hybrid groups. There was no significant difference in age (p = 0.491), sex (p = 0.250), laterality (p = 0.421), or body mass index (BMI) (p = 0.609) between the two groups. Mean LOS (hybrid 4.13 days, cemented 3.65 days; p = 0.356) and change in Hgb (hybrid 2.95 mg/dL, cemented 2.62mg/dL; p = 0.181) were not statistically different between the groups. Mean follow up for the hybrid (25.4 months, range 2–114 months) and cemented (24.6 months, range 3–75.5 months) rTKA was not statistically significant (p = 0.825). Overall survival rates were 80.9% in the hybrid and 84.6% in the cemented groups (p = 0.642).

Conclusions: Hybrid and fully cemented rTKA techniques have similar survival rates at a minimum followup of 2 years. Additionally, in our cohort, age, gender, and BMI were not associated with failure in either group. Furthermore, we did not observe differences in LOS or change in hemoglobin suggesting early postoperative complications may not differ between cemented and hybrid stemmed groups. Continued long-term research is required for defining the best rTKA technique.

Keywords: stem fixation, revision total knee arthroplasty (rTKA), cemented stem, hybrid stem, press-fit stem


INTRODUCTION

Fixation techniques in revision total knee arthroplasty (rTKA) are still controversial. The main concerns in revision total knee arthroplasty (rTKA) arise from bone loss secondary to implant failure and subsequent removal. Revision stems have a history of success in addressing structural concerns when implant fixation is challenging (1–6). Traditionally, stems used for fixation during rTKA are either press-fit with cement in the metaphysis and under the implants in a hybrid technique or are fully cemented (7).

Cemented stems have been noted to have good initial stability with long-term fixation in stems as short as 30 mm (8–11). Additionally, cemented stems may accommodate canals of various deformities, especially in those with pronounced bone loss (12). It is also hypothesized that cemented stems may better seal off the canals and reduce postoperative blood loss. Some potential drawbacks include concern for stress shielding and an increase in bone loss if re-revision is needed (13, 14).

Alternatively, hybrid stems achieve primary fixation through their diaphyseal stem-bone fixation and secondarily with epiphyseal or metaphyseal cement. The stem position can dictate the position of the femoral and tibial components, thus potentially necessitating the use of offset stems. Press-fit stems used for hybrid fixation demonstrate improvements in pain and functional scores and long-term survival in some studies (6, 15–17). However, there are other studies reporting higher tibial stem tip pain, leading to lower knee scores and decreased patient satisfaction. Additionally, press-fit stems are associated with increased rates of periprosthetic fractures (18–21).

Despite long-term use in rTKA, high quality evidence comparing cemented stems to hybrid stems is scarce, making it difficult to differentiate between the two (1, 7, 22, 23). The consensus is that no significant differences exist between cemented and hybrid stems. Therefore, the primary objective of this study is to compare cemented and hybrid stems in rTKA, looking primarily at survivorship at final follow-up. The secondary objective will be to compare demographic factors that may be related to failure, in addition to blood loss and length of stay (LOS).



MATERIALS AND METHODS

This was a retrospective review of prospectively collected institutional data at an academic center with a large revision arthroplasty case load. All consecutive patients undergoing rTKA of both components (CPT 27487) between January 1, 2011 and January 1, 2018 were included. These included patients with cones, sleeves, unlinked constrained, and linked constrained components. Patients were excluded if they did not have both femoral and tibial components revised, did not have both femoral and tibial stem fixation, or the patient was lost to follow-up before 2 years. Medical records and radiographs were evaluated for all patients, and demographics including age, sex, body mass index (BMI), and laterality were recorded for each group.

The decision for fully cemented vs. hybrid fixation was determined by the senior surgeon. All the implants were pre-coated with cement prepared with a 4th generation technique to unitize the construct. After appropriate reaming, a cement plug for a 2-cm distal cement mantle was placed for the cemented fixation. The canals were then filled retrograde with cement and pressurized. For the hybrid fixation, diaphyseal reaming continued until the reamer outer diameter matched the inner diameter of the diaphysis. The diaphyseal stem was placed in a “line-to-line” method based on the size of the largest used reamer. Vacuum mixed cement was placed around the metaphyseal portions of the implants and pressurized into the metaphyseal bone, taking care to leave the canal open and free of cement. The hybrid implant was then inserted taking care to pressurize all epiphyseal and metaphyseal cement during implant impaction. Augments and constraints were used on a case-by-case basis when clinically indicated. In both fully cemented and hybrid fixation, the main goals of rTKA were joint line restoration, alignment according to the mechanical axis, a balanced knee, and a well tracking patella. Hybrid fixation and cemented fixation techniques were illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. (A) Depicts a hybrid RTKA fixation technique and (B) depicts the fully cemented RTKA technique. The hybrid technique has cement only in the metaphysis with cortical engaging stems within the diaphysis. In comparison, the fully cemented technique has cement fixation in both the diaphysis and the metaphysis.


The primary objective was to assess the implant survivorship of cemented vs. hybrid stems. Failure was defined as any surgical re-operation on the rTKA, such as explant, amputation, polyethylene exchange, lysis of adhesions, fracture fixation, extensor mechanism reconstruction, and repeat rTKA. Time to failure between the fully cemented and hybrid rTKAs were compared via Kaplan-Meier plots. BMI, age, gender, and laterality were evaluated for possible correlations with early failures between the two techniques. Secondary endpoints of LOS and change in hemoglobin (HgB) (preoperative subtracted by post-operative nadir) were compared between the hybrid and fully cemented rTKAs. The secondary objective was to compare change in Hgb and LOS between the two groups for possible correlations with early failures. Patients underwent routine postoperative clinical follow-up.

Statistical analysis was performed using Microsoft Excel (Microsoft Corporation; Redmond, WA). Student t-tests were utilized to compare continuous variables between the fully cemented and hybrid rTKAs. Categorical variables were compared between groups with a chi-squared test. A logrank test was used to examine whether survival of the rTKAs was statistically different between the groups. Patient BMI, age, gender, and laterality were compared with student t-tests and chi-squared tests between the fully cemented and hybrid fixation groups. Additionally, BMI, age gender, and laterality were compared within the fully cemented and hybrid fixation groups to identify any statistical correlation for failure with student t-tests and chi-squared tests. The secondary endpoints (LOS and change in HgB) were also analyzed between the fully cemented and hybrid fixation groups with student t-tests to identify any statistical correlation for failure. Statistical significance was set at p < 0.05.



RESULTS

A total of 188 rTKA under CPT were identified. Fifty-five knees were excluded, most commonly for being revisions without both femoral and tibial stems (n = 23), duplicate patients (n = 12), and falling outside the study time period (n = 10) (Figure 2). Of the 133 rTKAs, there were 40 fully cemented rTKAs (30.1%) and 93 hybrid rTKAs (69.9%).


[image: Figure 2]
FIGURE 2. rTKA flow diagram.


The patient demographics of the 133 patients can be found in Tables 1, 2. The overall survival rate was 81.8%.; Survival was 82.5% for the cemented cohort and 80.6% for the hybrid cohort which was not statistically significant (p = 0.642) (Figure 3). Descriptive information for the failed rTKAs is listed in Table 3. Age, sex, laterality, and BMI had no association with hybrid or cemented rTKA failure (Table 2). In both the fully cemented and hybrid cohorts, failed rTKAs had a significantly longer follow up than the surviving rTKAs (fully cemented p = 0.014; hybrid p < 0.005).


Table 1. Mean Patient demographics for fully cemented and hybrid cohorts.
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Table 2. Mean patient demographics for survival vs failure in cemented and hybrid cohorts.
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FIGURE 3. Kaplan Meier survival curves after log-rank analysis.



Table 3. Description of Failed Hybrid rTKAs.
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The overall mean LOS was 4.0 days (range: 0–15 days), with the mean LOS for the cemented and hybrid cohorts being 3.7 days (range: 0–15 days) and 4.1 days (range: 1–13 days) respectively (p = 0.352). The overall mean change in Hgb was 2.85 g/dL (range: 0–6.7 g/dL), with that for the cemented and hybrid cohorts being 2.62 g/dL (range: 0–4.7 g/dL) and 2.95 g/dL (range: 0–6.7 g/dL) respectively. Additionally, in the cemented cohort, the mean LOS was 3.1 days (range: 0–15 days) for stems which survived, compared to 5.4 days (range: 2–13 days) for those which failed (p = 0.087). In the hybrid cohort, the mean LOS was 4.3 days (range: 1–13 days) for stems which survived, compared to 3.6 days (range: 1–6 days) for those which failed (p = 0.301). In the cemented cohort, the mean change in HgB was 2.69 g/dL (range: 0.4–4.7 g/dL) for stems which survived, compared to 2.24 g/dL (range: 0.7–4.6 g/dL) for those which failed (p = 0.373). In the hybrid cohort, the mean change in HgB was 2.98 g/dL (range: 0.5–6.7 g/dL) for stems which survived, compared to 2.83 g/dL (range: 0.3–4.9 g/dL) for those which failed (p = 0.700).



DISCUSSION

Choosing between cemented and hybrid stem fixation for revision TKA is a complex decision. One must consider patient bone quality, surgeon preference, and theoretical advantages of a particular fixation technique when choosing between the two techniques. (7, 22, 23) Current research suggests there are no significant differences in outcomes between the two fixation techniques (1, 23). The results of this study also identified no significant difference in implant survival at 2 year follow-up. Additionally, there was no significant difference in LOS or change in HgB between groups. These findings further support comparable surgical outcomes between cemented and hybrid stems.

This study did not find any difference in survivorship between cemented and hybrid stems at short-term follow up, which is consistent with previously reported data. In 2017, Fleischman et al. analyzed 223 patients and found both techniques had a similar risk of mechanical failure when corrected for covariates (23). Further, a meta-analysis identified neither stem fixation technique to be superior in rates of failure, reoperation, infection, or aseptic loosening (1). Additionally, this study looked at changes in HgB and LOS as two possible perioperative indicators of early failure. We did not identify differences between the cemented and hybrid cohorts when analyzing the changes in HgB following surgery. While literature on changes in HgB in rTKA is scarce, a prior systematic review on blood loss in revision arthroplasty did not recognize stem fixation technique as a significant contributor to differences in blood loss (24). The mean LOS of 4 days was congruent with a prior study which reviewed 10,604 rTKA cases documented in the NSQIP database. This study identified increasing operative time as the main indicator of increased LOS (25). Further, our study did not find any patient characteristics that impacted implant survival.

The overall failure rate in this study was 18%, which was higher than reported in the literature. However, considering this study included both septic and aseptic revisions, and took place at a tertiary referral center with a complex patient population, we feel this failure rate to be comparable to similar studies that reported failure rates of 33–10% (23, 26, 27). While the bulk of the current literature has determined the two fixation techniques to be similar, there are studies that found the risk of radiographic loosening to be significantly less in a hybrid stem technique (26). However, this study also recognized the difficulty in eliminating selection bias, as it is likely the cemented cohort presented with worse bone quality, and thus, proved a more challenging operation with a lower chance of success.

There are several limitations to the study. Firstly, the study was a retrospective study done at a single institution with short-term follow-up. The design and non-randomized nature may have introduced some selection bias for the two groups. As a tertiary referral center, many of our patients travel from afar and do not follow up past 2 years unless there is an adverse outcome. Thus, we noticed decreasing compliance for continued follow up. Finally, while 133 rTKAs for inclusion is likely underpowered, this number is comparable to those reported in previous literature (26, 28). Subgroup analysis would have strengthened the paper, however, subgroup analysis with the number in our data set would have been small and unlikely to yield a clinically significant, even if statistically significant, result. While multiple implant companies were used in the study, comparison of all types of revision companies and the differences in component mechanisms such as stem size/diameter, polyethylene locking mechanisms, fixed bearing polyethylene, rotating platform, and mechanisms of linked and unlinked constraints, cones, and metaphyseal sleeves would have resulted in small cohorts where a clinically significant comparison would be underpowered. Continued research would be insightful in rTKA. Varus Valgus angle were not recorded as the amount of varus/valgus is depenendent on long leg films from hip to ankle, which was not present in most patients.

Our study has multiple strengths, notably the inclusion of all rTKAs. Many other studies exclude rTKAs that use cones, sleeves, or linked hinge devices. Thus, we believe that our data is more applicable clinically, as the application of metaphyseal fixation or linked constrained can change intraoperatively. Additionally, both septic and aseptic rTKA was included for analysis, while other studies exclude septic revisions (22, 27). Finally, we included multiply revised knees for analysis. Previous studies only analyzed primary to rTKA in terms of failure (22, 28); thus, our results are generalizable to the majority of orthopedic surgeons.



CONCLUSIONS

This study demonstrates that hybrid and fully cemented rTKA have similar overall survival rates in the short-term. When comparing these techniques, there was no association between patient characteristics and implant survival or failure. However, larger, prospective, ideally randomized studies are required to corroborate these findings. Practically, these studies should include rTKAs for any indication, including those with prior rTKA.
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Purpose: This clinical research aims to assess the safety and efficacy of a combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release in the treatment of a fused knee with severe flexion contracture during total knee arthroplasty (TKA).



Methods: A retrospective analysis was performed in three patients (six knees) who had preoperative severe bony fused flexion contracture (>80°) prior to TKA and received a combination of fusiform capsulectomy of posterior capsule and percutaneous flexion tendon release during TKA between January 2016 and December 2019. The range of motion (ROM), knee functional score, postoperative complications, and radiographic results were evaluated.



Result: Three patients (six knees) were enrolled in this study. The mean duration of follow-up was 42.83 ± 15.77 months. The postoperative knee ROM was 100.0 (76.0, 102.75) (p < 0.01). The knee society score (KSS) clinical score increased from a preoperative 30.0 (25.0, 36.0) to a postoperative 64.0 (65.0, 78.0) (p < 0.01), and the KSS function score increased from a preoperative 0.0 (0.0, 30.0) to a postoperative 55.0 (40.0, 55.0) (p < 0.01). No implant loosening, infection, neurovascular complications, or revision were recorded in the cohort until the last follow-up.



Conclusion: The technique of a combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release is an effective and safe method during primary TKA for a fused knee with severe flexion contracture.



Keywords: total knee arthroplasty, fused knee with severe flexion contracture, fusiform capsulectomy of posterior capsule, percutaneous flexion tendon release, functional score





INTRODUCTION

Conversion of a severely fused knee to a total knee arthroplasty (TKA) is a challenging procedure with many complications. High incidence rates of various complications (53%–57%) have been reported, such as residual extensor lag and postoperative stiffness (1, 2). The routine techniques for correcting flexion contracture include excessive osteotomy and soft tissue release. However, excessive osteotomy usually cannot repair a severely fused knee in flexion effectively and restore stability without damaging the collateral ligaments and elevating the joint line (3). Posterior capsular release, combined with distal femur resection up to a maximum of 4 mm, has been proven to be effective in the treatment of flexion contracture, but only 5° correction has been achieved after medial soft tissue release and 2-mm additional osteotomy (3, 4). Residual flexion contracture will lead to an excessive requirement of quadriceps force in daily activities such as walking, which can cause aseptic loosening and unsatisfied clinical outcome. Previously, we had introduced a technique of fusiform capsulectomy of the posterior capsule to correct severe flexion contracture during primary TKA (5). In this study, for those with a fused knee with severe flexion contracture and that cannot be corrected by fusiform capsulectomy, we prescribe a combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release and evaluate the clinical efficacy and safety.



MATERIALS AND METHODS

We retrospectively analyzed patients who had a fused knee with severe flexion contracture (>30°) and received a combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release during primary TKA between January 2016 and December 2019. The inclusion criteria were as follows: (1) those whose preoperative fused knee with severe flexion contracture was more than 30°; (2) all surgeries were performed by one surgeon (C.W.); and (3) the follow-up period was more than 12 months. The exclusion criteria were as follows: (1) those who had missed providing necessary clinical data and (2) those who failed follow-up treatment regularly. This study was approved by our institutional review board (S2018-018-01), and written informed consent of all patients for data analysis was obtained retrospectively.

The preoperative and postoperative clinical evaluation were performed by two independent observers, including the preoperative and postoperative ranges of motion, knee society score (KSS) clinical score and KSS functional score, and perioperative and postoperative complications. The radiographs of the knee and lower extremities were used to determine the component position changes, limb alignment, and evidence of loosening or osteolysis.


Surgical Procedure

All patients had general anesthesia and pneumatic thigh tourniquets. Cemented knee prosthesis was adopted in all patients. The knees were exposed through the standardized medial parapatellar approach. After removing the osteophytes and releasing soft tissue routinely, the quadriceps oblique cutting technique would be used to expose the joint cavity. In the knee flexion position, the 10-mm standard osteotomy was performed in the distal femur, followed by opening the knee joint cavity through the “double knife method” at the height of the joint line. The first knife was at the joint line height of the knee flexion position, and the second knife was within 10 cm below the joint line. After completing the above operations, the spacer block was used to evaluate the extension gap. If the extension gap was significantly less than 20 mm, additional osteotomy in the distal femur was performed, and the osteotomy should not be more than 4 mm to avoid injury to the attachment of the medial and lateral collateral ligaments of the knee on the femoral side. If the extension gap was still not enough, the fusiform capsulectomy of posterior capsule would be performed. First, a spreader was used to open the flexion gap and mark the resection range in a 90° inflection of the knee. The resection margins were limited to the medial and lateral collateral ligaments, the posterior femoral condyles, and the tibial plateau to avoid injuring the popliteal vessels and the common peroneal nerve. Second, the posterior capsule was grasped with Kocher or forceps and the posterior capsule was resected with a lower output electrosurgical knife. The electrosurgical knife was controlled below 30 W, and the sleeve was used to limit the cutting depth within 2–3 mm. The fusiform capsulectomy of the posterior capsule should be completed until the fat or muscle tissue is found behind the posterior joint capsule. During the procedure of fusiform capsulectomy of the posterior capsule, the neurovascular bundle is generally not visible. This operation is very superficial, and only a part of the joint capsule is removed to release the knee joint. Once the fat behind the posterior joint capsule is found, great care must be taken. After the above procedures, the spacer block was used again to check the flexion and extension gap. Generally, the flexion contracture could be corrected by at least two-thirds for patients with ankylosing spondylitis (AS). According to the proper size and rotation of the distal femur and proximal tibia, the other procedures of osteotomy were performed. The tightest flexion tendon at the back of the knee joint was located in extension position, following with percutaneous flexion tendons releasing behind the knee joint with a sharp knife. The released part was mainly the tendon of semitendinosus, semimembranosus, and biceps femoris, and the depth of release was controlled within 5 mm. Multiple parts of release were performed above and below the tendons as necessary until satisfactory straightening was achieved (Figures 1, 2). Finally, the cemented knee prosthesis was implanted.


[image: Figure 1]
FIGURE 1 | Schematic diagram of the percutaneous flexion tendon release of a severe fused knee.



[image: Figure 2]
FIGURE 2 | Surgical technique. (A) The joint cavity was exposed using the quadriceps oblique cutting technique. (B) In the knee flexion position, the 10-mm standard osteotomy was performed in the distal femur, and then the knee joint cavity was opened through the “double knife method” at the height of the joint line. (C,D) The fusiform capsulectomy of the posterior capsule was used to loosen the posterior joint capsule of the knee. (E) Percutaneous flexion tendon release was done to loosen the posterior joint capsule of the knee joint.


All patients were given 2.0 g of ceftriaxone intravenous antibiotics once a day for a postoperative period of 48 h and 100 mg of aspirin once a day postoperatively for 2 weeks. Among the patients included in the study, residual flexion contracture was corrected by wearing an extended plaster splint and pressing the weight of 10 pounds for 12 weeks. Contracture deformity was fixed at night by using a plaster splint in the maximum extended position. The weight was lifted above the knee during the day (5–10 kg) to improve the knee extension.



Statistical Analysis

Statistical analysis was performed with SPSS software 22.0 (SPSS, Chicago, IL, USA). Data were presented as means ± standard deviation or median with interquartile. The differences between the groups were assessed by using the paired t-test. A p-value of <0.05 (two-tailed) was considered significant.




RESULTS

From January 2016 and December 2019, we performed the technique of fusiform capsulectomy of the posterior capsule in three patients (six knees) during knee replacement. All of them were successfully followed up and enrolled in the study. Preoperative clinical information of three patients (six knees) is given in Table 1.


TABLE 1 | Patient demographics.

[image: Table 1]

The prostheses in this study were PFC sigma (two knees) and TC3 (four knees) (DePuy, Warsaw, IN, USA). The average follow-up was 42.83 ± 15.77 months (range, 28–63 months). The exact pre- and postoperative range of motion (ROM) of every knee at every time point is given in Table 2 and Table S1. In the last follow-up, the postoperative knee ROM was 100.0 (76.0, 102.75) (p < 0.01). The KSS clinical score increased from a preoperative 30.0 (25.0, 36.0) to a postoperative 64.0 (65.0, 78.0) (p < 0.01), and the KSS function score increased from a preoperative 0.0 (0.0, 30.0) to a postoperative 55.0 (40.0, 55.0) (p < 0.01) (Table 2).


TABLE 2 | Results of total knee arthroplasty in patients with flexion ankylosis of the knee after final follow-up.

[image: Table 2]


Typical Case

Male, AS, and bilateral TKA preoperative bony flexion contracture angles were 95° in both knees (Figure 3). A combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release was used. Plaster splint was applied at night to correct the residual contracture deformity. The weight of 5–10 kg was lifted above the knee. The postoperative compression was fixed for 3–4 weeks. The ROMs of both knees significantly improved after surgery (Figure 4).


[image: Figure 3]
FIGURE 3 | Patient with a severe bony knee flexion contracture before surgery and was not able to walk. (a) Preoperative appearance of a 38-year-old female with AS showing osseous ankylosis of both knees. (b–d) Preoperative Anterior-Posterior and lateral views of both knee showed osseous ankylosis fixed at degree of 95° without range of motion.



[image: Figure 4]
FIGURE 4 | The range of motion and bony flexion contracture significantly improved after surgery. (a) Postoperative radiographs following bilateral total knee arthroplasty at 12 months. (b) Left knee can be flexed to 100° postoperatively. (c) Right knee can be flexed to 102° postoperatively.





DISCUSSION

In this study, there are promising clinical and radiological results after TKA for patients with severe bony ankylosed knees in flexion with a combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release.

Multiple pathological causes can induce bony ankylosed knee joints, including trauma, AS, rheumatoid arthritis, and septic disease (6). Arthrodesis, an optional treatment for correcting ankyloses of the knee, can provide a stable and painless knee joint, but the function is poor (7). Total joint replacement for young patients is controversial because of the expected duration and wear of prosthetic, as well as the fatigue of materials in certain long period.

The reason for the bony ankylosed knee is complicated. In the early stage of inflammation (especially in AS or rheumatoid arthritis patients), patients may inconsciently settle the knee in flexion position because the pain caused by joint swelling can be partially released with a larger capacity of the knee joints. The posterior joint capsule is thickened and fibrosis is accompanied by a contraction of the flexion tendon and, finally, the knee joint is fixed with bony fusion in flexion position (8).

To correct the bony deformity of the knee in flexion position, one-stage or two-stage surgery is considered. A separation of the fusion knee joint, followed by a skeletal traction of the distal tibia, is required before TKA. A proper soft tissue release around the knee is often necessary. A complete correction of the flexion contracture can not only eliminate pain as much as possible but also provide a significant improvement in the quality of life of the patient (9, 10). Therefore, any effort to correct the deformity is essential during TKA. A common solution to deal with severe bony ankylosed knees in flexion is to increase the osteotomy of the distal femur. Its effectiveness and feasibility have been proved by many studies (4, 11, 12). However, excessive osteotomy can damage the collateral ligaments and weaken the quadriceps muscle. In order to avoid the elevation of the joint level, the maximal range of distal femur cutting was kept at 14 mm in this study. Soft tissue release was needed to correct the resident deformity after judicious bone osteotomy. As mentioned above, soft tissue release, particularly for the posterior soft tissue, plays a crucial role in improving contracture. Selective capsulotomy was reported in a previous study. Taylor et al. reported that posterior capsule incision is effective in the treatment of the knee flexion contracture in children with cerebral palsy (13). Masuda’s study describes that posteromedial vertical capsulotomy is an effective method to increase the extension gap and achieve gap balance during TKA (14). The percutaneous pie-crusting technique was proved to be effective in correcting the quadriceps tendon contracture in extension stiffness knees (15, 16). Our previous study introduced a safe and effective fusiform capsulectomy technique that could correct severe flexion contracture during primary TKA (5). Rather than simply incision or vertical capsulotomy of the posterior capsule, fusiform capsulectomy can enlarge the articular cavity and effectively open the posterior gap. The resection depth should be limited to 2–3 mm to avoid the popliteal vessels and prevent nerve injuries.

Most of the patients can realize a satisfying extension ROM during surgery, but the long-time bony fusion may induce not only the posterior capsule contracture but also other soft tissue behind the contracture knee joint shortening, including the gastrocnemius muscles. Scarring of the flexion mechanism with fibrosis and shortening of the gastrocnemius muscles contribute partially to the flexion contracture. To fully correct the contracture joint, we performed a percutaneous flexion tendon release with the percutaneous pie-crusting technique. No. 11 surgical blade with a limited depth of 5 mm was used in the flexion tendon release. This minimally invasive technique can further improve the clinical results and acquire no major complications. Postoperative compression and straight splint were used to eliminate the potential risk of recurrence of postoperative flexion contracture.

Several limitations existed in this study. First, the sample size was not large enough. Therefore, more cases with longer follow-up times need to be studied in the future. Second, this was a retrospective study, which could provide only limited clinical evidence. Lastly, a cadaveric study is needed to define the depth and range of the percutaneous pie-crusting skills.



CONCLUSION

The technique of a combination of fusiform capsulectomy of the posterior capsule and percutaneous flexion tendon release to correct a fused knee with severe flexion contracture during primary TKA is both effective and safe.
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Objective: This study aimed to explore the main risk factors affecting Total Knee Arthroplasty (TKA) patients and develop a predictive nomogram of hospital stay.



Methods: In total, 2,622 patients undergoing TKA in Singapore were included in this retrospective cohort study. Hospital extension was defined based on the 75% quartile (Q3) of hospital stay. We randomly divided all patients into two groups using a 7:3 ratio of training and validation groups. We performed univariate analyses of the training group, in which variables with P-values < 0.05 were included and then subjected to multivariate analysis. The multivariable logistic regression analysis was applied to build a predicting nomogram, using variable P-values < 0.01. To evaluate the prediction ability of the model, we calculated the C-index. The ROC, Calibration, and DCA curves were drawn to assess the model. Finally, we verified the accuracy of the model using the validation group and by also using the C-index. The ROC curve, Calibration curve, and DCA curve were then applied to evaluate the model in the validation group.



Results: The final study included 2,266 patients. The 75% quartile (Q3) of hospital stay was six days. In total, 457 (20.17%) patients had hospital extensions. There were 1,588 patients in the training group and 678 patients in the validation group. Age, Hb, D.M., Operation Duration, Procedure Description, Day of Operation, Repeat Operation, and Blood Transfusion were used to build the prediction model. The C-index was 0.680 (95% CI: 0.734–0.626) in the training group and 0.710 (95% CI: 0.742–0.678) for the validation set. The calibration curve and DCA indicated that the hospital stay extension model showed good performance in the training and validation groups.



Conclusion: To identify patients' risk factors early, medical teams need to plan a patient’s rehabilitation path as a whole. Its advantages lie in better resource allocation, maximizing medical resources, improving the functional recovery of patients, and reducing the overall cost of hospital stay and surgery, and will help clinicians in the future.
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Introduction

Total Knee Arthroplasty (TKA) is the primary surgical procedure for treating severe knee disorders, relieving knee pain, and reestablishing knee function (1). It can help patients restore knee joint function and improve their quality of life (2). The increased life expectancy and aging of society have led to a dramatic increase in the number of patients with knee disorders. TKA is currently the most important and effective way to solve knee disorders, indicating that the demand for TKA will increase dramatically (3, 4). It is estimated that more than 700,000 TKA surgeries are performed in the United States annually and that this number will increase to nearly 3.5 million by 2030. It is therefore important that TKA is performed economically and effectively (5).

The costs of surgical procedures, inpatient care, and postoperative care have substantially increased due to enhanced intra- and peri-operative management (6). Meanwhile, there has been a noticeable decline in the global economy, and medical insurance expenditure has increased significantly. Some countries have removed TKA from the List of Medicare Outpatient Payment System Rules (7). The main focus of attempts to reduce hospitalization costs is to minimize hospital stays as shortening them will reduce medical expenses and society's medical burden (8).

TKA surgery may be accompanied by severe complications, which affect patients' prognosis and increase the possibility of disability and death (9). However, an extended hospital stay is a risk factor for postoperative complications. It is essential to reduce postoperative complications such as postoperative infection, thromboembolism, postoperative delirium, and cognitive dysfunction (10). The main factors of hospital stay, the incidence of surgical complications, hospitalization expenses, and medical resources are intractable issues that should be solved as soon as possible. This study aimed to explore the main risk factors and establish a predictive nomogram of Hospital Stay in undergoing Total Knee Arthroplasty (TKA).



Patients and methods


Patient and dates

Our secondary analysis was based on a single-center retrospective cohort study of patients who underwent TKA at Singapore General Hospital from January 2013 to June 2014 (11). We downloaded the raw data uploaded at the “DATADRYAD” website (www.datadryad.org). Abdullah et al. (11) shared the original data to the dryad database. We utilized these data for secondary analysis on a different hypothesis without violating the authors' rights.

The Beijing Ditan Hospital of Capital Medical University Ethics Committee approved our study. The Ethics Committee confirmed that informed consent was not required because the data are available publicly via the “DATADRYAD” Website (www.datadryad.org), and data were analyzed anonymously. The ethics committee waived the requirement for informed consent from all patients.




Methods

The study included 2,622 patients undergoing TKA in Singapore in a retrospective cohort study. We removed patients whose variables contained missing values, for example, BMI, D.M., D.M. on insulin, etc, which meant that 2,266 patients met the criteria and were included in the study. The prolonged hospital stay was defined as over the 75% quartile (Q3) of hospital stay (12–14). We randomly divided all patients into two groups in a 7:3 ratio: training and validation groups. We performed a univariate analysis in the training group, in which variables with P-values < 0.05 were included and then subjected to multivariate analysis. Multivariable logistic regression analysis was then applied to build a predicting nomogram using the variables the P-values were < 0.01. Furthermore, ROC, Calibration, and DCA curves were drawn to assess the model in the training and validation group.



Statistical analysis

R software (version 4.1.2) was used for all statistical analyses. (https://www.R-project.org). Using the R package “tableone”, Chi-squared tests (categorical variables) and one-way analysis of variance, or K–W test (continuous variables of a normal distribution or skewed distribution) we verified significant differences between different groups. Using the R package “caret”, we randomly divided all patients into two groups, using a 7:3 ratio for the training and validation groups. We first conducted univariate analysis, then multivariable regression under the package “rms”. P-value < 0.05 (bilateral) was considered statistically significant in the univariate analysis, and a P-value < 0.01 (bilateral) was considered statistically significant in the multivariable logistic regression. Predictors with a P-value < 0.01 were applied to develop the model that predicted the prolonged hospital stay.

The C-index (the concordance index) was used to evaluate the model's predictive ability. The C-index refers to the proportion of all patients whose predicted outcome is concordant with the actual result. Similarly, the ROC curve was used for the prediction accuracy of X to Y, enabling us to judge whether a specific factor has a diagnostic value for identifying a particular disease. The ROC curve reflects the relationship between sensitivity and specificity (package = “ROCR”). The DCA curve was performed by quantifying the net benefit at different threshold probabilities (package = “rmda”). Furthermore, the ROC curve, the calibration, and the decision curve analysis were used to evaluate the nomograms in the validation group.



Results


The demographic characteristics of patients who underwent TKA

In total 2,266 of the patients who underwent TKA between January 2013 and June 2014 in the retrospective cohort were included, and 356 patients were excluded because the variable had a missing value (Figure 1). The two groups had no significant differences in BMI, Gender, Smoking habits, and OSA distribution. However, patients had a higher ASA score, longer operation time, higher ratio of bilateral TKA, higher incidence of anemia, higher risk of Blood Transfusion, repeated operation, and general anesthesia in the extended hospital stay group (Table 1). We randomized 1,788 patients into the training group and 678 patients into the validation group. The 75% quartiles (Q3) of hospital stays were six days, with 457 patients (20.17%) hospitalized for over six days (Tables 2, 3).


[image: Figure 1]
FIGURE 1
Flowchart of our research.



TABLE 1 The demographic characteristics of patients.
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TABLE 2 Clinical characteristics of patients who underwent TKA in training and verification group.
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TABLE 3 Univariate and multivariate analysis of prolonged hospital stay in undergoing TKA patients.
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The result of univariate and multivariate analysis for prolonged hospital stay patients

We used univariate logistic analysis to identify variables associated with a prolonged hospital stay in patients who underwent TKA, and 19 predictive factors were analyzed. The results showed that 14 predictive factors were associated with a prolonged hospital stay in patients who underwent TKA. Our study showed that Age, Hb, ASA Status, Operation Duration, Race, Type of Anaesthesia, Procedure Description, D.M., CHF, CVA, Creatinine, Day operation, Blood transfusion, and reoperation were the predictor risk factors for prolonged hospital stay in patients who underwent TKA (Table 2).

The multivariate logistics regression model was also performed to screen for independent risk factors. The results showed that Age (P ≤ 0.001), Hb (P ≤ 0.001), Operation Duration in mins (P ≤ 0.001), Procedure Description (P ≤ 0.001), D.M. (P ≤ 0.001), Day operation (P ≤ 0.001), Blood transfusion (P ≤ 0.001), Repeat Op within 30 days (P ≤ 0.001) were independent prognostic factors of prolonged hospital stay (Table 2).



Development of the prediction model and evaluation of the accuracy of the nomogram in the training group

Based on eight independent risk factors, we established a nomogram for prolonged hospital stay in TKA patients (Figure 2). Meanwhile, the area under the ROC curve was 0.710 in the training group (Figure 3A). This indicated that the prediction model established based on the results of multivariate logistics regression analysis had a high predictive value. In addition, we also plotted the calibration curve and DCA for the nomogram in the training sets. The results showed that the nomogram could be a good tool for predicting prolonged hospital stay in TKA patients (Figures 4A, 5A).


[image: Figure 2]
FIGURE 2
The nomogram for a prolonged hospital stay in undergoing TKA patients.
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FIGURE 3
The ROC curves of prolonged hospital stay in the training set (A) and validation set (B).
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FIGURE 4
The Calibration curves of prolonged hospital stay in the training set (A) and validation set (B).
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FIGURE 5
The DCA curve of prolonged hospital stay in the training set (A) and validation set (B).




Evaluating the accuracy of the nomogram in the validation group

The ROC curve shows that the rosette has high predictive performance, and its AUC is 0.680 (Figure 3B). It indicates that the prediction model has a strong prediction ability. The calibration curves used to predict the prolonged hospital stay in the validation cohort showed good consistency and prediction ability (Figure 4B). The DCA of prolonged hospital stay indicated that this nomogram could be an excellent diagnostic tool for patients undergoing TKA (Figure 5B).




Discussion

Our study aimed to develop and validate a prolonged hospital stay risk prediction model for TKA patients. The risk factors were Age, Hb, Operation Duration, Procedure Description, D.M., Day operation, Blood transfusion, and Repeat Operation within 30 days. We built the nomogram using the above risk factors for prolonged hospital stay in TKA patients. The nomogram transforms the complex regression equation into a visual graph, making the prediction model's results more readable and convenient for clinicians. Because of the intuitive and easy-to-understand characteristics of the nomogram, it has gradually received more attention and has been applied in medical research and clinical practice.

Our study found that age was an independent risk factor for prolonged hospitalization after TKA. This might be because elderly patients are at high risk and prone to many diseases. Factors such as poor autoimmune ability, health status, and other reasons, coupled with the increased risk of infection due to blood loss during surgery, contribute to increasing their hospital stay. Davide Tornese et al. (15) found that the average LOS was 5.08 ± 2.52 days in the Department of Orthopedic Surgery, and the age was predictive of a more extended stay. In Corentin Roger et al. (16) study, the predictors of LOS were identified using a survival model that considered age as a continuous variable, individual comorbidities, and the discharge destination.

This study shows that preoperative hemoglobin is related to hospital stay. The hospitalization time decreased with the increase in hemoglobin value (17). We suggest that anemia be corrected before the operation to shorten hospital stays. Raut et al. (18) found a negative correlation between the level of Hb and LOS before and on the first day after the operation. However, there was still no correlation between the level of Hb decline and LOS, emphasizing the importance of improving the level of Hb before the operation.

Similarly, the longer the operative time, the higher the risk of prolonged patient hospitalization. Cregar (19) and Garbarino (20) indicated that less time spent in the operating theatre could lead to shorter LOS for revision and primary TKA patients. Lu (21) found that Total knee arthroplasty (TKA) frequently results in significant blood loss with accompanying hemoglobin loss and potentially increased transfusion rates. Unfortunately, transfusions have associated risks, including postoperative confusion, infection, cardiac arrhythmias, fluid overload, prolonged hospital stay, and increased mortality.

The highest risk score in the independent predictor was blood transfusion, many studies have come to the same conclusion, and the transfusion rate was directly related to the hospital stay (22–24). Autologous blood transfusion is often required when the blood loss is between 1000 and 1500 ml. Research shows that the total blood loss after TKA may be as high as 2000 ml, and the proportion of blood transfusion may be as high as 67% (25, 26). In a cohort of 228,316 TKA patients at 922 hospitals, the mean predicted probability of TKA transfusion was 7.9%, with 60% (95% CI, 36%–87%) of patients having hospital stays of more than three days (22). In a cross-sectional study of 4,544,999 patients who received TKA between January 2000 and December 2009, blood transfusions were associated with in-hospital mortality, and hospital stay increased by 0.71 ± 0.01 days (23). In addition, Danninger et al. (24) showed a significantly higher rate of significant complications in patients receiving transfusion (19.1% vs. 11.2%, P < 0.0001), and the mean length of hospital stay was significantly increased.

Our study found that the operation date was a significant factor in predicting the risk of hospital stays after blood transfusion. Similarly, studies demonstrated that operation procedures or factors related to doctors and nurses provide clinically relevant improvements in explaining hospital stay and patient-related risk factors (7). In a prospective cohort study of 4,509 patients who underwent initial TKA at four hospitals between January 1, 2016, and September 30, 2017, who received surgery later in the day were predicted to have a more extended hospital stay, with patients who had surgery on Friday having a significantly longer hospital stay than patients who had surgery on Monday (7). Our study showed that the risk prediction scores of operations on Monday, Tuesday, and Friday were much higher than those on Thursday. The length of hospital stay was related to operation data. Possible reasons for this result include patients coming from different countries, surgical hospital systems, and doctors' moods and preferences.

Diabetes is a chronic disease that can lead to multiple systemic comorbidities. This study found that the higher the comorbidity index, the longer the hospital stays were. Swain et al. (27) showed that 67% of patients with osteoarthritis had at least one other chronic condition, 20% more than those without osteoarthritis. The DM was the independent predictor of prolonged hospital stay. Similarly, other previous studies have suggested that TKA patients with comorbidities had prolonged hospital stays (28–31). Higuera et al. (30) showed that chronic heart failure was associated with extended hospital stays and increased rates of major postoperative complications in TKA patients. In a study of 15,321 TKA patients, 18.2% had a medical comorbidity D.M., with a 300% increase in overall mortality. Belmont et al. (31) found that DM was an independent predictor of hospitalization for four days or more.

Our study found that unilateral TKA under epidural anesthesia is economical, efficient, and has an ideal surgical effect for patients with osteoarthritis. For patients with bilateral knee arthritis, a comprehensive health assessment should be conducted before surgery. For high-risk patients, especially those with severe cardiovascular diseases, simultaneous bilateral total knee replacement should be avoided as far as possible (32–35). The reasons for reoperation TKA were that the patients had cardiac complications, pulmonary complications, and renal and cerebrovascular complications before the operation. The local complications of patients after operation include non-infection-related complications, wound infection, and peripheral nerve injury. Furthermore, we also found that the causes of revision surgery were periprosthetic infection, aseptic loosening, osteolysis, abrasion, joint dislocation, periprosthetic fracture, and patellar-related complications. These factors will lead to prolonged hospitalization (16, 36–38).

There are still some limitations to our study. First, this study is retrospective, using clinical data from a single center. Therefore, there may be differences in treatment strategies and race, etc. Second, because of differences in healthcare settings and practices, the predictive models developed in one country are unlikely to be directly applicable in another, requiring external validation and an updating of the predictive performance of models in other new patients. Finally, some influencing factors may not be included in this paper, including patient income, medical expenses, medical insurance, hospital location, etc. Potential factors not included may also have some influence on the results.



Conclusion

To make better use of these factors and identify patients' risk factors early, the medical team should plan a patient's rehabilitation path as a whole. Advantages of this approach include better resource allocation, maximizing medical resources, improving the functional recovery of patients, and reducing the overall cost of hospital stay and surgery. We also hope that these results will help clinicians in the future.
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Patient  Indication for
revision

1 Aseptic loosening

2 Infection

3 Malalignment

4 Instability

5 Aseptic loosening

6 Infection

7 Midflexion instabilty

8 Malrotation

9 Instability

10 Femoral fracture

1 Infection

12 Infection

13 Infection w/extensor
mechanism repair

14 Aseptic loosening of
tibial component

15 Pain

16 Infection

17 Infection

BMi, body mass index (kg/m)2; LOS, length of stay (days); HgB, hemoglobin (g/dL); . female; M, male; R, right; L, left.

Cause of revision failure

Infection

Fracture/catastrophic failure
at stem junction at
osteotomy site

Loosening/metallosis
Instability

Aseptic loosening
Infection

Arthrofibrosis requiring poly
exchange at outside
hospital

Malrotation/patelia
maltracking

Infection
Infection
Infection
Infection
Infection

Infection
Instabilty

Infection
Infection

Age

74
49

62
63
59
55
T2

a7

60
60
63
74
75

69

a1
48
59

Sex

mm T

ETmETng

.

Side

=

DD

DD

BMI
(kg/m?

36.0
208

300
262
382
451
369

a7

36.0
26.3
30.7
258
335

329

323
422
26.4

Los
(day)

4
2

IS RSN

ERRC NN

HgB

(g7dL)

4.8
09

39
16
19
17
0.7

41

39
1.2
4.8
36
37

na

33
03
4.9

Follow up
(months)

88
375

535
57.5
1140
58.0
245

16.3
280
15.0
245
235

85.5

52.0
273
47.8
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Age (years)

Sex (male)
Lateralty (right)
BMI (kg/m2)
Follow up (months)

BMi, body mass index.

Overall

63.8 (range = 41-87)
47
64

38.4 (range = 20.9-62.2)
25.8 (range = 2-114)

Cemented

63.8 (range = 45-85)
18
24

827 (range = 21.6-49.6)
24.6 (range = 3-75.5)

Hybrid

63.8 (range = 41-87)
34
40
338 (range = 20.9-62.2)
25.4 (range = 2-114)
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Cement survival

Cement failure

Hybrid survival Hybrid failure
Age (years) 642 617 645 60.59
Sex (male) 11 1 28 7
Lateralty (ight) 20 4 34 6
BMI (kg/m?) 323 338 337 335
Follow up (months) 218 380 213 420

BMI, body mass index. The bold values means statistically significant difference in follow up between hybrid stem survival and hybrid stem failure.
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Training Validation  Overall
Group Group (n=2266)
(n=1588) (n=678)
BMI (mean + SD) 279+615 277471 278575
Age (mean = SD) 663812 659+781  662+803
ASA_status
1 11 (70%) 45 (6.6%) 156 (6.9%)
2 1,380 (86.9%) 592 (87.3%) 1,972 (87.0%)
3 97 (6.1%) 41 (6.0%) 138 (6.1%)
Hb (mean + SD) 131£148 1322136 131145
Hospital stay in_days 548515  523:346 541471
(mean * SD)
Hospital stay
<6 days 1258 (79.2%) 551 (81.3%) 1,809 (79.8%)
>6 days 330 (208%) 127 (187%) 457 (20.2%)
Operation_duration_in_mins ~ 848+279  848+270 848276
(mean + SD)
Race
Chinese 1324 (83.4%) 577 (85.1%) 1,901 (83.9%)
Indian 96 (6.0%) 38 (5.6%) 134 (5.9%)
Maly 122 (7.7%) 45 (6.6%) 167 (7.4%)
other 6 (2.9%) 18 (2.7%) 64 (2.8%)
Gender
Male 371 (234%) 180 (26.5%) 551 (24.3%)
Female 1217 (76.6%) 498 (73.5%) 1,715 (75.7%)
Type_of_anaesthesia
GA 576 (36.3%) 239 (35.3%) 815 (36.0%)
RA 997 (628%) 429 (63.3%) 1,426 (62.9%)
GA_RA 15 (09%) 10 (1.5%) 25 (1.1%)
Procedure_description
Unilateral 1459 (91.9%) 619 (91.3%) 2,078 (91.7%)
Bilateral ) 53 (7.8%) 167 (7.4%)
Revision 15 (09%) 6(0.9%) 21 (0.9%)
Smoking
No 1,442 (90.8%) 619 (91.3%) 2,061 (91.0%)
Yes 146 (9.2%) 59 (8.7%) 205 (9.0%)
0SA
No 1,427 (89.9%) 621 (91.6%) 2,048 (90.4%)
Yes 161 (10.1%) 57 (84%) 218 (9.6%)
DM
No 1271 (80.0%) 558 (823%) 1,829 (80.7%)
Yes 317 200%) 120 (17.7%) 437 (19.3%)
IHD
No 1505 (94.8%) 632 (93.2%) 2,137 (94.3%)
Yes 83 (5.2%) 46 (6.8%) 129 (5:7%)
CHF
No 1573 (99.1%) 671 (99.0%) 2,244 (99.0%)
Yes 15 (09%) 7 (1.0%) 22 (1.0%)
CVA
No 1,564 (98.5%) 657 (96.9%) 2,221 (98.0%)
Yes 24 (15%) 21 (3.1%) 45 (2.0%)
Creatinine_>_2 mg/dl
No 1575 (99.2%) 672 (99.1%) 2,247 (99.2%)
Yes 13 (0.8%) 6(0.9%) 19 (0.8%)
Day_operation
Mon 256 (16.1%) 112 (16.5%) 368 (16.2%)
Tue 340 (214%) 160 (23.6%) 500 (22.1%)
Wed 305 (19.2%) 99 (14.6%) 404 (17.8%)
Thu 349 (220%) 167 (24.6%) 516 (22.8%)
Fri 255 (16.1%) 106 (15.6%) 361 (15.9%)
sat 83 (5.2%) 34 (5.0%) 117 (5.2%)
Periop_blood_units 01000520 006340340 00891+ 0.474

(mean = SD)
Blood_transfusion

No

Yes
Repeat_Op_within_30_days

No

Yié

1,494 (94.1%)
94 (5.9%)

1,574 (99.1%)
14 (0.9%)

649 (95.7%)
29 (4.3%)

676 (99.7%)
2 (0.3%)

2,143 (94.6%)
123 (5.4%)

2,250 (99.3%)
16 (0.7%)
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Overall Hospital stay <6 days Hospital stay >6 days P-value
(n=2266) (n=1809) (n=457)
BMI (mean + SD) 27.85+5.75 27.89+590 2765+5.14 0.422
Age (mean = SD) 6620803 65.76 797 67.96+8.03 <0.001
Hb (mean + SD) 13.10 145 13.19 139 1278+ 1.63 <0.001
Operation_duration_in_mins [median (IQR)] 80.00 [65.00, 100.00] 80.00 [65.00, 95.00] 85.00 [70.00, 105.00] <0.001
Periop_blood_units (mean + SD) 0.09+047 0042025 02820.90 <0.001
ASA_status (%)
1 156 (6.9) 126 (7.0) 30 (6.6) <0.001
2 1972 (87.0) 1592 (88.0) 380 (83.2)
3 138 (6.1) 1 (5.0) 47 (103)
Race (%)
Chinese 1901 (83.9) 1514 (83.7) 387 (84.7) 0014
Indian 134 (59) 102 (5.6) 32(7.0)
Maly 167 (7.4) 147 (8.1) 20 (44)
Other 64 (28) 46 (25) 18 (39)
Gender (%)
Male 551 (243) 439 (243) 112 (245) 0.963
Female 1,715 (75.7) 1,370 (75.7) 345 (755)
Type_of_anaesthesia (%)
GA 815 (36.0) 613 (33.9) 202 (442) <0.001
RA 1,426 (62.9) 1,176 (65.0) 250 (54.7)
GA_RA 25 (L1) 20 (11) 5(11)
Procedure_description (%)
Unilateral 2,078 (91.7) 1697 (93.8) 381 (83.4) <0.001
Bilateral 167 (74) 104 (5.7) 63 (138)
Revision 21 (09) 8(04) 13 28)
Smoking (%)
No 2,061 (91.0) 1,648 (91.1) 413 (90.4) 0.694
Yes 205 (9.0) 161 (89) 44 (9.6)
OSA (%)
No 2,048 (904) 1,627 (89.9) 421 (92.1) 0.185
Yes 218 (96) 182 (10.1) 36 (7.9)
DM (%)
No 1829 (807) 1491 (82.4) 338 (74.0) <0.001
Yes 437 (193) 318 (17.6) 119 (26.0)
IHD (%)
No 2,137 (943) 1718 (95.0) 419 (91.7) 0.189
Yes 129 (5.7) 91 (5.0) 38 (83)
CHF (%)
No 2,244 (99.0) 1796 (99.3) 448 (98.0) 003
Yes 22(1.0) 13 (0.7) 9(20)
CVA (%)
No 2221 (98.0) 1783 (98.6) 438 (95.8) <0.001
Yes 45(20) 26 (1.4) 19 (42)
Creatinine_>_2 mg/dl (%)
No 2247 (992) 1,799 (99.4) 448 (98.0) 0007
Yes 19 (0:8) 10 (06) 9 (20)
Day_operation (%)
Mon 368 (16.2) 277 (153) 91 (19.9) 0.001
Tue 500 (22.1) 387 (21.4) 113 (247)
Wed 404 (17.8) 321 (17.7) 83 (182)
Thu 516 (22.8) 445 (24.6) 71 (155)
Fri 361 (15.9) 285 (15.8) 76 (16.6)
Sat 17 (52) 94 (52) 23 (5.0)
Blood_transfusion (%)
No 2,143 (946) 1751 (96.8) 392 (85.8) <0.001
Yes 123 (54) 58 (3.2) 65 (142)
Repeat_Op_within_30_days (%)
No 2,250 (99.3) 1,805 (99.8) 445 (97.4) <0.001
Yes 16 (0.7) 4(02) 12 (26)
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Patients  Follow-up time  Side Range of motion KSS function  KSS clinical  Complications
(months) score score
Preop Postop
6ms 12ms 24ms  LastF/ Preop Postop Preop Postop
Postop () Postop()  Postop () U ()

1 38 Lo 5-100 5-100 5-105 5105 30 55 6 65 =

a7 R0 5-100 5-102 5-102 7102 30 55 36 65 -
2 63 Lo 3-60 365 364 3-64 [ 55 2 52 -

62 R0 485 4-80 4-80 4-80 o 55 2 76 =
3 29 Lo 8100 10-100 10100 10-100 0 40 20 8 =

28 R0 5-104 10-100 10100 10-100 0 40 20 78 o

F1U, follow-up; Preop, preoperative; Posiop, postoperative; KSS, knee sodlety score.
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All data were available for 2622

individuals

2266 patients who underwent total

knee arthroplasty

Variables with missing values were
excluded (N=356)

Al patients were randomly divided into a
training set and a validation setina 7:3
ratio

1788 patients as training set

Univariate analysis,

variables (P < 0.05) were included

Multivariate analysis

variables with P values < 0.01 were
used to develop the prediction model

Nomogram

678 patients as validation set

l

}

|

l

ROC for
training set

Calibration
curve for
training set

DCA for
training set

— Calibration
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DCA for
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length of stay Preaiction Nomogram

Points
0 20 40 o 60 80 100
Repeat_Op_within_30_days** Yes
o
Blood_transfusion*** Yes
Thu Weed e
Day_operation***
No
DM*** l Yes
Unilateral
Procedure_Description** Bilateral Revision
Operation_Duration_in_mins**
20 60 1 140 180 220
Hb***
18 6 14 12 10
Age***
20 30 40 0 60 0 80 90
Total points

430 460 480 500
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Patients Gender Age Side BMI  Causeof Range Degree
(kg/m3 ankylosis  of of flexion
motion  ankylosis

1 Male 35 L 208 As 0 %
R 0 %
2 Male 27 L 277 As 0 80
R 0 0
3 Male 32 L 195 As 0 %
R 0 %

M, male; F, female; L, left: R, right: AS, ankylosing spondyiltis.
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Variables Cut-off AUC (95% CI) Sensitivity Specificity P-value

Intraoperative blood loss 0.2411 0.635 (0.661-0.713) 70.18% 53.93% 0.0028*
Postoperative drainage fluid volume 0.4831 0.736 (0.657-0.806) 100% 48.31% <0.0001*
Frequency of blood transfusion 0.2917 0.658 (0.576-0.735) 56.14% 73.03% 0.0001*
Combined Index 0.3641 0.731(0.651-0.801) 54.39% 82.02% <0.0001*

AUC, areas under the curves; 95% Cl, 95% confidence interval. *P < 0.05.
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Characteristic

Gender (male/fenale)
Age

Hypertension

Diabetes

Operation duration (min)

Intraoperative blood loss (m)
Postoperative drainage fluid volume (ml)
Blood transfusion

Frequency of blood transfusion (22)
Duration of antibiotic use (day)

Total length of hospital stay (day)

*Significant at o level P < 0.05.

The non-infectious fever
group
=57

9/48
66.36 + 8.64
30
9
193.95 = 45.264
363.33 (200, 500)
259.73 (100, 280)
32 (56.14%)
12 (21.05%)
8:87(4,9)
26,12 £ 9517

The control group
N=89)

23/66
66.93+9.09
44
16
196.01 = 41.678
270.78 (150, 400)
151.30 (80, 170)
37 (30.33%)
5(5.61%)
552(4,75)
23.34 + 6,635

Statistics

2.062
-0.373
0.142
0.117
—0.282
—2.780
—4.822
2958
8.046
—2.429
2075

P-value

0.152
0.710
0.707
0.782
0.778
0.005*
0.001*
0.085
0.005*
0.015*
0.04*
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Covariates

Intercept
Intraoperative blood loss
Postoperative drainage volume
Frequency of blood transfusion
i1

=2

95% Cl, 95% confidence interval. *P < 0.05.

P-value

0.336
0.030%
0014*
0.021*
0.016*
0.300

OR

0.503
1.002
1.003

0.227
0.505

Lower

1.000
1.001

0.068
0.139

95%Cl

Upper

1.004
1.006

0.767
1.838

OR(95%Cl) plot
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Combination SF-IL4>1.7 SF-IL4 >1.7 CRP >18 mg/L +

pg/mL pg/mL SF-IL4
+CRP>18mg/L  +SF-PMN% >1.7 pg/mlL+
>75% SF-PMN% >75%
Sensitvity 088 091 053
Specifiity 098 097 098
PPV 096 094 095
NPV 075 092 073
Accuracy 80.1% 96% 78.8%

PPV, positive predictive value; NPV, negative predictive value.
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Periprosthetic joint infection is present if one of two major criteria or
three of five minor criteria exists

Major criteria

Minor criteria

=

. Asinus tract communicating with the joint; or
. Two positive periprosthetic cultures with phenotypical

identical organisms

. Elevated serum C-reactive protein (CRP) AND erythrocyte

sedimentation rate (ESR); or

. Elevated synovial fluid white blood cell (WBC) count OR ++

change on leukocyte esterase strip; or

. Elevated synovial fluid polymorphonuclear neutrophil

percentage (PMN9%); or
Positive histological analysis of periprosthetic tissue; or

. Asingle positive culture
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Characteristic

Age (year)

Gender

Male

Female

Joint type

Hip

Knee

BMI (kg/m?)
Survival time of
implantation (month)

*Chi-

Chronic PJI
(N =43)

70.68 £ 5.26

22(51.2%)
21(48.8%)

17 (39.5%)
26 (60.5%)
22.74 £ 3.91

67.91 + 20.06

Aseptic failure
(N = 56)

68.98 + 6.05

27 (48.2%)
29(51.8%)

31 (55.4%)
25 (44.6%)
23214+ 4.66
76.82 4+ 21.556

P-value

(o

0.77*

0.12*

059 %
008"

ware test, *independent Student's t-test; PJi, periprosthetic joint infection.
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Marker

ESR (mm/h)

CRP (mg/L)

SF-IL4 (pg/mL)

SF-PMN%

Range
Median
P25, P75
Mean  SD
Range
Median
P25, P75
Mean  SD
Range
Median
P25, P75
Mean  SD
Range
Median
P25, P75
Mean  SD

Chronic PJI
V=43

7.20-120.00
35.00
22.00; 50.00
42,10 £ 2623
5.80-91.20
21.40
13.20; 33.40
27.31 £20.02
1.20-14.10
3.30
220;9.7
557 £4.37
60.32-96.65
87.58
83.50, 90.50
86.16 £ 7.31

Aseptic
failure
N =56)

2.00-58.00
22.00
17.50; 32.00
24.38 + 12.80
1.25-28.00
6.75
3.29; 16.00
9.81£7.75
0.00-2.88
1.10
0.55;1.28
1.00+0.53
23-89.20
56.95
53.40, 66.95
59.30 + 15.63

P-value

0.001*

<0.001*

<0.001*

<0.001%

8D, standard deviation; * Mann-Whitney U test.
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Test

AUC (96% C)
Cut-offlevel

Sensitivity (96% CI)
Specificity (95% CI)

DOR
Accuracy

CRP (mg/L)

10
81.4
58.9

58.6

ESR (mm/h)

30
67.4
62.6

50.6

CRP (mg/L)

083 (0.74-0.90)
18
62.79 (46.7-77.0)
87.50 (75.9-94.8)
79.4(65.0- 88.9)
75.4(67.0-82.10)
5.02 (2.40- 10.40)
043 (0.3-0.6)
11.67
727

ESR (mm/h)

072 (0.62-0.84)
3
58.14 (42.1-73.0)
83.93 (71.7-92.4)
735 (69.2-84.2)
72.3(64.3 ~79.1)
3.62(1.9-6.9)
050(0.3-0.7)
7.24
68.7

SF-IL4 (pg/mL)

0.97 0.92-0.99)
17

93.02 (80.9-98.5)

94.64 (85.1-98.9)

93.0 (81.6-97.6)

94.6(85.6-98.1)

17.36 (5.8-52.4)

0.07 (0.02-02)
248,00

929

SF-PMN%

0.89 (0.82-0.95)
75%
95.35 (84.2-99.4)
7857 (65.6-83.4)
77.4(67.3-85.0)
95.7 (85.0-98.8)
4,45 (2.7-7.4)
006 (0.02-02)
7417
848

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; +LR, positive likelihood ratio; LR, negative likelihood ratio; DOR, diagnostic odds ratio.
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No. PE T PEEK LF LT MF MT

1 —95.60 177.90 176.90 174.50 174.60 421.40
2 -91.50 185.20 214.90 117.50 139.50 252.10
3 -92.60 180.40 167.60 110.40 112.50 168.60
4 -92.30 176.10 169.70 132.70 166.40 227.60
5 -92.30 177.20 252.30 176.80 192.60 301.60
6 —86.10 190.60 266.10 139.00 270.90 310.80
7 —-81.80  187.00 27600  147.20 22240  342.70
8 ~87.70 183.20 164.10 72.10 164.10 292.60
9 -83.90 184.20 129.00 93.40 190.30 270.00
10 —90.50 187.70 115.30 65.80 174.30 238.60
Average -89.41 182.96 192.19 122.94 180.76 282.59
sD 4.14 4.90 55.05 38.60 43.48 69.28

CV. -4.63 268 28.64 31.40 24.05 2452

HU values for HXLPE, PEEK, lateral femur, lateral tibia, medial femur, and medial
tibial cancellous bone were measured on CT. The measurement method is shown
in Figure 3. HU, Hounsfield unit; HXLPE, highly cross-linked polyethylene; PEEK,
polyetheretherketons; F; femoral; T, tivial; SD, standard deviation; CV, coefficient of
variation; CT, computed tomography.
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Radiographic Pre-revision Post-revision  P-value

measurements
aHKA —1.8(-19-7, +4.4) -0.8(-5-4,+2.1) 0.172
mean (min-max, £SD)
mDFA 0.4(-88,£82)  17(-2-5,+16) 0678
mean (min-max, +5D)
mPTA —22(-11-2,£2.4) —25(-5-1,£1.4) 0518

mean (min-max, £8D)

aHKA, arithmetic mechanical hip-knee-ankle angle (mDFA + mPTA); mDFA, mechanical
distal femoral angle; mPTA, mechanical proximal tibial angle; SD, standard deviation.
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References N TKAs/ Indication for revision Type of PE ‘Component Rerevisions PROMs PROMs Radiological analysis
mean FU in insert fixation preoperatively mean  at final follow-up
years (range, +SD) mean
(range, +SD)
Gwam et al. (19) 93/4  NR septicfalures were TS NR 4 aseptic loosening NR KSS:86 (38-100)  Excluding the revised cases,
excluded 2 septic failures Functional KSS:  there were no progressive
52 (15-90) radiolucencies or osteolysis
noted
Hamiton et al. (10) 5312 NR, septic failures were TS Fuly cemented  None OKS: 19.1 (7.41) OKS:36.4 (£82)  NR
excluded
Stevens et al. (20) 1007.4 85 aseptic reasons s Fully cemented 6 septic failures NR OKS: 27 (0-46, £11.9) Excluding the revised cases, nine
15 seplic reasons Binstabilty FJS:32.3 (0-100, 30.4) postoperative radiographs
1 infected periprosthetic demonstrated non-progressive
fracture SF-12 PCS: 40.6 radiographic lucent lines with no
2 reoperations for (28.9-67.1£17.6)  evidence of loosening. One
additional SF-12MCS: 483 radiograph demonstrated
patellar resurfacing (28.9-69.1, £15.5)  progression of radiographic
lucent lines and lysis
Limberg et al. (21) 416/4 122 instabity S Fuly cemented 23 septic failures KSS: 46 KsS: 81 NR
105 aseptic loosening 17 instablity
97 sepic failure 10 aseptic loosening
92 other 1 arthrofibrosis.
1 periprosthetic fracture
1 patela fracture
Presentstudy (2021)  48/4 40 aseptic reasons 31ps Fully cemented 1 instability NR WOMAG: 34.4 (0-80, No progressive radiolucencies or
3 seplic reasons 1278 £21.7) osteolysis noted

KSS, Knee Society Scor

KS, Oxford Knee Score; FJS, Functional Joint Score; SF-12 PCS, Physical Component Summeary; SF-12 MCS, Mental Component Summary; SD, standard deviation; NR, Not reported.
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Femur size # Femur width Augment Angular correction

(mm) thickness (mm) (degrees)
1 59 5 58
2 62 5 55
3 65 5 53
4 68 5 5.1
5 7 5 48
6 74 5 46
7 77 5 45
8 80 5 43
1 59 10 1.5
2 62 10 1.0
3 65 10 105
4 68 10 10.0
5 7 10 96
6 74 10 92
7 I 10 89
8 80 10 85
1 59 15 17.0
2 62 15 162
3 65 15 155
4 68 15 149
5 7 15 14.2
6 74 15 137
7 77 15 13.2
8 80 15 12.7

Distal augments are avaiable in’5, 10, and 15 mm sizes. Posterior augments are available
in 5 and 10mm sizes only.
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Problem

Coronal
malalignment of the
femoral component

Diagnosis

1) AP standing long leg
x-ray
2) Preoperative x-rays
3) Contralateral
knee anatomy

Plausible solution

1) Medial distal femoral augment
to correct excessive varisation
from native anatomy common
in MA.

2) Lateral distal femoral augment
to correct excessive valgisation
from native anatomy

Coronal
malalignment of the
tibial component

1) AP standing long leg
x-ray
2) Preoperative x-rays
3) Contralateral
knee anatomy

1) Lateral tibial augment to correct
excessive valgisation from
native anatomy common in MA

2) Medial tibial augment to correct
excessive varisation from native
anatomy.

Femoral axial
malalignment

1) CT-Scan of the TKA

1) Posterior mecial femoral
augment to correct systematic
external rotation in MA

2) Posterior lateral augment to
correct excessive internal
rotation from native anatomy.

Anterior overstuffing 1) Lateral x-ray of the

of the femoral
component

knee
2) CT-Scan of the TKA

1) Medial and lateral posterior
augments to posteriorize the
femur

2) Larger medial femoral augment
than lateral to correct excessive
external rotation
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Indication

Aseptic component loosening
Femoral component
Tibial component
Both components
Component malpositioning
Femoral component

Coronal

Axial

Sagttal
Tibial component
Coronal

Axial

Sagttal
Anterior overstuffing
Femoral component anteriorized
Patella under resection
Sizing error
Femoral component
Tibial component
Joint line

Osteolysis
Femoral side
Tibial side
Both sides
Pain as one of the main factors
Ligamentous instability
Polyethylene wear
Septic failure
Patellar instability
Stiffness

Valgus: 3
Varus: 7

Internal rotation: 4
External rotation: 1

Flexion: 1

Valgus: 2
Varus: 3

Internal rotation: 2
External rotation: 10

Flexion: 4

Oversized: 3; undersized: 2
Oversized: 1; undersized: 1

Distalized: 3
Proximalized: 1
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Stem length Femur N (%) Tibial N (%)
No stem 3(7%) 5(11.6%)
Stubby/bullet tip 0 12 (27.9%)
50mm 35 (81.4%) 25 (58.1%)
100mm 5(11.6%) 1(2.3%)
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Tibia size # Tibia width (mm) Augment Angular correction

thickness (mm) (degrees)

1 61 5 58
2 64 5 55
3 o7 5 53
" 70 5 51

5 74 5 48
6 77 5 46
7 80 5 44

s 85 5 42

] 61 10 15
2 64 10 1.0
3 67 10 105
4 70 10 100
5 74 10 95
6 77 10 91

7 80 10 88
8 85 10 83
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References 1 I m W vV VI VIl VIl Total score

Choetal (13) 2 1 1 2 1 2 1 1 1"
Okamoto 2 1 0 2 1 2 1 1 10
etal. (5)

Changeta. 2 1 0 2 1 2 0 1 9

(14)

Gursu et al. 2 1 0 2 1 2 0 1 9

(1)

Jeong et al. 2 1 1 2 1 1 0 1 9

(16)

Palanisami 2 1 1 2 1 2 1 1 1"
etal. (17)

leeetal(®) 2 1 0 2 1 2 0 1 9

Kimetal.(19 2 1 1 2 1 2 A1 1 11

1=V, question; MINORS score, not reported scoredias 0, reported but inadequate scored
as 1, reported and adequate scored as 2.
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References

Choetal. (13)

Okammoto
etal. (5)

Changetal.
(14

Gursu etal.
(19)

Jeong etal.
(16)
Palanisami
etal. (17)
Leeetal. (18)
Kimetal. (19)

Country

South Korea

Japan

South Korea

Turkey

South Korea

India

South Korea
South Korea

Design

Pc

Re

Re

Re

Pc

Pc

Re
Pc

Cohort description

Varus < 10° KOA, Varus = 10° KOA
Varus < 6° KOA, Varus > 6° KOA

Varus KOA + Ankle OA, Varus KOA +
NO Ankle OA

Varus > 10° KOA

Varus KOA'

Varus > 10° KOA

Varus + valgus KOA
Varus KOA

Total number
(people/knee)

17/195
75/80

56/99
78/80
331/375
91/121

110/142
55/ 65

Mean age (year)

69.1+6.1

72.5 (range, 58-85)

70+68

67 (range, 54-78)

683+7.8

634+7.6

65.8
N/R

Male (M/F)

NR
8/67

6/50

18/60

23/308

20/62

N/R
NR

Follow-up
2 years
2years

2 years
3years

6 months.
1 year

3years
2 years

Outcomes

@56
D2

PC, prospective cohort; AC, retrospective cohort; /R, not reported; ®, MTA or the angle formed between the mechanical axis of the femur and the mechanical axis of the tibia; @, HA
or the angle between the diaphyseal axis of the tibia and the longitudinal axis of the calcaneus; ®, AOFAS or the American Orthopedic Foot and Ankle Score; ®, Tt or the angle between
the distal tibial surface and the upper talus; ®, MAJS or the distance between the medial of the talar dome and the distal tibial surface; ®, MACS or the distance between the medial
articular surface of the talus and the medial malleolus articular surface.
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Clinical indicator

NR

Significant
difference of KSS,
KSFS after TKA (o
<0.05)

NR

NR

NR

Significant
difference of OKS
after TKA p <
0.001)

NR

NR

Ankle

NR

Significant
difference of
AOFAS after TKA
(0 <0.05)

Patients with ankle
OA had increased
ankle pain and
worse clinical
outcomes after
TKA (p < 0.08).

NR

N/R

Significant
difference of
AOFAS after TKA
(0 <0.001)

N/R

Significant
difference of
AOFAS and VAS
after TKA o <
0.01)

Radiographic indicator

Knee

Significant
difference of MTA
after TKA (o <
0.001)

Significant
difference of MTA
after TKA(p <
0.001)

Significant
difference of MTA
after TKA(p <
0.001)

Significant
diference of MTA
after TKA (o <
0.001)

Significant
difference of MTA
after KA (o <
0.001)

Significant
difference of MTA
after TKA(p <
0.001)

Significant
difference of MTA
after TKA (p <
0.001)

Significant
difference of MTA
after TKA (o <
0.001)

Ankle

Significant
difference of HA
after TKA (o <
0.001)

Significant
difference of Tt
after TKA (o <
0.08)

Significant
difference t of Tt,
MAJS, and MACS
after TKA (o <
0.05)

Significant
diference of Tt
and MACS after
TKA (o < 0.05)

Significant
difference t of HA
and Tt after TKA (o
<0.001)

Significant
difference of HA
after TKA (o <
0.001)

Significant
difference of Tt,
MAJS, and MACS
after TKA (o <
0.05)

Significant
difference of Tt,
HA after TKA (o <
0.05)

Correlation

Correlation
between MTA and
HA before and
after TKA o <
0.08).

Correlation
between MTA and
Tt before and after
TKA (p < 0.08).

Correlation
between MTA and
Tt, MAJS, and
MAGS before and
after TKA o <
0.05).

NR

Correlation
between MTA and
HA, Tt before and
after TKA (0 <
0.08).

Correlation
between MTA and
HA before and
after TKA (o <
0.08).

Corretation
between MTA and
Tt, MAJS, and
MACS before and
after TKA (o <
0.08).

Correlation
between MTA and
T, HA before and
after TKA (0 <
0.08).

Conclusion

The hindfoot
valgus deformity in
patients with knee
varus deformity
does not reqire to
be corrected
before TKA.
Patients with
severe knee
deformity would
experience
persistent hindfoot
pain and valgus
alignment after
TKA.

The ankle OA is
related to the
increased ankle
pain after TKA and
adversely affects
the clinical
outcomes.

The correction of
severe knee varus
deformity folowing
TKA would lead to
ankle
malalignment.

The correction of
knee varus
deformity after
TKA would lead to
compensatory
changes, which
occurred at the
ankle and the
subtalar joints.

The knee and
hindfoot alignment
in patients with
knee varus
deformity can be
restored by TKA.
The correction of
knee varus
deformity after
TKA would lead to
radiographically
progressed ankle
arthitis.

The correction of
knee varus
deformity after
TKA would lead to
more serious ankle
pain.

N/R, not reported; KSS, Knee Society Score; KSFS, Knee Society Functional Score; VAS, visual analog scale; OKS, Oxford Knee Score; MTA, mechanical tibiofemoral angle; HA,

hinafoot alignment angle; AOFAS, American Orthopedic Foot and Ankle Score; Tt, talar tilt; MAJS, medial ankle joint space; MACS, medial ankle clear space.
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