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Editorial on the Research Topic New advances in prosthetic surgery of large joints


It is our great pleasure to introduce this Research Topic on New Advances in prosthetic surgery of large joints. Osteoarthritis is a common cause of disability and chronic pain in patients over the age of 50. The knee, hip, and shoulder joints are the most affected.

Osteoarthritis (OA) is the most common arthritic disease and the leading cause of disability in the general population. It is characterized by synovial inflammation, osteophyte formation, and cartilage loss.

The pathophysiological basis of this disease is still under continuous investigation, focusing on the study of changes in synovial fluid composition, neoangiogenesis, and variations in chondrocyte behavior (1). At variance with other chronic inflammatory arthritis conditions, OA is characterized by severe cartilage damage and mild synovial inflammation due to two different molecular mechanisms: Toll-like receptors (TLR) activated by endogenous products and the activation of the complement cascade due to some components of the ECM. TLR activation induces different molecular pathways that stimulates chemokines and cytokines release, increase angiogenesis, and promote immune system activation.

The clinical presentation of the disease increases with age. Charnley, many years ago, proposed the first “modern” hip replacement model (2). Since then, numerous studies and research have refined surgical practice, the quality of implants, and their versatility, allowing today's replacement of any major joint in the body with excellent results.

Research into new technologies and techniques, however, remains ongoing and stimulating.


Surgical approaches and outcomes evaluation

Traditional surgical approaches are gradually being complemented by new technologies to personalize the treatment and reduce intra- and post-operative complications. (Xu et al.) Pre-operative patient optimization, as well as the ability to perform complex procedures with local-regional anaesthesia, has allowed for shorter recovery times and a faster return to normal life. (Lee et al.) Likewise, optimized use of tourniquets (Zhang et al.) and bone cements (Chen et al.) has led to good, long-lasting clinical results and a lower incidence of complications, even in the immediate perioperative time, especially in patients with comorbidities. Furthermore, in selected patients with osteoarthritis, prosthetic replacement of both hips or knees, or of one knee and one hip, optimizes recovery times for the return to normal daily activities and sports, in some cases, without increasing the risk of perioperative complications. (Compagnoni et al.)

There is also growing interest in blood markers that can predict functional outcome after prosthetic replacement, such as uric acid. However, much remains to be understood in this field (Xia et al.).



Prosthetic design and biomaterials

New high-performance prosthetic designs are launched on the market every year. But there is no doubt that traditional anatomical designs offer excellent clinical and radiographic results even decades after their first implantation. As is known, in patients affected by hip dysplasia, conic-shaped hip prosthetic models are still the first option in case of severe deformity. In these ones, in fact, Wagner's traditional femoral stem design still offers an excellent solution with more than encouraging long-term follow-up results (D'Angelo et al.).

Nevertheless, regarding hip prosthetics, short stems came onto the market about 20 years ago, demonstrating good medium- and long-term results with low failure rates. The goal is to obtain increasingly high-performance prosthetic implants, saving bone stock for possible future revisions (3).

The search for biomaterials is also constantly evolving. The goal is to find durable ones, aspiring to a 0% failure rate in the case of a properly positioned implant. Hard-on-hard bearings in hip prosthetics are undoubtedly the best option in this regard. Yet the only hard-on-hard one currently authorized on the market is a ceramic-on-ceramic bearing. The well-known ceramic-on-metal one was withdrawn from the market years ago because of causing harm to patient health due to the release of metal ions, chromium, and cobalt. However, several literature papers have shown that, in the case of correct positioning, wear is negligible and therefore the risk of metal ion release is minimal and not dangerous (4, 5). Ceramic-on-ceramic bearing is certainly the most reliable and long-lasting one, thanks to the development of Alumina and Zirconia-based composites. On the other hand, hard-on-hard bearings can be complicated by squeaking. Squeaking, even in the absence of pathological significance, can compromise the patient's quality of life. The causes are unknown, but the lubrication of the artificial joint is likely involved. Furthermore, in the case of ceramic-on-polyethylene bearings, poor lubrication can cause increased wear. Recent (bio)tribology studies have been conducted. These have led to the development of elasto-hydrodynamic lubrication models with promising results in in-vitro studies (6). Certainly, the most widely used bearing remains ceramic-on-polyethylene, which, however, has the disadvantage of having a higher polyethylene wear rate. Special treatments of the latter (vitamin E–enhanced polyethylene, crosslinking process, etc.) have, however, meant that this is much lower than in the past. Highly crosslinked polyethylene has significantly reduced wear rates in large prosthetic implants (7).

Special materials such as Oxidized Zirconium, on the other hand, find little application in hip replacement, but they are very common in knee prosthetics with good tolerability rates (8). Unfortunately, however, contact between the component and the metal surface leads to the development of rapid and catastrophic wear, which is why its use has been reduced (9).



Prosthetic surgery in unusual pathological settings

Prosthetic replacements are often performed in patients with specific comorbidities, which can complicate the surgical procedure or be associated with higher complication rates. Performing surgical procedures on amputees is notoriously fraught with technical challenges, from patient positioning to the intraoperative maneuvers required for correct prosthetic placement. In this regard, the minimally invasive anterior hip approach represents a valid option, especially for patients with above-the-knee amputations (Zhao et al.)

Very rare diseases may also be associated with the risk of early osteoarthritis, such as Ehlers-Danlos syndrome. In these cases, it is essential to ensure well-positioned implants with low wear rates, given the patient's young age and the risk of future revisions (10, 11).

Similarly, the coexistence of systemic diseases that impact the joints often poses a challenge for the orthopedic surgeon. Hemophilia, in cases of recurrent hemarthrosis, especially of the knee, has highly destructive effects on joint structures. Indeed, prosthetic fitting is technically more complex, and complications are more frequent. It is therefore not surprising that more compromised preoperative situations, in terms of flexion contracture and reduced range of motion, correlate with worse postoperative outcomes. Pre-operative planning and patient optimization are mandatory in these cases (Jiang et al.).



Modern technologies

The use of modern prosthetic technologies has allowed us to optimize the components' positioning and, therefore, the implant's duration over the years. New technologies acquire particular significance and importance, especially in the case of complex prosthetics, as occurs in post-traumatic outcomes, especially in elderly and osteoporotic patients (Liu et al.).

From guided positioning techniques, through 3D printing cutting masks, to robot-assisted prosthetics, the level of accuracy of prosthetic surgical procedures has continued to grow. Furthermore, 3D printing of the patient model obtained from CT scanning allows for extremely accurate planning of the procedure, as well as surgical simulation to optimize surgical steps and times (12). This, among other things, also helps reduce the risk of developing a peri-prosthetic joint infection. Additionally, accurate planning prevents the risk of implant instability, such as in the hip and shoulder.



Perspectives and future directions

The future goal is to make this type of procedure as accessible as possible to patients with osteoarthritis by creating implants that are as personalized as possible. The use of new technologies and material improvements aims to reduce the rate of complications and prosthetic failures, ensuring high long-term success rates.

Many thanks to the authors and reviewers who contributed to this Research Topic in Frontiers in Surgery, Orthopaedic Surgery. We hope that it will help readers to get some insights into joint replacements and trigger further research in this field.
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Aim: We aimed to explore the threshold of preoperative range of motion (ROM) and flxion contacture (FC) as a predictor of Poor knee function after TKA.



Method: A retrospective analysis was conducted on 84 Patients with haemophilia (PWH) (113 knees) who underwent knee arthroplasty in our hospital from January 2010 to December 2020 (mean follow-up 70.7 ± 22.4 months). General information, hemophilia information, surgical information, follow-up information were collected. Knees were divided into two groups: Group poor (41 knees) and Group excellent (72 knees). In the clinical evaluation, the FC, ROM and American Society Knee clinical Score (KSC), American Society Knee functional Score (KSF), Hospital for Special Surgery (HSS) scores were used preoperatively and at the final follow-up visit. Receiver operating characteristics (ROC) analysis was used to analyze the threshold of preoperative ROM and FC as a predictor of Poor knee function after TKA.



Result: Postoperative knee joint KSC, KSF, and HSS scores, as well as ROM and reduction in FC deformities at the last follow-up, improved significantly compared to preoperative levels. A notable correlation was observed between ROM and FC and the outcome of knee arthroplasty. The cutoff value of preoperative fexion contracture and ROM for poor knee function at last-follow up was 16.5° and 61.5°.



Conclusion: The study concludes that the efficacy of knee joint replacement surgery in hemophilia patients is influenced by the pre-ROM and Pre-FC. The better the pre- ROM, the better the knee efficacy. The greater the pre- flexion contracture degree, the worse the knee efficacy.



KEYWORDS
patients with haemophilia, range of motion, flexion contracture, total knee arthroplasty, knee function





1 Introduction

Hemophilia, a blood coagulation disorder caused by a deficiency of coagulation factors, predominantly manifests as bleeding of varying degrees and locations. The most common being sites are the limb joints, particularly the knee joints, which constitute about 45% of all joint bleeding incidents (1). Repeated intra-articular hemorrhage leads to articular cartilage destruction, joint space narrowing, reduced joint mobility, joint deformity, and ultimately, haemophilic arthropathy. The increased bleeding duration, continual iron deposition, and ongoing damage to synovial tissue and cartilage result in chronic proliferative synovial inflammation, exacerbating articular cartilage destruction (2, 3).

Because of postoperative pain and muscle atrophy, rehabilitation training is more arduous for patients with haemophilia (PWH), with recovery being inferior to that of osteoarthritis patients. Prosthesis survival post-surgery is lower in PWH compared to non- hemophiliac individuals, such as older patients with primary osteoarthritis (4, 5). Possible reasons include younger age at the time of surgery, higher activity, heavy wear of the prosthesis, and higher incidence of postoperative infection.

The average range of motion (ROM) of PWH after total knee replacement is less than that in cases of patients with osteoarthritis. Intra-capsular fibrotic changes and extracapsular muscle contractures are typical problems that affect the operative outcomes after TKA (6). The flexion contracture (FC) of the knee joint, especially its rapid progression, is one of the important indication criteria for TKA surgery. The level of postoperative contracture is important for successful outcomes of surgery as well.

Morphologically, these patients often exhibit developmental deformities of the tibial plateau, a reduced aspect ratio of the plateau, flattening of the intercondylar eminence, early formation of large osteophytes on the tibial plateau, altered positioning of the tibial tuberosity, and square patella cartilage formation, accompanied by extensive arthrofibrosis (7). Additionally, joint deformity often leads to a small fronto-occipital diameter and a larger right-left diameter of the femoral and tibial sides, complicating the prosthetic coverage of articular osteotomy surfaces and the intraoperative selection of femoral prosthesis size, as well as determining anatomical markers for the tibial component in tibial plateau replacement (8–10).

Considering the aforementioned studies, it is evident that PWH present greater surgical challenges and generally poorer postoperative outcomes, despite representing a small proportion of all knee replacement surgeries.

The objective of this study is to (1) compare the preoperative and postoperative knee function after total knee arthroplasty (TKA) in HA and, (2) determine the threshold of preoperative range of motion (ROM) and flexion contracture (FC) as a predictor of Poor knee function after TKA.



2 Materials and methods


2.1 Inclusion and exclusion criteria

Inclusion criteria were: (1) Patients with a confirmed diagnosis of hemophilia who underwent knee replacement; (2) Patients receiving total knee replacement at the First Affiliated Hospital of Shandong First Medical University. Exclusion criteria included: (1) Patients lacking essential information such as demographics, laboratory, and surgical data; (2) Patients with concurrent conditions like tumors; (3) Patients without minimal 4-year follow-up.



2.2 Clinical evaluation

All surgeries were conducted by the same department's physician team. PWH were classified into type A and B based onbased on coagulation factor deficiency. Patients were categorized into mild hemophilia (5%–40% coagulation factor activity), moderate (1%–5%), and severe (<1%) groups according to severity. Patients were categorized based on their coagulation factor usage into on-demand and prophylactic treatment groups. Postoperative knee joint outcomes were classified as excellent or poor. The excellent category was defined by scores of 70 or higher on the HSS, KSC, and KSF, a final follow-up ROM of at least 90°, FC under 15°, satisfactory incision healing, absence of infection, exudation, non-healing or delayed healing wounds, and no need for postoperative revision. Patients failing to meet these standards were placed in the poor category.



2.3 Perioperative management

According to the Expert Consensus on Management Guide for Hemophilia (11), the FVIII level should be kept at 80%–100% on the operation day, 60%–80% on 1–3 days after the operation, 40%–60% on 4–6 days after the operation and 30%–50% on 7–14 days after the operation. All patients had no autologous blood transfusion. If the patient has HB <70 g/L or HCT <25%, it is considered as an indication that allogeneic blood transfusion is needed (12). Pain control was managed using intravenous narcotics by an intravenous patient controlled analgesia line and non-steroid anti-inflammatory drugs.



2.4 Surgical approach

All PWH underwent a medial parapatellar approach, receiving intravenous tranexamic acid (TXA) (15 mg/kg) 10 min before skin incision and local application of TXA (1 g) in each joint post-joint capsule closure. Antibiotic prophylaxis was administered 30 min before and after surgery, using intravenous cefazolin (2.0 g) at regular intervals, or clindamycin for those allergic to cephalosporin. All operations are performed using mechanical alignment methods (Figure 1). To reduce postoperative bleeding and prevent infection, no drains were used. Pain management included intraoperative joint medication and postoperative oral tramadol (50 mg/bid). General anesthesia was employed, and the prosthesis was fixed with bone cement intraoperatively, akin to conventional total knee replacement procedures.


[image: Panel of eight labeled x-ray images shows preoperative and postoperative views of lower limbs and knees. Images (a–d) display degenerative joint changes; images (e–h) show prosthetic knee implants in both frontal and lateral projections after joint replacement, confirming proper implant alignment.]
FIGURE 1
Radiographs of a 28-year-old male patient with severe haemophilic arthropathy. Preoperative x-rays showed extensive destruction of an articular surface, narrowing of the joint space, and a square patella. All operations are performed using mechanical alignment methods. (a) Preoperative anteroposterior radiographs of lower extremity length; (b) preoperative anteroposterior radiograph; (c,d) preoperative lateral radiograph of affected knee joint; (e,f) postoperative coronal knee radiographs; (g,h) postoperative sagittal knee radiographs.




2.5 Postoperative rehabilitation

PWH did not receive anticoagulant therapy post-surgery. Physical methods, including ankle pumps and lower extremity elastic bandages, were employed to prevent deep venous thrombosis in the lower extremities. Patients engaged in exercises such as straight leg raises, ankle flexion, and extension. Continuous passive motion was used routinely, and an intensive rehabilitation protocol with active assisted range of motion exercises was encouraged on the first postoperative day and continued twice daily.



2.6 Data analysis

Data were analyzed using SPSS version 30.0. Preoperative and last follow-up values were compared using the t-test and chi-squared tests. In all analyses, p < 0.05 was considered statistically significant. The relationship between Preoperative values of FC, ROM and knee scores was investigated through the use of correlation analysis. Through receiver operating characteristics (ROC) analysis, we aimed to determine the threshold of preoperative ROM and FC as a predictor of Poor knee function after TKA.




3 Results


3.1 Patient demographics

A total of 84 (113 knees) PWH were included in this study. A total of 41 knees in the poor group and 72 knees in the excellent group were included according to the evaluation criteria. The follow-up ranged from 47 to 120 months (mean follow-up 70.7 ± 22.4 months). Table 1 showed a significant difference in the severity grading between the groups; a higher proportion of severe hemophilia was noted in the poor group. All eight patients undergoing quadriceps plasty belonged to the poor group (p < 0.001), and a higher proportion of patients in the poor group underwent bilateral knee replacements in a single anesthesia session (p = 0.037). The intraoperative bleeding was significantly higher in the poor group than in the excellent group. No significant differences were found in the Age, BMI, hemophilia type, Coagulation factor usage, Total Bleeding, Intraoperative blood transfusion or Length of hospital stay.


TABLE 1 Patient demographics.

[image: Table comparing clinical characteristics between excellent and poor outcome groups, including age, BMI, hemophilia type, severity grading, coagulation factor usage, intraoperative bleeding, total bleeding, blood transfusion, quadriceps plasty, simultaneous knee replacement, and hospital stay with respective P values for significance.]



3.2 Clinical results

The FC decreased from 15.9° ± 9.5° to 7.9° ± 5.8°. The ROM increased from 60.2° ± 16.8° to 74.7° ± 9.7°. Similarly, the KSC, KSF and HSS greatly improved (P < 0.001). Thus, there were significant differences between the preoperative and final follow-up values of FC, ROM, KSC, KSF, and HSS, as shown in Table 2. Table 3 showed the degree of ROM at last follow-up was greater in excellent group (79.4° vs. 66.5°, p < 0.001). The degree of flexion contracture at last follow-up was greater in the poor group (11.9° vs. 5.6°, p < 0.001). The degree of ROM change and FC change was greater in poor group (ROM change 19.4° vs. 11.1°, p < 0.001; FC change 11.2° vs. 6.4°). The degree of preoperative ROM and FC was greater in excellent group (Pre-ROM 68.2° vs. 46.2°, p < 0.001; Pre-FC 12° vs. 23°). The preoperative and the last follow-up KSC, KSF and HSS scores were greater in the excellent group in comparison to the poor group. KSC, KSF, HSS was positively correlated with preoperative ROM (P < 0.001); KSC, KSF, HSS was negatively correlated with preoperative FC(P < 0.001) (Figure 2). When evaluating the cutoff point of preoperative FC and ROM for Poor knee function after TKA at last follow-up on ROC analysis, the cutoff value was 61.5° in the ROM and 16.5° in FC (Figure 3).


TABLE 2 Comparison of pre- and post-operative knee function in PWH.

[image: Table compares preoperative and postoperative means and standard deviations for KSC, KSF, HSS, ROM, and FC. All show significant postoperative improvement with P values less than 0.001. HSS, KSC, and KSF abbreviations are clarified in the note.]


TABLE 3 Clinical result.

[image: Data table comparing preoperative and postoperative clinical scores and measures, including KSS, KSF, HSS, flexion contracture, and range of motion, between Excellent and Poor groups, with all P-values indicating statistically significant differences.]


[image: Six scatter plots illustrating the relationships between preoperative range of motion or preoperative flexion contracture and postoperative Knee Society Score (KSS) at last follow-up. Plots (a), (b), and (c) use preoperative range of motion as the x-axis variable and show KSS-C, KSS-F, and KSS at last follow-up as y-axes, respectively. Plots (d), (e), and (f) use preoperative flexion contracture as the x-axis variable and also show KSS-C, KSS-F, and KSS at last follow-up as y-axes, respectively, with noticeable clustering and trends in the data points.]
FIGURE 2
Correlation analysis between preoperative FC, ROM and last follow-up KSC, KSF, HSS. (a) Correlation analysis between pre-ROM and last follow-up KSC(P < 0.001); (b) correlation analysis between pre-ROM and last follow-up KSF(P < 0.001); (c) correlation analysis between pre-ROM and last follow-up HSS(P < 0.001); (d) correlation analysis between pre-FC and last follow-up KSC(P < 0.001); (e) correlation analysis between pre-FC and last follow-up KSF(P < 0.001); (f) correlation analysis between pre-FC and last follow-up HSS(P < 0.001).



[image: Panel (a) presents an ROC curve comparing preoperative range of motion (light blue line) against a reference line (red) with axes for sensitivity and one minus specificity. Panel (b) shows an ROC curve comparing preoperative flexion contracture (light blue line) to the same red reference line, also with sensitivity and one minus specificity axes. Both graphs include a legend identifying curve sources and use gridlines for clarity.]
FIGURE 3
ROC curve to determine the threshold of preoperative ROM and FC as a predictor of poor knee function after TKA. (a) The threshold of preoperative ROM as a predictor of Poor knee function after TKA [Area Under the ROC Curve (AUC) = 0.767 Cutoff = 61.5°]. (b) The threshold of preoperative FC as a predictor of Poor knee function after TKA [Area Under the ROC Curve (AUC) = 0.843 Cutoff = 16.5°].





4 Discussion

Knee replacement has been demonstrated to be an effective intervention for improving knee function, knee scores, and knee mobility. Atilla et al. followed 21 patients, utilizing the Knee Society Score (KSS) to evaluate functional and pain levels, noting an increase in ROM from 26.7° preoperatively to 73.0° postoperatively and a decrease in flexion contractures from 21.7° to 8.3°, with the KSS improving from 22.9 to 72.9 points. Pain assessments indicated a significant decrease from 8.4 preoperatively to 2.1 postoperatively, highlighting the procedure's efficacy in enhancing function and alleviating pain in hemophilia patients.

The most important finding of this study is determine the threshold of preoperative ROM and FC as a predictor of Poor knee function after TKA. We strongly advise individuals with hemophilia to prioritize the strengthening of their knee joints by maintaining ROM above 61.5° and FC levels below 16.5°.

Preoperative range of motion (ROM) is usually considered to be the most important predictor of functional outcome after TKA. Atilla et al. also observed that replacements in knees with poor mobility had inferior outcomes compared to those with more flexible joints (13). In a study of 20 patients with haemophilia, the mean ROM at last follow-up was 92° and the mean preoperative flexion contracture was 3° (14). In a cohort of 116 haemophilic procedures at a single institution, a 5° improvement in flexion contracture and a 15° improvement in ROM were reported (15). In our cohort, the average ROM change of the knee joint at the last follow-up was 14.5° and the average FC change was 8°. Compared with the above literature, Our study yielded similar results. This study confirms that knee replacement is effective in managing hemophilic arthropathy.

A study by Noble et al. showed that patients' expectations were highly correlated with their satisfaction after total knee replacement (16). With their serious functional impairment and extreme pain preoperatively, the daily needs of our patients were unfulfilled before TKA. For activities of daily living, 65°–70° of knee flexion are necessary for the swing phase of normal gait, whereas at least 90° are needed to descend stairs and 105° to rise from a low chair (5).

Yi Liu et al. analyzed 71 hemophilia patients (78 knee joints), finding that severely rigid knees (preoperative ROM ≤50°) experienced poorer outcomes and more complications than moderately stiff knees (ROM 50°–90°) (17). These findings are consistent with ours. Other studies have shown a negative correlation between preoperative flexion contracture degrees and postoperative knee function.

Flexion contracture in hemophilic arthropathy is caused from fibrosis of the surrounding soft tissue, combined with periarticular osteopenia (18). Fernandez A et al. reviewed 2,634 knee replacements, finding that contractures over 10° were associated with significantly lower international knee scores and ROM compared to those under 10° (19). Kagaya et al. reported that joint contractures of the lower extremity affect the gait pattern and decrease the patients' ability to walk. They concluded that hip or knee flexion contracture of <15° and absence of ankle equinus is required to maintain positive step length and forward movement of the centre of gravity (20). In the case of flexion contracture following TKA, there are many methods to correct this deformity; such as, manipulation under anesthesia (21), dynamic splinting (22) or revision TKA (23). Our study not only compares the knee function of the excellent group with that of the poor group, but also calculates the exact values of Preoperative ROM and Pre-FC using the ROC analysis.

In summary, ROM and FC are closely related to postoperative knee outcomes, and corresponding functional knee exercises are extremely important. For PWH with a flexion contracture deformity of the knee joint, it is recommended that they apply pressure to the knee joint with a 5-kilogram weight for 10 min, three times a day. In addition, patients should be encouraged to walk more every day, ensuring that they take in more than 5,000 steps. For PWH with severe knee flexion and extension deficits, it is recommended Manipulation under anesthesia.

Concerning knee mobility, Baumgardner et al. (24) identified age as a factor, with mobility decreasing as patients age, possibly due to reduced joint use or immobilization, which leads to quadriceps atrophy and restricts mobility or causes stiffness. Effective postoperative rehabilitation, especially quadriceps training, is crucial as most patients suffer muscle atrophy from inadequate dynamic joint stability, creating a cycle of joint bleeding and exacerbating hemophilic arthropathy. Annual bleeding frequency also impacts mobility, with higher frequencies limiting mobility. Soucie and others have shown that knee function significantly improves when annual bleeding episodes are fewer than 3 (25). Pabinger I advocates for regular administration of concentrated coagulation factors to hemophilia patients (26), while Schramm recommends starting prophylactic treatment for those with 2–3 bleeds per month (27). Prophylactic transfusions and strengthening quadriceps exercises are advised to enhance mobility and improve outcomes following knee replacement surgery.

Obesity is a major health concern not only in the general population but also in patients with haemophilia (28). Body adiposity and disease severity in haemophilia have been found in cross-sectional studies to be negatively associated with joint mobility. Compared with haemophilia males with normal BMI, those who were obese had lower ROM at initial visit and a faster rate of joint mobility loss in the lower limbs (29). We suggest that body weight control and effective treatment of bleeds should be implemented together to achieve better joint ROM outcomes in males with haemophilia.

Research indicates that severity grading is also a significant factor. The age of first bleeding in patients with severe grading hemophilia was significantly younger than that of mild grading patients (p < 0.05), and the rate of joint deformity in patients with severe grading hemophilia was statistically different compared to that of mild to moderate grading hemophilia (p < 0.05). Severe grading hemophilia patients have a high frequency of bleeding, and the frequency of joint bleeding is an important influencing factor in the formation of hemophilic arthritis. The number of annual bleeds also affects joint mobility, and the degree of restriction of joint mobility is more severe in patients with a high frequency of bleeding (25).

This study had certain limitations. First, this is a retrospective study, with non-flexible knees constituting the control group. Considering the rare incidence of hemophilia, it is difficult to conduct such a prospective study in a single institution. Second, the 5-year follow-up time for some patients was relatively short. Hence, we could not determine the occurrence of late complications, such as aseptic loosening of the prosthesis or late prosthetic joint infection, which potentially develops over a long period after surgery. And the scores used to assess efficacy are subjective. Although the sample size is large for a single institution, including samples from multi-center institutions and expanding the sample size to encompass more influencing factors could provide more definitive results. Despite some limitations, data from the present study can be used to inform PWH about the threshold of poor knee function after TKA.



5 Conclusion

The study concludes that TKA can improve knee function in PWH, and the efficacy of knee joint replacement surgery in PWH is influenced by the preoperative ROM and Preoperative FC. The better the preoperative ROM, the better the knee efficacy. The greater the preoperative flexion contracture degree, the worse the knee efficacy. Statistical analysis revealed that preoperative FC of 16.5° and Preoperative ROM of 61.5° is an important threshold. The authors recommend that hemophilia patients actively exercise their quadriceps to enhance knee mobility.
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Introduction: Tourniquets are commonly used during total knee arthroplasty (TKA) to reduce intraoperative bleeding. However, information on the optimal tourniquet usage strategy in patients with hypertension are lacking.



Methods: A retrospective analysis of 90 patients with knee osteoarthritis and hypertension who underwent primary TKA was conducted. Patients were divided into three groups: Group A (tourniquet applied before skin incision and released after wound closure), Group B (tourniquet applied before prosthesis placement and released after wound closure), and Group C (tourniquet applied before prosthesis placement and released after bone cement solidification). Outcomes measured included intraoperative and postoperative blood loss, swelling rate, visual analog scale scores, perioperative complications, and Knee Society Scores.



Results: Group A exhibited the lowest intraoperative blood loss volume (239.26 ± 53.83 ml), but this group had significantly higher hidden blood loss, total blood loss, and transfusion volumes than Groups B and C (P < 0.05). The swelling rate and visual analog scores on postoperative day 3 were also significantly higher in Group A than in Groups B and C, as was the incidence of complications, including anemia, deep vein thrombosis, and anterior knee pain. Knee Society Scores at 4 weeks postoperatively were significantly lower in Group A than in Groups B and C.



Discussion: Tourniquet application before prosthesis placement and release after wound closure or bone cement solidification were associated with better short-term outcomes, reduced complications, and improved rehabilitation compared to tourniquet use during the entire procedure in patients with hypertension undergoing TKA.
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1 Introduction

The prevalence of knee osteoarthritis is rapidly increasing owing to the aging population, imposing a substantial social and economic burden. End-stage knee osteoarthritis is characterized by debilitating pain, joint deformity, and impaired mobility (1, 2). The most effective intervention for end-stage knee osteoarthritis is total knee arthroplasty (TKA), which significantly enhances patient quality of life (3, 4). However, TKA can lead to considerable blood loss due to extensive soft tissue and bone trauma, resulting in complications such as surgical site infections, anemia, and suboptimal functional recovery. These complications can impede early rehabilitation and increase the risk of thrombotic events (5–7). Consequently, the development of strategies to minimize intraoperative blood loss has become a critical focus in orthopedic research. Hypertension, a common chronic condition characterized by persistently elevated blood pressure (≥140/90 mmHg), is a significant global health issue associated with increased cardiovascular risk and systemic complications (8, 9). In surgical patients, particularly those undergoing TKA, hypertension further exacerbates the risk of perioperative bleeding and complications (10). Understanding the interplay between hypertension and surgical outcomes is therefore essential for optimizing perioperative management strategies in this subgroup.

Tourniquets are commonly used in TKA to reduce intraoperative bleeding, provide a dry and clear osteotomy field, minimize blood contamination of bone cement, enhance surgical precision, and facilitate implant fixation (11, 12). However, tourniquet application is also associated with several disadvantages, including hidden blood loss, thigh pain, nerve palsy, ischemia, soft tissue injury, thromboembolic complications, impaired wound healing, and patellar maltracking. Additionally, tourniquet use may delay patient recovery by reducing quadriceps femoris muscle strength, decreasing knee range of motion, and exacerbating postoperative pain (13–15).

Numerous randomized controlled trials and meta-analyses have assessed the use of tourniquets during TKA, although the optimal tourniquet release time and whether its use is beneficial throughout the procedure remain controversial (16–18). However, most of these studies have involved general patient populations, without specifically examining patient subgroups that are more susceptible to blood loss. Hypertension increases the risk of intraoperative bleeding in patients undergoing TKA, and these patients are more likely to experience cardiovascular and perioperative complications. Research investigating optimal tourniquet application strategies in patients with hypertension undergoing TKA is lacking. The aim of this study was therefore to compare different tourniquet application methods during TKA in patients with hypertension and identify the most effective and safest technique for tourniquet use in this population.



2 Method


2.1 Selection criteria

Prior to the commencement of this study, ethical approval was obtained from the Institutional Review Board of Qilu Hospital, Dezhou Hospital of Shandong University. The authors assume full responsibility for ensuring the integrity and accuracy of the study data. The inclusion criteria were as follows: (1) complete clinical and follow-up data, (2) Kellgren–Lawrence radiographic classification grade III–IV, (3) diagnosis of hypertension, and (4) primary TKA indicated after failed conservative treatment. The exclusion criteria were as follows: (1) bilateral TKA or revision surgery, (2) knee varus or valgus deformities exceeding 15°, (3) diagnosis of rheumatoid arthritis, (4) TKA not performed, and (5) incomplete follow-up data.



2.2 Patients

A total of 90 patients with knee osteoarthritis and hypertension who underwent primary TKA at Qilu Hospital, Dezhou Hospital of Shandong University, between July 2021 and December 2022 met the eligibility criteria and were included in the study. The patients were divided into three groups: A, B, and C. Group A included 15 males and 15 females with a mean age of 68.81 ± 8.17 years, Group B included 14 males and 16 females with a mean age of 69.63 ± 8.75 years, and Group C included 13 males and 17 females with a mean age of 67.86 ± 8.26 years. There were no significant differences among the three groups in terms of baseline characteristics, including age, sex, affected side, disease duration, body mass index, preoperative Knee Society Score (KSS), or hemoglobin levels (P > 0.05). Detailed baseline data are presented in Table 1.


TABLE 1 Baseline patient characteristics among the three groups.

[image: Data table compares three groups (A, B, C) based on parameters including age, sex, disease duration, BMI, affected side, KSS score, and preoperative hemoglobin. Mean with standard deviation is shown for each parameter, along with statistical test values and P values in the last two rows. Explanatory notes clarify categorical variable handling and abbreviations.]



2.3 Preoperative intervention

All patients underwent preoperative management to ensure optimal blood pressure control. All patients were instructed to continue their routine antihypertensive medications at home until the day before surgery. Patients with grade 1 or 2 hypertension were maintained on their usual antihypertensive regimen, with no additional preoperative interventions. For patients with grade 3 hypertension, active efforts were made to stabilize and normalize blood pressure to within safe limits for surgery; when necessary, this involved multidisciplinary consultations with relevant specialists to design tailored treatment regimens. TKA was only performed after achieving satisfactory blood pressure control, to minimize the risk of intraoperative and postoperative complications.



2.4 Surgical procedure

To minimize bias, all surgeries were performed by the same experienced surgeon using the same cemented knee prosthesis (NexGen Complete Knee Solution; Zimmer Biomet, Warsaw, IN, USA). In Group A, the tourniquet was applied before skin incision and released after wound closure. In Group B, the tourniquet was applied before the placement of the knee prosthesis and released after wound closure. In Group C, the tourniquet was applied before prosthesis placement and released after the bone cement had fully solidified. All patients were placed in the supine position, and a conventional anterior medial incision was used to expose the knee joint. The medial parapatellar approach was employed to incise the joint capsule and expose the joint cavity. This facilitated the removal of the synovium, part of the fat pad, the meniscus, the anterior cruciate ligament, and osteophytes. Subsequently, osteotomies of the tibia, femur, and patella were performed. A trial prosthesis was used to achieve soft tissue balance, eversion stability, and restoration of the mechanical axis of the lower limb before implanting the actual knee prosthesis. Finally, the incision was meticulously closed in layers, including the muscles, fascia, and soft tissue, and a sterile dressing was applied (19).



2.5 Postoperative intervention

All patients were provided with intravenous patient-controlled analgesia for pain management and received routine postoperative anti-inflammatory and anticoagulation therapy. Additionally, all patients were prescribed oral etoricoxib 60 mg twice daily for pain relief following surgery. Blood transfusions were considered for patients with hemoglobin levels below 70 g/L. Patients with hypoproteinemia (albumin levels <30 g/L) were administered with intravenous albumin (CSL Behring, King of Prussia, PA, USA). Cane- or walker-assisted functional mobility exercises were initiated on the day of surgery. From the second postoperative day until discharge, patients participated in physiotherapist-led rehabilitation exercises. At discharge, patients were provided with a structured home-based exercise program to maintain functional recovery.



2.6 Observation indicators

Operation time, intraoperative blood loss, and postoperative complications were recorded for each patient. Hidden blood loss, total blood loss, blood transfusion volume, swelling rate, and visual analog scale pain scores were assessed on the third postoperative day. Total blood loss was estimated using the Gross formula (20, 21). The KSS was calculated at 4 weeks and 12 months postoperatively.



2.7 Statistical analysis

All data were analyzed using SPSS software version 25.0 (IBM Corporation, Armonk, NY, USA). Continuous variables are expressed as mean ± standard deviation and categorical variables are presented as frequencies. The Shapiro–Wilk test was first used to assess the normality of continuous data. Normally distributed data were compared using independent sample t-tests; non-normally distributed data were compared using the Mann–Whitney U test. Categorical data were analyzed using the chi-square test. P < 0.05 was considered statistically significant.




3 Results


3.1 Blood loss

Intraoperative blood loss was significantly lower in Group A (239.26 ± 53.83 ml) than in Groups B (353.72 ± 61.36 ml) and C (394.28 ± 39.61 ml) (P < 0.05). However, hidden blood loss, total blood loss, and blood transfusion volume were all significantly higher in Group A than in Groups B and C (P < 0.05), as shown in Figure 1.


[image: Grouped bar graphs display four measures for Group A, Group B, and Group C: Panel A shows intraoperative blood loss highest in Groups B and C; Panel B shows hidden blood loss highest in Group A; Panel C shows total blood loss highest in Group A; Panel D shows blood transfusion volume highest in Group A. Error bars indicate variability, and different letters above bars represent statistically significant differences.]
FIGURE 1
Blood loss. (A) Intraoperative blood loss, (B) hidden blood loss, (C) total blood loss, and (D) blood transfusion volume. Data are presented as mean ± standard deviation. aP < 0.05 vs. groups B and C; bP < 0.05 vs. group A.




3.2 Perioperative parameters

No significant differences in operation time were observed among the groups. However, the swelling rate and visual analog scale scores on the third postoperative day were significantly higher in Group A (17.52% ± 2.17% and 4.15 ± 0.38, respectively) than in Groups B (9.28% ± 1.85% and 3.18 ± 1.72, respectively) and C (7.21% ± 1.37% and 3.11 ± 1.52, respectively) (P < 0.05). Additionally, the swelling rate was significantly higher in Group B than in Group C (P < 0.05). These results are presented in Figure 2.


[image: Bar chart with three panels comparing Group A, Group B, and Group C. Panel A shows operation time with similar values and overlapping error bars labeled “a.” Panel B presents swelling rate, with Group A highest (a), Group B lower (b), and Group C lowest (c). Panel C displays VAS score, with Group A highest (a), Groups B and C lower but similar (b). Error bars indicate variation.]
FIGURE 2
Perioperative parameters. (A) Operation time, (B) swelling rate, and (C) VAS score. Data are presented as mean ± standard deviation. aP < 0.05 vs. groups B and C; bP < 0.05 vs. group A. VAS, visual analog scale.




3.3 Perioperative complications

All patients demonstrated good postoperative recovery and satisfactory wound healing. In Group A, one patient developed deep vein thrombosis, three experienced anemia, and one reported anterior knee pain, a complication rate of 17.8%. In Group B, one patient developed venous thrombosis, a complication rate of 3.3%. No complications were reported in Group C. No cases of acute myocardial infarction, cerebral infarction, or pulmonary embolism were observed in any of the three groups. The complication rate in Group A was significantly higher than those in Groups B and C (P < 0.05).



3.4 Follow-up

All patients were followed up for 12 months. Four weeks after TKA, the KSS was significantly lower in Group A (43.56 ± 5.71) than in Groups B (63.15 ± 7.56) and C (68.29 ± 4.19) (P < 0.05). However, 12 months after TKA there were no significant differences in KSS among the three groups (P > 0.05), as show in Figure 3.


[image: Bar chart panel A compares 4-week KSS scores among Group A, Group B, and Group C, with Group A scoring significantly lower than both Group B and Group C. Bar chart panel B shows 12-month KSS scores for the same groups with no significant differences among them, all groups scoring similarly high. Error bars represent variability, and statistical groupings are marked with different letters.]
FIGURE 3
Postoperative KSS. (A) Four weeks and (B) 12 months after total knee arthroplasty. Data are presented as mean ± standard deviation. aP < 0.05 vs. groups B and C; bP < 0.05 vs. group A. KSS, knee society score.





4 Discussion

Hypertension significantly impairs the structural integrity of the vascular wall. Patients with hypertension typically experience elevated blood pressure, which contributes to increased bleeding during and after surgery (22, 23). Numerous studies have demonstrated that patients with knee osteoarthritis and hypertension undergoing TKA experience significantly greater intraoperative and postoperative blood loss compared to patients without hypertension (24, 25). As a result, patients with hypertension, particularly when accompanied by other diseases, often require greater volumes of blood transfusions during surgery. Park et al. identified hypertension as the second most common preoperative comorbidity after anemia in patients undergoing arthroplasty, highlighting the importance of addressing this issue (5). During TKA, patients with hypertension experience increased bleeding during skin incision and exposure, likely due to fluctuations in blood pressure during the operation. Even when blood pressure is controlled within an acceptable range, systolic pressure may still spike, increasing blood loss (24). Additionally, hemostasis techniques, such as electrocoagulation or gauze compression, are often less effective in patients with hypertension than in those without hypertension, further contributing to intraoperative blood loss (26). Consequently, tourniquet use during TKA is of critical importance in patients with hypertension to mitigate perioperative blood loss (27–29). In this study, patients were divided into three groups, each subjected to different tourniquet application strategies to evaluate their effects. The results showed that intraoperative blood loss in Groups A and B was significantly lower compared to Group C. However, both Groups A and B demonstrated a significant increase in hidden blood loss, leading to a higher total blood loss compared to Group C. These findings suggest that although tourniquet use has certain advantages in reducing intraoperative bleeding, it may increase the risk of hidden blood loss, potentially impacting postoperative recovery in hypertensive patients. This underscores the importance of achieving a balance between intraoperative and postoperative blood loss control when applying intermittent tourniquet strategies in hypertensive patients undergoing knee arthroplasty. These findings provide valuable insights for developing individualized tourniquet application protocols to optimize clinical outcomes in this patient population.

Prolonged tourniquet use has been associated with higher postoperative pain scores and delayed functional recovery following total knee arthroplasty (TKA). In this study, patients with continuous tourniquet application experienced more early postoperative pain and swelling compared to those with intermittent use. The reduced pain observed with intermittent tourniquet use is likely due to several factors: prolonged application causes localized ischemia and reperfusion injury, which can trigger cell damage and inflammation, exacerbating pain. Reducing the duration of tourniquet use minimizes ischemia and reperfusion injury, alleviating pain. Additionally, prolonged use can compress or ischemically affect surrounding nerves, leading to neuropathic pain, which may be reduced by shortening the tourniquet application. Tourniquet use also induces tissue hypoxia and inflammatory responses, including the release of pro-inflammatory cytokines, which can worsen postoperative pain. Limiting the duration of use may decrease these inflammatory responses and reduce pain. Furthermore, the ischemic pressure on muscles and soft tissues can cause muscle damage and significant pain. Reducing tourniquet use can lessen this pressure and decrease muscle-related pain (30). Prolonged tourniquet use may also inhibit the restoration of local blood flow, prolonging pain. By reducing its duration, blood flow recovery is expedited, helping to alleviate pain. However, these effects did not significantly impact long-term outcomes (31). Therefore, minimizing tourniquet use during TKA, particularly in hypertensive patients, is recommended. A study by Olivecrona et al., which included 577 patients undergoing primary TKA and 46 undergoing revision TKA, demonstrated a significant increase in complication risk with every additional 10 minutes of tourniquet application (32). This finding aligns with the conclusions of the present study, further confirming the importance of personalized tourniquet use in optimizing surgical outcomes during joint replacement procedures.

Tourniquet use requires careful consideration, as it is associated with a substantially increased risk of deep vein thrombosis and intermuscular vein thrombosis. These findings underscore the importance of balancing the hemostatic benefits of tourniquet use with its potential risks, particularly in patients at a higher risk of thromboembolic complications (24). Complications became markedly more frequent when tourniquet duration exceeded 100 min (32). Ozkunt et al. conducted a prospective randomized study of 69 patients using three distinct tourniquet application methods during TKA, and reported that prolonged use did not enhance bone cement infiltration but was associated with an increased visual analog scale score and a decreased KSS (33). Similarly, a randomized double-blind controlled trial by Wang et al. demonstrated that limiting tourniquet application to the implant placement phase did not increase transfusion rates or surgical time compared with continuous tourniquet use, but did reduce pain on the first postoperative day, allow the earlier initiation of straight leg-raising exercises, and decrease the number of minor complications experienced (17). Cai et al. further reported that periodic tourniquet application effectively reduced postoperative blood loss and total blood loss, mitigated limb swelling, and facilitated early rehabilitation (13). In this study, patients in Group A had a continuous use of the tourniquet throughout the entire TKA procedure, whereas patients in Groups B and C used the tourniquet intermittently, with Group C having a shorter tourniquet application time compared to Group B. In Group A, one patient developed deep vein thrombosis, three experienced anemia, and one reported anterior knee pain, resulting in a complication rate of 17.8%. In Group B, one patient developed venous thrombosis, leading to a complication rate of 3.3%. No complications were reported in Group C. The results of the study confirm that reducing the duration of tourniquet use significantly lowers the incidence of complications. Furthermore, tourniquets applied during osteotomy, prosthesis implantation, and from osteotomy to wound closure significantly reduced postoperative hemorrhage and swelling rates compared with continuous tourniquet use. This may be due to a decrease in vascular wall injury, muscle ischemia-reperfusion injury, and rhabdomyolysis caused by prolonged tourniquet application. These effects exacerbate postoperative bleeding and severe limb swelling, ultimately impairing early functional recovery.

Patients with hypertension undergoing TKA are at an increased risk of tourniquet-associated adverse effects owing to their more fragile vascular walls and reduced regulatory function, which render them more susceptible to sudden cardiovascular events under conditions of stress. Tourniquet application can stimulate the sympathetic nervous system, causing significant hemodynamic fluctuations that heighten the risk of myocardial ischemia or acute myocardial infarction during surgery (34, 35). Anesthesiologists play a critical role in mitigating these risks by effectively controlling the stress response and maintaining hemodynamic stability through the use of drugs that inhibit sympathetic activity. In addition to cardiovascular risks, tourniquets can impair pulmonary function. Patients with hypertension often experience vascular endothelial dysfunction, leading to an imbalance in endothelin and nitric oxide levels, which may negatively affect lung function (36).

In the present study, the incidence of postoperative anemia, deep vein thrombosis, and intermuscular venous thrombosis was significantly higher in patients who underwent prolonged tourniquet application than in those for whom tourniquet use was limited. When using tourniquets in patients with hypertension, careful consideration of the duration and timing of their application is essential, and close intraoperative monitoring by anesthesiologists is crucial to prevent adverse reactions. With the ongoing development of robotic-assisted technology, increasing evidence suggests that robotic systems can provide higher precision in intraoperative alignment, avoiding the use of intramedullary alignment rods, which may help reduce both intraoperative and postoperative bleeding, thus improving recovery outcomes. The use of robotics can ensure accurate limb alignment, minimizing damage to blood vessels and soft tissues, which in turn reduces the risk of bleeding and accelerates rehabilitation. Studies have shown that robotic-assisted surgery improves alignment accuracy, not only enhancing functional outcomes but also decreasing excessive blood loss and the need for postoperative interventions (37–40). Given the higher bleeding risks in hypertensive patients, these precise technologies could have a more positive impact on their postoperative recovery, and thus, further studies should evaluate the potential of robotic assistance in this population.

Additionally, although tourniquet use is widely accepted in surgeries, postoperative pain remains a significant concern. The use of a tourniquet is associated with increased postoperative pain, likely due to ischemic tissue damage and nerve stimulation. To alleviate postoperative pain and promote recovery, certain strategies can be considered. One approach is the use of local anesthesia techniques, such as periarticular injections or continuous nerve blocks, which have been shown to reduce pain intensity and improve early mobilization (41, 42). Furthermore, reducing the duration of tourniquet use, employing controlled hypotension, or utilizing modified anesthetic techniques may also help mitigate the severity of postoperative pain. These methods could improve the overall recovery experience for TKA patients.

Despite the valuable insights provided by this study, several limitations should be acknowledged. First, the small sample size may limit the generalizability of the findings. A larger cohort would enhance data robustness and enable subgroup analyses. Second, using hemoglobin (Hgb) levels to estimate blood loss, while common, has limitations in accurately reflecting both intraoperative and hidden blood loss. More precise methods, such as radiolabeled red blood cell studies, were not feasible in this retrospective study. Third, this study focused only on hypertensive patients, and the findings may not apply to normotensive individuals or those with other comorbidities. Fourth, while the study demonstrates that limited tourniquet use reduces postoperative pain, the underlying pathophysiological mechanisms remain unexplored. Further research is needed to clarify these mechanisms. Additionally, while endothelin and nitric oxide's effects on pulmonary function were mentioned, their correlation with respiratory outcomes was not fully explored. A more comprehensive investigation, supported by quantitative data, would strengthen the manuscript. Finally, as a single-center study, the results may be influenced by institutional protocols and surgeon-specific techniques, which could limit their external validity. Future studies should address these limitations by including larger, multicenter cohorts, using more accurate blood loss estimation techniques, and exploring the biological mechanisms of tourniquet use. Long-term studies are also needed to evaluate the impact of different tourniquet strategies on knee function recovery in hypertensive patients undergoing TKA.

In conclusion, the results of the present study indicate that applying the tourniquet before placing the knee prosthesis and loosening it after wound closure and bandage application can effectively reduce intraoperative blood loss, improve short-term postoperative functional outcomes, and reduce the complication rate. However, the long-term clinical effects require further investigation. Given the increased risk of cardiovascular, pulmonary, and thrombotic complications, patients with hypertension require a cautious and individualized approach to tourniquet use during TKA.
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Objectives: To compare the effects of general and regional anesthesia on clinical outcomes following primary total hip arthroplasty (THA).
Methods: This retrospective study using data from the Korean National Health Insurance Research Database included 1,522 patients who underwent THA under general anesthesia (n = 640) or regional anesthesia (n = 882) between 2002 and 2015. We compared the mortality and complication rates within 30 days after surgery.
Results: Prosthesis failure (1.56% vs. 0.45%, p = 0.025), admission to the intensive care unit (9.53 vs. 5.44%, p = 0.0023), and total cost (₩7,332,515 vs. ₩6,833,295, p < 0.0001) were higher in the general anesthesia group than in the regional anesthesia group. No significant differences were observed in mortality (0.94% vs. 0.57%, p = 0.54), transfusion rate (81.1% vs. 80.9%, p = 0.94), length of hospital stay (45 vs. 45 days, p = 0.23), or other complications between the groups. Similar results were observed in propensity-score matched analysis (n = 640 patients per group).
Conclusion: Our study showed that both anesthesia types resulted in comparable mortality and complication rates in patients who underwent THA, but the costs differed.
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Introduction

Total hip arthroplasty (THA) is a surgical intervention commonly indicated for end-stage hip osteoarthritis (1). Owing to population ageing, the number of THA performed is continuously increasing (2, 3). Compared to younger patients, the risk of THA-associated postoperative complications is higher in older patients (2), with a high mortality rate of 5.8% (4).

Numerous studies are currently investigating modifications in THA surgical and anesthesia strategies to reduce postoperative mortality (4–7). However, the effects of anesthesia on clinical outcomes remain poorly understood, as conflicting results have been reported (4, 5). A study involving a large sample size showed that regional anesthesia (RA) was associated with a lower mortality rate and fewer complications, including delirium, whereas another study found that the mortality rates associated with general anesthesia (GA) and RA were comparable (4, 5).

Therefore, in this study, we aimed to compare the effects of GA and RA on clinical outcomes in patients who underwent THA based on the associated mortality and complication rates, using sample data provided by the National Health Insurance Service in Korea. Additionally, we aimed to analyze the changes in anesthesia methods and institutions performing THA surgeries in Korea.



Methods

This retrospective study was reviewed and approved by the Institutional Review Board (IRB No. 2210-032-047), and the need for informed consent was waived because de-identified administrative data was used in this study. We analyzed data of patients who underwent THA between 2002 and 2015 obtained from the National Health Insurance Service-National Sample Cohort (NHIS-NSC). Patients were selected from the NHIS-NSC database using surgical codes for THA (N0711 and N2070) and anesthesia codes of GA (L1211, L1212, L0101, and L0103) and RA (L1213, L1214). The NHIS serves as the primary mandatory national healthcare institution, with approximately 97% of Korean citizens enrolled in the service. The NHIS-NSC database contains information from 1,025,340 randomly selected individuals, representing approximately 2.2% of the total Korean population (8).

In Korea, hospitals are categorized into clinics, hospitals, general hospitals, and tertiary hospitals. Clinics primarily focus on outpatient care but are legally permitted to have up to 29 inpatient beds. Hospitals must have a minimum of 30 inpatient beds, whereas general hospitals are institutions with a minimum of 100 inpatient beds that offer specialized physician services in major areas. Tertiary hospitals, are general hospitals approved to provide a wide range of advanced medical care with a minimum of 20 departments, catering to severely ill patients. Therefore, we redefined clinics, hospitals, general hospitals, and tertiary hospitals as primary, secondary, tertiary, and quaternary care hospitals, respectively.

Based on anesthesia type, we categorized the patients into GA and RA groups. GA included volatile and intravenous anesthesia, whereas RA included spinal, epidural, and combined spinal-epidural anesthesia. Demographic characteristics such as sex, age, and hospital type were documented for all patients. Owing to the nature of the data, we could only obtain additional demographic details, including height, weight, and body mass index (BMI), for 1,212 individuals (79.6% of the study population).

The Elixhauser Comorbidity Scores (ECS) (9, 10) were determined to quantify each patient’s comorbidities based on 31 comorbidity conditions encompassing AIDS/HIV infection, alcohol abuse, blood loss anemia, cardiac arrhythmia, chronic pulmonary disease, coagulopathy, complicated diabetes mellitus, complicated hypertension, congestive heart failure, deficiency anemia, depression, drug abuse, fluid and electrolyte disorders, hypothyroidism, liver disease, lymphoma, metastatic cancer, obesity, other neurological disorders, paralysis, peptic ulcer disease, peripheral vascular disorders, psychoses, pulmonary circulation disorders, renal failure, rheumatoid arthritis, solid tumor without metastasis, uncomplicated hypertension, uncomplicated diabetes mellitus, valvular disease, and weight loss.

The primary outcome was 30-day mortality, which was defined as death (in or out of hospital) from any cause within 30 days of index admission. Delirium was defined as the administration of drugs including quetiapine, risperidone, and haloperidol during hospitalization. Transfusion rates, volumes, and types (including red blood cells, fresh frozen plasma, platelets, and whole blood) were examined using transfusion codes. Additional recorded parameters included length of hospital stay (LOS), total cost, and an investigation into postoperative complications such as admission to intensive care unit (ICU), unplanned intubation, ventilator care, cardiac arrest, myocardial infarction, pneumonia, pulmonary edema, acute respiratory distress syndrome, intracranial hemorrhage, stroke, pulmonary thromboembolism, other thromboembolic events, nerve injury, prosthesis failure, wound dehiscence, surgical site infection, sepsis, urinary tract infection, acute renal failure, and hepatic failure.

Normally distributed variables were evaluated using the Kolmogorov–Smirnov or Shapiro–Wilk test. To minimize selection bias, we performed propensity score matching in a 1:1 ratio using the caliper matching method. Propensity scores were calculated for age, sex, and ECS using logistic regression analysis. For pre-matching data, continuous variables were analyzed using the Wilcoxon rank-sum test, whereas categorical variables were compared using the chi-square or Fisher’s exact test. For post-matching data, continuous variables were compared using the paired t-test or Wilcoxon signed rank-sum test, whereas categorical variables were compared using the McNemar or exact McNemar test. All statistical analyses were two-sided, and the significance level was set at p < 0.05. The R version 3.4.1 (RStudio, Boston, MA, United States) and SAS Enterprise Guide version 6.1 (SAS Institute Inc., Cary, NC, United States) were used for all analyses.



Results

We enrolled 2,165 patients who underwent primary THA under GA or RA between January 2002 and December 2015. A total of 643 patients were excluded because of missing data, multiple operations, and staged or simultaneous bilateral operations. After exclusion, 1,522 patients who underwent unilateral primary THA were included in this study. Among 1,522 patients, only 1,212 had available clinical examination data such as height, weight and body mass index (Figure 1).

[image: Flowchart depicting data selection for hip arthroplasty patients from 2008 to 2015, showing exclusion criteria, inclusion numbers, anesthesia types, and use of propensity score matching by age, sex, and comorbidity.]

FIGURE 1
 Flow diagram.


From 2002 to 2015, THA frequency steadily increased (Figure 2). In addition, analysis of changes in anesthesia methods over the years revealed a steady increase in the use of RA compared with the use of GA from 2002 to 2015 (Figure 2).

[image: Bar chart displaying the number of surgeries performed each year from 2002 to 2015, categorized by total surgeries, general anesthesia, and regional anesthesia. Total surgeries increased consistently, with regional anesthesia surpassing general anesthesia from around 2006 onward.]

FIGURE 2
 Trends in total hip arthroplasty according to the type of anesthesia.


There was a notable shift in the types of hospitals performing THA. Between 2002 and 2008, most surgeries were performed in quaternary and tertiary care facilities. However, over time, the number of surgeries conducted in secondary care facilities increased (Figure 3).

[image: Bar chart comparing the number of surgeries by year from 2002 to 2015 across four care levels: quaternary (blue), tertiary (orange), secondary (gray), and primary (yellow). Quaternary and secondary care show noticeable increases over time, while primary care remains consistently low.]

FIGURE 3
 Trends in total hip arthroplasty according to the hospital type.


Most of the baseline patient characteristics, including sex, height, weight, and BMI, were comparable between the two anesthesia groups (Table 1). However, an age difference was observed between the GA and RA groups; the GA group was younger. To mitigate intergroup differences, a 1:1 propensity score matching was conducted, resulting in a median value of 59 for both groups (p = 0.049).



TABLE 1 Characteristics of patients included in the study.
[image: Table comparing demographic and clinical characteristics by anesthesia type before and after matching. Data include age, sex, and comorbidity scores, as well as height, weight, and BMI, with medians and p-values shown for between-group comparisons in pre- and post-matching groups.]

When comparing the surgical outcomes between the GA and RA groups, the GA group had a younger average age and higher hospital costs. No significant differences were observed between the groups in terms of mortality, delirium, transfusion, or LOS. These findings remained consistent even after matching. Notably, the LOS was longer in the GA group, although no significant difference was observed (45 vs. 44 days in the RA group; p = 0.054; Table 2).



TABLE 2 Comparison of postoperative outcomes between the GA and RA groups before and after propensity score matching.
[image: Table comparing pre-matching and post-matching outcomes between general anesthesia (GA) and regional anesthesia (RA) groups for mortality, delirium, transfusion rate, length of stay, and hospital cost in Korean won, including statistical significance values and confidence intervals.]

The comparison of surgical complications between the anesthesia groups revealed that both before and after propensity score matching, the GA group showed a significantly higher incidence of ICU admission (61 vs. 27, p = 0.0002) and prosthesis failure (10 vs. 2, p = 0.039) than the RA group (Table 3). No significant differences in other complications were observed between the groups (Table 3).



TABLE 3 Comparison of postoperative complications between the GA and RA groups before and after propensity score matching.
[image: Table comparing postoperative complications and adverse events between general anesthesia (GA) and regional anesthesia (RA) groups both before and after propensity score matching, including sample sizes, event counts, percentages, p-values, and confidence intervals for outcomes like ICU admission, myocardial infarction, infection, stroke, sepsis, and others.]



Discussion

In this study, we compared the effects of GA and RA on clinical outcomes in patients who underwent THA and found no significant differences in mortality or postoperative delirium between the two anesthesia methods. However, the ICU admission and prosthesis failure rates were significantly higher in the GA group. Other complication rates were not significantly different between the GA and RA groups. Notably, compared with RA, GA did not significantly prolong LOS but incurred higher costs.

From 2002 to 2015, the number of THA procedures steadily increased. Before 2008, the proportion of GA was comparable to that of RA. However, since 2009, RA has been performed more frequently than GA, indicating an increasing trend. A meta-analysis performed in 2006 by Mauermann et al. (11) indicated that patients undergoing THA under neuraxial anesthesia experienced reduced surgical time and decreased blood loss compared to those undergoing surgery under GA. In addition, the incidence of deep vein thrombosis and pulmonary embolism was significantly lower (11). Another meta-analysis reported that GA leads to a higher incidence of postoperative delirium than RA (12).

For these reasons, anesthesiologists’ preference for regional anesthesia in hip surgery has gradually increased (13, 14). However, despite the benefits of regional anesthesia, anesthesiologists may opt for general anesthesia if the patient refuses or poorly cooperates with regional anesthesia, expects long surgery durations, has coagulation disorders, or has structural cardiac dysfunction, among other factors (15). Since anesthesia selection based on these patient factors could lead to bias in this study, propensity score matching was performed based on the Elixhauser Comorbidity Score.

Over the years, a shift in the types of hospitals where surgeries are performed has been observed. Until 2005, the highest proportion of THA surgeries were performed in quaternary hospitals. However, from 2006, the highest proportion of THA surgeries were performed in tertiary care hospitals. From 2011, the number of THA surgeries performed in secondary and quaternary care hospitals were comparable. This phenomenon can be explained by the changes in national healthcare insurance policies and hospital management systems in South Korea.

In this study, no significant differences were observed in mortality, delirium, transfusion rate, and LOS between the two anesthesia groups. However, the ICU admission rate was more than twice as high in the GA group (9.53%) than in the RA group (4.22%). In addition, the incidence of prosthesis failure was higher in the GA group than in the RA group (1.56% vs. 0.31%, respectively). Nevertheless, these results should be interpreted with caution, owing to the potential of selection bias; because GA may have been administered more frequently in patients for whom surgery was expected to be challenging, eliminating this bias was difficult.

Previous studies have identified aseptic loosening and instability as the major causes of prosthesis failure (16, 17). A possible hypothesis for this occurrence is that while RA provides complete muscle relaxation during surgery (18), GA may offer a lower degree of muscle relaxation. Differences in the degree of muscle relaxation may contribute to variations in the loosening and instability rates after surgery (19). Additionally, a study comparing deep and moderate neuromuscular blockade in GA found that deep neuromuscular blockade reduced blood loss and was associated with lower levels of inflammatory markers and complication rates (19). However, another study suggested that a deep neuromuscular blockade in GA offers minimal benefit and increases the risk of complications (20). As RA provides superior muscle relaxation compared to GA, it may offer advantages in this regard.

This study was based on data obtained for individuals from South Korean; therefore, it may not be transferrable to Western and Asian populations. Specifically, based on Western epidemiological studies, total hip replacement occurs 3–25 times more frequently in Caucasians than in Asians (21). The difference may be attributable to genetic differences (21). In Western countries, over 75% of primary THA were performed for osteoarthritis, whereas the most common indication for primary THA in Asian countries was osteonecrosis of the femoral head (22). Osteonecrosis of the femoral head mainly affects young male adults in their third to fifth decade of life; this may explain why the rate of primary THA in Korea is consistently higher in men than in women, in contrast to that observed in Western countries. This also clarifies why 66% of patients treated with primary THA are under the age of 65 years, whereas most patients in Western countries are over 65 years old.

The average LOS for hip replacement in Korea is far longer than that in the United States (45 vs. 4.3 days) (23). Nevertheless, the average inpatient hospital charges for each procedure in Korea are approximately six times lower than those in the United States (22). South Korea has a universal healthcare system controlled by the government and managed by the National Health Insurance Corporation. Because medical care costs are tightly controlled by the government, a high supply of health and hospital services can be provided at low prices.


Limitations

This study had some limitations. First, although propensity score matching was performed to adjust for age, sex, and comorbidities, age was still significantly different even after matching (p = 0.049). However, since both the GA and RA groups had a mean age of 59 years, this difference was statistically significant but clinically insignificant. Despite the use of advanced statistical techniques such as propensity score matching, the retrospective nature of the study carries inherent limitations. Second, because this study relied on claims data obtained from the NHIS-NSC database rather than clinical data, potential bias cannot be ruled out. Especially, data on the severity of pre-existing conditions were not available, which limits the ability to account for the potential influence of comorbidities on the outcomes. Third, since the study was conducted on Koreans, the results are specific to Koreans and the Korean healthcare system. Finally, although the sample size of this study was based on national health insurance data, it is still limited to a sample cohort. Expanding the sample size in future research would enhance the generalizability of the findings and allow for a more robust analysis of different patient subgroups. Therefore, caution is needed when interpreting the study results.




Conclusion

Our study found that the different anesthesia types in patients who underwent THA resulted in comparable mortality and complication rates but required differing costs. This study relied on claim data obtained from the NHIS-NSC database rather than clinical data, potential bias cannot be ruled out. However, the strength of this study lies in the analysis of large and representative data rather than data from single institution.
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Total hip arthroplasty, through the direct anterior approach, for a femoral neck fracture of ipsilateral transfemoral amputee: a case report
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Objective: Femoral neck fractures in transfemoral amputees are rare, and their management remains controversial, particularly in individuals with short residual limb lengths. Traditional approaches to total hip arthroplasty (THA), such as the anterolateral, Hardinge, and posterior methods, present significant challenges, including difficulties in residual limb manipulation, femoral exposure, and postoperative swelling. The direct anterior approach (DAA), a minimally invasive technique, has not been previously reported for THA in this patient population. This case report aims to evaluate the feasibility and outcomes of the DAA for THA in a transfemoral amputee with a femoral neck fracture.



Methods: We present the case of a 64-year-old Han male with an ipsilateral transfemoral amputation who sustained a femoral neck fracture. The patient underwent THA using the direct anterior approach. The DAA was selected due to its minimally invasive nature and ability to navigate through the intermuscular interval, which facilitated improved manipulation of the residual limb and easier exposure of the femoral side. Standard surgical protocols were followed, and postoperative care included monitoring for complications such as infection, thrombosis, and dislocation.



Results: The patient's postoperative recovery was uneventful, with no signs of infection, thrombosis, dislocation, or other complications. Notably, there was no significant residual limb swelling, which was attributed to the minimally invasive nature of the DAA. The patient achieved unrestricted hip mobility without postural restrictions and attained a Harris Hip Score of 84.78 at follow-up, indicating a favorable functional outcome.



Conclusions: This case demonstrates the efficacy and safety of the direct anterior approach for total hip arthroplasty in patients with high above-knee amputations. The DAA effectively addresses many challenges associated with traditional approaches, such as residual limb manipulation, femoral exposure, and postoperative swelling. These findings suggest that the DAA is a viable alternative for managing femoral neck fractures in transfemoral amputees, warranting further investigation in larger studies to validate its broader applicability.
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Introduction

Globally, while non-amputated femoral neck fractures are very common with a consensus on their treatment, femoral neck fractures in transfemoral amputees are rare and lack consensus regarding their management (1). In the United States alone, approximately 30,000–40,000 individuals undergo lower limb amputations annually (2). Nevertheless, reports on femoral neck fractures in amputees remain scarce (3). Therefore, it is crucial to devote adequate attention to the management and treatment options for femoral neck fractures occurring on the same side as the amputation.

Various surgical approaches have been explored for patients with ipsilateral transfemoral amputation. Michael Leonard et al. reported a case of total hip arthroplasty (THA) performed using the antero-lateral approach. The authors inserted a 5 mm Steinman pin in the distal end of the stump to facilitate stump control, although this technique may potentially increase the risk of infection and fracture due to reduced bone mass (4). Hassan Boussakri et al. described a case of hip arthroplasty in a patient with transfemoral amputation utilizing Hardinge's approach and employing a bone forceps under the lesser trochanter for improved manipulation of the stump, which could potentially lead to increased surgical trauma (5). Owen J. Diamond et al. presented a case report on THA following an ipsilateral above knee amputation through the posterior approach, where they placed a Steinman pin in the great trochanter to enhance leverage on the femur and achieve better exposure on its femoral side; however, this technique also carries an increased risk of fracture (6). Additionally, they reported postoperative stump swelling as another challenge encountered (4).

The direct anterior approach was initially described by Hueter and subsequently by Smith-Petersen et al. and Judet (7). DAA accesses the hip joint through the interval between the tensor fascia latae and the rectus femoris, which is associated with a decreased risk of dislocation, accelerated recovery, reduced pain, and fewer surgical complications (8). Therefore, DAA is particularly beneficial for patients with ipsilateral transfemoral amputation.



Case presentation

The patient, a 64-year-old Han male, was admitted to the hospital due to right hip pain following a fall that occurred half a day ago. He had undergone right femoral amputation 30 years ago as a result of a work-related injury and has been using a prosthetic limb for walking or driving ever since. Additionally, he has had hypertension for three years, and his blood pressure has been well controlled. Upon admission, the patient presented with significant fear of moving his right hip and exhibited obvious amyotrophy in the distal region of his right thigh. Imaging data revealed a Garden III type femoral neck fracture on the right side with decreased bone density (Figure 1). The residual limb length was 129 mm from the greater trochanter to the distal (Figure 1). After thorough discussion regarding available treatment options including internal fixation, joint replacement, or conservative management, taking into consideration factors such as the patient's age and high activity level, joint replacement was chosen as the most suitable course of action. A CT scan of the hip was performed to further assess bone mass and facilitate preoperative planning for prosthesis selection (Figure 2).


[image: Panel A shows a frontal X-ray of the pelvis and hips with no annotations. Panel B presents a similar view with lines measuring a right femoral fracture, labeled as 129.3 millimeters and 83.9 millimeters.]
FIGURE 1
Preoperative radiograph of the patient, showing a femoral neck fracture and signs of bone mass reduction of the right hip. (A) Anteroposterior pelvic x-ray. (B) Anteroposterior x-ray of the right hip joint.



[image: Panel A displays a 3D rendering of the pelvis and femurs showing significant hip deformity; panel B includes two yellow 3D femur reconstructions; panels C and D show stepwise digital planning images for hip arthroplasty, with overlays indicating implant fitting and bone alignment in both coronal and sagittal planes.]
FIGURE 2
Preoperative CT 3D reconstruction and preoperative planning image. (A) CT 3D reconstruction of the pelvic. (B) CT 3D reconstruction of the right femur. (C,D) Preoperative planning images of the femur.


As the direct anterior approach (DAA) total hip arthroplasty offers the advantages of being less invasive, faster recovery, and reduced pain, DAA was employed for joint replacement, and a biocompatible prosthesis was selected based on preoperative planning. The patient assumed a supine position on the operating table under general anesthesia, and an approximately 10 cm long incision was made on the anterior-lateral aspect of the right hip. Utilizing the DAA to accesses the hip joint through the interval between the tensor fascia latae and the rectus femoris, the joint capsule was incised, followed by femoral neck osteotomy to remove the femoral head and partial neck. Subsequently, a 48 mm acetabular cup (iKang, China) with an XPE liner was inserted. To expose the proximal femur adequately, an assistant internally rotated and adducted the residual limb while applying pressure to its distal stump. To prevent intraoperative calcar fracture during femoral prosthesis insertion, wires were wrapped around the femoral shaft due to osteoporosis of the residual femur. The chosen femoral stem (iKang, China) featured a proximal porous coating along with a distal non-porous coating. For secure fixation, bone cement was applied at the distal end of the femoral canal prior to inserting both the femoral stem and a 32 mm ceramic head (Delta, America). No intraoperative fractures occurred during this procedure. Postoperatively, antibiotics were administered as prophylaxis against infection while anticoagulant therapy was initiated.

The patient exhibited a smooth postoperative recovery without any indications of infection, thrombosis, dislocation, or other complications (Figure 3). No evident residual limb swelling was observed. Throughout the hospitalization period, the patient had unrestricted movement of their right hip and was permitted to sit and actively engage in both passive and active rehabilitation exercises. Discharge took place six days after surgery. Suture removal occurred two weeks postoperatively while continuing with rehabilitation exercises. At the six-month follow-up assessment, the condition of the residual limb remained favorable with no activity-related pain reported by the patient. Imaging data revealed no signs of bone resorption in either the acetabular cup or femoral prosthesis (Figure 4). The Harris Hip Score for this patient was recorded as 84.78.


[image: Panel A shows an X-ray of the pelvis with a left hip prosthesis in place, visualizing pelvic bones and femoral stems. Panel B includes two X-rays of the right hip with prosthetic implants, both showing clear outlines of the acetabular cup and femoral stem components in different angles.]
FIGURE 3
Postoperative radiograph of the patient at 1 day. (A) Anteroposterior pelvic x-ray. (B) Anteroposterior x-ray of the right hip joint and lateral x-ray of the right femoral neck.



[image: Panel A shows anteroposterior pelvic X-ray with a left-sided hip prosthesis, demonstrating clear visualization of the femoral and acetabular components. Panel B presents a lateral X-ray of the right hip with a similar hip prosthesis, highlighting prosthesis positioning relative to the pelvis and femur.]
FIGURE 4
Postoperative radiograph of the patient at 5 months. (A) Anteroposterior pelvic x-ray. (B) Anteroposterior x-ray of the right hip joint.




Discussion

Although the treatment and prognosis of femoral neck fractures have been extensively documented, there is a paucity of literature on total hip arthroplasty for femoral neck fractures or osteoarthritis in patients with ipsilateral femoral amputation (3–6, 9). Given the shorter residual limb length and reduced bone mass in patients with femoral amputation, total hip arthroplasty presents numerous challenges (6, 10). In order to dislocate the femoral head and facilitate better manipulation of the stump, Steinman or bone forceps are employed in the antero-lateral approach, Hardinge's approach, and posterior approach (4–6). However, these techniques not only increase surgical trauma but also pose risks such as infection and intraoperative fracture due to significantly reduced femoral bone density on the amputated side. Additionally, postoperative residual limb swelling warrants attention as it can impede implant installation (4).

The direct anterior approach has been associated with a reduced risk of dislocation, faster recovery, less pain, and fewer surgical complications (8). However, there have been no reported cases of DAA for femoral neck fractures in ipsilateral transfemoral amputees. Several factors should be considered when selecting the surgical approach. In this particular case, the residual limb length was 129 mm from the greater trochanter to the distal end with significant bone mass loss due to disuse. Considering the patient's age and high activity level, we opted for the direct anterior approach. Preoperative evaluation of imaging data must include measuring the full length of the residual limb to guide prosthesis selection. If there is a short residual limb or significant bone loss, a CT scan can be performed to assess bone mass and aid in preoperative planning for prosthesis selection. Short shank femoral prostheses are often used in such patients, which is stabilized early by proximal fixation and long-term by bone insertion. As For patients with osteoporosis, there is an increased risk of intraoperative calcar fracture during femoral prosthesis implantation (11, 12). To mitigate this risk, we used cerclage wires preoperatively to reduce calcar fracture incidence. In order to expose the proximal femur using traditional DAA technique requires flexing the bed and moving the femur into adduction and external rotation position; however, in this case where thigh amyotrophy was present, we were able to utilize buttock as a fulcrum by adducting and pressing on distal stump for exposing proximal femur instead. As our chosen femoral prosthesis had no coating at its distal end stem portion, bone cement was applied for achieving secure early fixation which guarantee the proximal bone insertion. To our knowledge, this is first time reporting use of DAA approach in treating such ipsilateral transfemoral amputee's femoral neck fracture.

Amputees' residual limbs often exhibit muscle atrophy and soft tissue laxity, which, when combined with postoperative anticoagulation, can lead to significant swelling (6, 10). This swelling poses challenges for prosthetic fitting and rehabilitation. Among the strategies to address this issue, DAA stands out as a particularly beneficial surgical technique for these patients. As a minimally invasive procedure performed through the intermuscular interval, DAA minimizes trauma to surrounding tissues, thereby reducing the risk of postoperative swelling. In addition to the advantages of DAA, postoperative care plays a critical role in managing residual limb swelling. The use of elastic bandages for wrapping the stump has proven effective in controlling swelling and promoting optimal healing (13).

In summary, DAA offers significant advantages for surgical procedures involving the residual limb. Unlike other techniques, DAA does not require additional fixation pins on the residual limb, allowing for easier manipulation during surgery. Its minimally invasive nature, combined with faster recovery and the absence of postoperative positioning restrictions, enables patients to engage in early joint mobilization without the risk of dislocation (8). Furthermore, the reduced trauma associated with DAA effectively minimizes postoperative swelling of the residual limb. These benefits make DAA particularly advantageous for patients with ipsilateral transfemoral amputation, as it addresses both surgical and rehabilitative challenges while optimizing outcomes.



Conclusions

The management of total hip arthroplasty in patients with ipsilateral transfemoral amputation presents several challenges, including manipulation of the residual limb, exposure of the femoral side, and postoperative swelling. The direct anterior approach (DAA) allows for efficient surgical manipulation of the residual limb, while also minimizing postoperative swelling. Additionally, patients experience no positional restrictions and enjoy a faster recovery. Given these significant benefits, the minimally invasive DAA is a highly effective option for achieving optimal outcomes in such cases. However, further studies involving larger populations are needed to better evaluate the outcomes and validate the use of DAA in this setting.
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One-stage vs. two-stage bilateral total hip arthroplasty: no difference in clinical outcomes, complications and revision rates in at 5-year follow up
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Background/objectives: Total hip arthroplasty (THA) is an effective treatment for end-stage hip disorders, improving pain, function, and quality of life. For bilateral hip disease, choosing between one-stage (simultaneous) and two-stage (staged) bilateral THA is critical. One-stage THA may reduce hospitalization but carries higher risks. This study evaluates whether one-stage bilateral THA is non-inferior to two-stage THA in safety and functional recovery.



Methods: A retrospective study of patients undergoing bilateral THA between January 2010 and November 2019 compared one-stage (84 patients) and two-stage (63 patients) procedures. Surgeries used a postero-lateral approach with H-Max and DeltaTT implants. Outcomes included pain (VAS), function (Oxford Hip Score, EQ-5D, Forgotten Joint Score), and complications. Follow-ups were conducted at 1, 3, and 6 months, and at 5 years for both groups.



Results: Both groups showed significant improvements in pain and function scores with no differences between them. Forgotten Joint Score was also comparable. Complications, including urinary infections and hematomas, were similar, and no revisions occurred in the one-stage group, compared to a 1.6% revision rate in the two-stage group. Hemoglobin decrease and transfusion rates were comparable.



Conclusions: Both approaches resulted in improved symptoms and quality of life with similar complication rates. The one-stage group had fewer complications and no revisions, suggesting potential cost savings. These findings support the safety of one-stage bilateral THA, emphasizing the need for careful patient selection and surgical expertise.
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1 Introduction

Total hip arthroplasty (THA) has revolutionized the management of end-stage hip disorders and is recognized as one of the most impactful and successful orthopedic procedures performed in the last half-century (1). This surgical intervention is highly effective in alleviating pain, restoring joint function, and significantly improving patients’ quality of life and ability to perform daily activities (2). Over the years, advances in surgical techniques, prosthetic designs, and perioperative care have further contributed to the procedure's success, resulting in high levels of patient satisfaction and durable outcomes (3).

The primary indication for THA is end-stage hip osteoarthritis, which is a leading cause of disability worldwide (4). For many patients, unilateral THA addresses the primary source of their symptoms; however, studies suggest that a substantial proportion of these individuals may develop contralateral hip degeneration, necessitating a second procedure within 10 years (5). In addition to osteoarthritis, various other conditions, such as avascular necrosis, rheumatoid arthritis, ankylosing spondylitis, and developmental dysplasia, can lead to bilateral hip involvement (6). When both hips are affected, the decision to perform bilateral THA becomes a critical consideration for optimizing patient outcomes (7).

In cases of bilateral hip disease, surgeons must decide between two approaches: one-stage (simultaneous) bilateral THA, where both hips are replaced during a single operation, and two-stage (staged) bilateral THA, where each hip is addressed in separate procedures (8). While simultaneous bilateral THA can potentially reduce the overall burden of surgery by requiring a single anesthetic and hospitalization, the decision is not straightforward, as the approach carries unique risks and considerations (9).

Since Charnley et al. first introduced simultaneous bilateral THA in 1971, researchers have sought to understand the relative advantages and disadvantages of these two approaches (10, 11). Both strategies have demonstrated benefits, but controversy remains regarding their comparative safety and efficacy (12). While some evidence suggests that one-stage bilateral THA may be associated with comparable complication rates to unilateral THA, other studies indicate that it may carry higher risks, including greater transfusion rates, increased adverse events, and suboptimal recovery (9). Despite these debates, simultaneous bilateral THA remains an attractive option for certain patient populations, particularly when minimizing hospital stays and recovery periods is a priority (13).

In this context, the aim of the present study is to determine whether one-stage bilateral THA is noninferior to two-stage bilateral THA in terms of safety and functional recovery. Through this approach, we aim to address important questions regarding the optimal surgical strategy for managing bilateral hip disease and provide valuable evidence to inform clinical decision-making.



2 Materials and methods

This retrospective study analyzes patients who underwent bilateral total hip replacement surgery between January 2010 and November 2019. It compares two groups: one cohort that underwent onestage bilateral surgery and a control cohort that underwent two-stage bilateral surgery, with the two procedures occurring within 12 months. Data were gathered using the hospital's computerized record system.


2.1 Population

The inclusion criteria were as follows: all patients enrolled in the study had a definitive indication for bilateral surgical treatment from the outset, with a Tönnis classification score of 2 or 3 (Figure 1). All patients of the staged group present bilateral symptoms e radiological signs at the time of the diagnosis.


[image: X-ray of the pelvis showing normal hip and femur bones with a well-defined round radiopaque object positioned centrally in the lower pelvic region, likely indicating a foreign body.]
FIGURE 1
Severe bilateral osteoarthritis of the hip.


Notably, no patients had previously undergone hip replacement surgeries or conservative surgical procedures. Exclusion criteria included a history of fractures, secondary arthritis resulting from systemic disorders, or femoral head necrosis. At the moment of the diagnosis, the criteria for selecting the patients for one-stage or two-stage total hip arthroplasty (THA) were based on clinical factors: the presence of very complex bilateral coxarthrosis led to the choice of a two-stage operation. Patient preferences and preoperative anesthetic evaluation were also considered. The patients in the staged group are similar to those in the simultaneous group in terms of disease severity, comorbidities, and clinical symptoms.



2.2 Surgical technique and post-operative protocol

A single surgeon performed all the surgeries. Each procedure was carried out through a posterolateral approach, with the patient positioned in lateral decubitus. Blocking supports were placed at the sacral level and on the antero-superior iliac spine to ensure stability during the procedure. The capsular incision was made in a T-shape, and the capsule was reattached whenever possible. The rotator muscles were also reinserted to preserve joint function. Notably, none of the prostheses used in the procedures required a cemented stem.

All implants utilized in the surgeries were H-Max for the stem and DeltaTT for the acetabular component (LimaCorporate, Udine, Italy).

The average surgical time for the one-stage procedure was 55 min per side, with a range of 45–90 min. In contrast, the surgical time for prostheses implanted one side at a time was 50, with a range of 45–65. This time was measured from the preparation of the surgical field to the completion of suturing and application of the dressing.

Antibiotic prophylaxis with cefazolin was administered to all patients. Postoperative radiographs were performed immediately after surgery (Figure 2) to assess the positioning of the implants and ensure there were no complications.


[image: X-ray of the pelvis showing bilateral hip prostheses; both hip joints have artificial implants replacing the femoral heads and necks, with clear demarcation of prosthetic stems in each femur.]
FIGURE 2
Postoperative radiography of bilateral total hip arthroplasty.


According for the surgery of the one sage-procedurs, it is important underlined that after the simultaneous one hip operated on first; the patient was repositioning for the second operative tim. Both procedures were performed under the same anesthesia (general or spinal). Two different and separates sets of surgical instruments were been used for each hip.

The type of rehabilitation and mobilization was the same for the two groups. Additionally, all patients were equipped with anti-dislocation devices (wedge cushion or abduction pillow between knees for sleeping, toilet seat raiser or seat raiser) apartand received detailed guidance on positions to avoid, particularly to mitigate the risk of dislocation associated with the postero-lateral surgical approach.



2.3 Follow-up

All patients were regularly followed up at our clinic at 1 month, 3 months, and 6 months after surgery for the case group and after the final surgery for the control group. The final evaluation was conducted at 5 years.

The primary parameter assessed was pain, evaluated both pre- and postoperatively using the Visual Analogue Scale (VAS). The VAS is a validated, subjective tool for measuring acute and chronic pain, where patients indicate their pain level by marking a point on a continuum between “no pain” and “worst pain.”

To assess patient well-being and satisfaction, we utilized patient-reported outcome measures (PROMs), collecting data through questionnaires administered preoperatively, at 6 months, and at 5 years postoperatively. The Oxford Hip Score (OHS), consisting of 12 questions, evaluates an individual's functional ability, activities of daily living, and the impact of pain over the previous four weeks (14). The European Quality of Life EQ-5D is a widely used, standardized measure of healthrelated quality of life across five dimensions: mobility, self-care, usual activities, pain/discomfort, and anxiety/depression (15). The Forgotten Joint Score (FJS) comprises 12 items assessing the extent to which patients can forget the presence of their artificial joint during daily activities (16).

During interim follow-ups, patients were asked about postoperative complications, including allergies, adverse events, urinary issues, bleeding, or wound dehiscence. Perioperative variations in hemoglobin levels and the need for blood transfusions were also recorded. This information was obtained from the computerized blood test system and anesthesiology records. Transfusion thresholds were based on Patient Blood Management (PBM) guidelines, with hemoglobin levels below 7 g/dl or below 8 g/dl in symptomatic or cardiac patients as the criteria for transfusion.

Finally, any adverse events, including the onset of infections, were carefully monitored and documented.



2.4 Statistical analysis

The data obtained in this study were analyzed using Microsoft 365 Excel software V2021. The values of the two populations were assessed as homogeneous, so a two-tailed t-test was used for independent variables in the case–control comparison, whereas a paired-variables t-test was used in the pre- and post- operation comparison. A p value <0.05 was considered statistically significant.



2.5 Ethical committee approval

All studies were approved by the Lombardia 6 Regional Ethics Committee (approval number: 20150001968), ensuring compliance with ethical standards and the protection of patients’ rights.




3 Results


3.1 Demographic analysis

Between January 2010 and November 2019, a total of 125 one-stage bilateral hip replacement surgeries were selected. Out of this group, 41 patients were excluded from this study for the following reasons: 33 patients have a femoral head necrosis (due to chemotropic oncologic therapy or cortisonic therapy); 2 patients had coagulopathy (hemophilia); 6 patients were lost to follow-up.

During the same timeframe considered for the one-stage procedures, 110 two-stage bilateral hip replacement surgeries were performed.

Out of the initial group of 110 patients, 44 were excluded from the study for the following reasons: 34 patients presented with femoral head necrosis (attributed to oncologic chemotherapeutic treatments or prolonged corticosteroid therapy); 3 patients had a history of coagulopathy (hemophilia); and 7 patients were lost to follow-up.

The final population consisted of 84 patients undergoing one-stage bilateral hip replacement surgery (case group) and 63 patients undergoing two-stage bilateral hip replacement surgery (control group).

Average time between the two stages was 18 months (with a range of 11–20 months).

The average age for the case group was 71.5 years, with a range of 45–85 years. The gender distribution showed that 34% were male and 66% were female.

The average age for the control group was 72.2 years, with a range of 55–90 years. The gender distribution showed that 44% were male and 56% were female (Table 1).


TABLE 1 Demographic characteristics of the population.

[image: Comparison table showing case group one-stage THA versus control group two-stage THA. Case group: 84 patients, average age 71.5 years, 34 percent male, 66 percent female, mean follow-up 58.8 months. Control group: 63 patients, average age 72.2 years, 44 percent male, 56 percent female, mean follow-up 57.7 months. P values are 0.08 for age, 0.06 for gender, and 0.09 for follow-up.]

The postoperative follow-up period ranged from a minimum of 12 months to a maximum of 96 months, with an average value of 58.9 months for the case group, whereas the control group followup ranged from a minimum of 12 months to a maximum of 80 months, with an average value of 53.7 months. No statistically significant difference was found in the follow up periods between the two groups (p > 0.05).

The case group presented the following comorbidities: four patients had diabetes mellitus, twentyfour had arterial hypertension, eight had coronary artery disease, three had anxiety and depression syndrome, two had liver diseases, and one had kidney diseases. In terms of coxalgia before surgery, 4 patients had had painful symptoms for less than 1 year, 22 for a period between 1 and 5 years, 12 for a period between 6 and 10 years, and 5 for a period exceeding 10 years. The control group presented the following comorbidities: four patients had diabetes mellitus, nineteen had arterial hypertension, six had coronary artery disease, three had anxiety and depression syndrome, and two had liver diseases. In terms of coxalgia before surgery, 6 patients had had painful symptoms for less than 1 year, 34 for a period between 1 and 5 years, 12 for a period between 6 and 10 years, and 11 for a period exceeding 10 years (Table 2).


TABLE 2 Comparison of the number of patients affected by comorbidities in the one-stage procedure vs. the two-stage procedure.

[image: Table comparing comorbidities among patients undergoing one-stage versus two-stage total knee arthroplasty, showing higher incidence of hypertension in the control group and similar frequencies for other listed conditions including diabetes, coronary artery disease, anxious—depressive syndrome, liver disease, and nephropathy.]



3.2 Results analysis

The average Harris Hip Score in the case group before surgery was 43.2 (range 32–55.5), whereas the average score at 5 years of follow-up was 90.52 (range 82.5–92). The average increase from preoperative to postoperative values was 47.2 (p value <0.05). The average Harris Hip Score before surgery in the control group was 44.4 (range 28.9–53.4) and at the 5-year follow-up, it was 91.2 (range 42–92). The average increase in the score was 46.8 (p < 0,05) (Figure 3). Both groups showed a statistically significant improvement following bilateral hip replacement surgery without a statistically significant difference between the two groups (p 0.12).


[image: Bar chart comparing Harris Hip Score (HHS) pre-surgery and post-surgery for one-stage and two-stage procedures. Both groups show significant improvement post-surgery, reaching above 90, while pre-surgery scores are around 43 to 44.]
FIGURE 3
Harris Hip Score (HHS) in patients undergoing one-stage versus two-stage procedures. The figure illustrates preoperative and postoperative HHS values for the “one stage” and “two stage” groups. The y-axis represents the HHS score, ranging from 0 to 100.


The average Oxford Hip Score in the case group before surgery was 19.97 (range 12–24.4), whereas the average score at 5 years of follow-up was 46.67 (range 40–48). The average increase from preoperative to postoperative values was 26.7 (p < 0.05) (p value <0.05). The average Oxford Hip Score before surgery in the control group was 29.3 (range 25–34) and at the 5-year follow-up it was 44.2 (range 34–46). The average increase in the score was 14.9 (p < 0.05) (Figure 4). Both groups showed a statistically significant improvement following bilateral hip replacement surgery with no statistically significant difference (p value >0.05).


[image: Bar chart comparing Oxford Hip Scores (OHS) pre-surgery and post-surgery for one-stage and two-stage procedures; one-stage: 19.97 pre-surgery, 46.67 post-surgery, two-stage: 29.3 pre-surgery, 44.2 post-surgery.]
FIGURE 4
Oxford Hip Score (OHS) in patients undergoing one-stage versus two-stage procedures. The figure presents preoperative and postoperative OHS values for the “one stage” and “two stage” groups. The y-axis represents the OHS score, typically ranging from 0 to 48, with higher scores indicating better hip function.


The average EQ-5D value in the case group before surgery was 0.33 (range 0.23−0.90) whereas the average value at 5 years of follow-up was 0.98 (range 0.57–1). The average increase from preoperative values to postoperative values was 0.65 (p < 0.05). The average EQ-5D value preoperatively in the control group was 0.44 (range 0.28–0.80) and at the 5-year follow-up, it was 0.96 (range 0.45–1). The average increase in the score was 0.520 (p < 0.05) (Figure 5). Both groups showed a statistically significant improvement in quality of life at 5 years of follow-up, even though the average value of the case group was 0,13 higher than control group (p = 0.32), with no statistically significant difference (p value >0.05).


[image: Bar chart titled EQ-5D compares pre-surgery and post-surgery outcomes for one-stage and two-stage surgeries. Pre-surgery scores are 0.33 for one-stage and 0.44 for two-stage, while post-surgery scores are 0.98 and 0.96, respectively.]
FIGURE 5
EQ-5D index scores in patients undergoing one-stage versus two-stage procedures. The figure displays preoperative and postoperative EQ-5D index values for the “one stage” and “two stage” groups. The y-axis represents the EQ-5D index score, which typically ranges from 0 (representing the worst health state) to 1 (representing perfect health).


The average VAS score in the case group before surgery was 88.3 (range 30–100) whereas the average score at 5 years of follow-up was 49.3 (range 40–60). The average decrease from preoperative to postoperative values was 39 (p value <0.05). The average VAS score preoperatively in the control group was 90.1 (range 60–100) and at the 5-year follow-up, it was 50.6 (range 40–60). The average decrease in the score was 39.5 (p < 0.05) (Figure 6). The decrease in VAS score in the case group was 0.5 less than in the control group (p value = 0.42). No statistically significant difference is reported (p 0.09).


[image: Bar chart compares VAS scores for one-stage and two-stage procedures, showing pre-surgery values around fifty and higher post-surgery values near ninety for both methods, indicating significant improvement after surgery.]
FIGURE 6
Visual Analog Scale (VAS) pain scores in patients undergoing one-stage versus two-stage procedures. The figure shows preoperative and postoperative VAS scores for the “one stage” and “two stage” groups. The y-axis represents the VAS score, typically ranging from 0 (no pain) to 10 (worst imaginable pain).


The average value of the Forgotten Joint Score at 5 years of follow-up in the case group was 71.8 (range 25–100), whereas in the control group it was 72.4 (range 30.4–100). Comparing the two groups, no statistically significant difference was found (p value = 0.59) (Figure 7).


[image: Bar chart comparing FJS scores for one stage and two stage groups, with one stage scoring 71.8 and two stage scoring 72.4. Both bars reach similar heights on a scale from 0 to 100.]
FIGURE 7
Forgotten Joint Score (FJS) in patients undergoing one-stage versus two-stage procedures. The figure illustrates postoperative FJS values for both the “one stage” and “two stage” groups. The y-axis represents the FJS score, which ranges from 0 to 100, with higher scores indicating a greater ability of the patient to “forget” the joint in daily life (i.e., better joint function and integration).




3.3 Complications

During the postoperative period and intermediate follow-ups, complications were documented, revealing that in the case group 2.4% (2 patients) experienced urinary infections, 2.4% (2 patients) developed hematomas that required a surgical evacuation due to excessive bleeding. One patient had an adverse drug reaction to the peri-operative antibiotic (1.2%). In the control group, 1.6% (1 patient) experienced a urinary infection and 4.8% (3 patients) developed hematomas. About dislocation rates two cases were observed in the one-stage group and one case in the two-stage group. There are therefore no statistically significant differences. The all dislocations occurred within 2 months from the surgery and they were associated with incorrect movements (intrarotation of the hip and iperflexion beyond 90 degrees of the hip, movements described by the same patients).



3.4 Revision rates

No revision surgeries were necessary in the case group (0%). In the control group, however, one patient (1.6%) underwent surgical revision for aseptic loosening three years after the initial procedure, which necessitated a one-stage revision surgery.



3.5 Hemoglobin

The average decrease in hemoglobin levels per patient was 3.8 g/dl (range 1.6–6.8 g/dl) in the case group. Transfusion of a bag of leukodepleted packed red blood cells was required for 20.9% (9 out of 43) of hospitalized patients. None of the patients required more than one dose of transfusion.

The average decrease in hemoglobin levels per patient was 3.56 g/dl (range 1.4–6.5 g/dl) in the control group. Transfusion of a bag of leukodepleted packed red blood cells was required for 12.4% (12 out of 66) of hospitalized patients. None of the patients required more than one bag of transfusion.

The difference in the mean of transfusion of the two groups was not statistically significant (p value =0.27).



3.6 Hospitalization and cost

The average hospitalization for patients undergoing two-stage surgery is 4 days for each side, while patients undergoing one-stage surgery have an average hospitalization of 5 days. The one stage intervention probably reduces, overall, hospitalization costs. The length of stay in hospital varied greatly depending on whether patients were discharged home or to a protected rehabilitation; for this reason, no statistical evaluations were carried out.




4 Discussion

The primary objective of the present study was to compare the outcomes of bilateral total hip arthroplasty performed in a single-stage procedure vs. a two-stage procedure. The most notable finding of this study is the absence of statistically significant differences in clinical outcomes, necessity of blood transfusions, complications and revision rate between the single-stage and twostage bilateral total hip arthroplasty groups. This result highlights the potential of the single-stage procedure as a viable alternative to the traditional two-stage approach, offering comparable efficacy while potentially reducing recovery time and healthcare resource utilization.

This study boasts a robust follow-up period, with a minimum of 5 years and up to nearly a decade (January 2010 to November 2019), providing valuable long-term insights into the outcomes of onestage and two-stage bilateral total hip arthroplasty.

First of all, it is essential to investigate whether there are differences in complication rates between one-stage and two-stage bilateral total hip arthroplasty to optimize patient outcomes and guide surgical decision-making. In our study we observed a low overall complication rate in both the case and control groups, aligning with previous research that suggests the safety of the single-stage approach. Our findings align with the meta-analysis conducted by Shao et al., which reported that one-stage bilateral THA demonstrated a lower risk of major systemic complications and no significant differences in mortality, pulmonary embolism, cardiovascular complications, or minor surgical complications between the two techniques (17). Moreover, Aghayev et al. reported fewer local and systemic complications in the single-stage bilateral THA group, regardless of the interval between the two surgeries (18). Similarly, Poultsides et al. observed a lower rate of minor complications in the single-stage group, with no significant differences in major complication rates (19). These findings challenge the commonly held belief within the surgical community that single stage procedures carry a higher risk, as recent literature suggests that complication rates are comparable or even lower compared to the two-stage approach.

Specifically, comparing the necessity of blood transfusions is essential to assess whether a one-stage procedure may pose greater risks to the patient as this can significantly impact postoperative recovery and overall outcomes. Our findings showed that in the case group the average decrease in hemoglobin levels was 3.8 g/dl, with 20.9% of patients requiring a single transfusion, while in the control group, the average decrease was 3.56 g/dl, with 12.4% requiring transfusion; however, the difference in transfusion rates between the two groups was not statistically significant (p = 0.27). Our findings regarding transfusion requirements align with those of previous studies in literature. In a randomized trial by Taheriazam et al. the cumulative hemoglobin drop and the number of transfused blood units were reported as equivalent between the one-stage and two-stage THA (7). Agarwal et al. in a retrospective study comparing 48 one stage and 56 two-stage bilateral THA reported reduced total blood loss (280 vs. 440 ml), and fewer blood transfusions (1.6 vs. 2.2 units) for the single stage procedures (20).

Moreover, our study reported no revision surgeries in the one-stage group and a 1.6% revision rate in the two-stage group, with one patient requiring revision due to aseptic loosening three years postoperatively. Similarly, Koutserimpas et al. comparing simultaneous and staged bilateral THA using the direct anterior approach (DAA) found no revisions in the simultaneous group, while the staged group had a 6.8% revision rate, including cases of infection, aseptic loosening, and fracture (21). These findings further support the low revision rates associated with the one-stage procedure, aligning with its demonstrated safety and effectiveness.

Given that total hip arthroplasty (THA) has been hailed as the “operation of the century” due to its exceptional outcomes for patients, our functional results were excellent in both groups, with no statistically significant differences observed in the PROMs utilized in this study (22). Micicoi et al. reported no significant differences in functional outcomes between the two approaches (12). A particularly interesting finding by Eggli et al. is that one-stage procedures may offer superior functional outcomes particularly for patients with significantly stiff hips characterized by a preoperative range of motion (ROM) below 50° (23). By addressing both hips simultaneously in a single-stage procedure, the overall rehabilitation process may be streamlined, allowing for symmetrical recovery and potentially minimizing compensatory gait patterns. Accordingly, Schiessel et al. documented that the patients’ preference is for one-stage procedures since it involves surgical intervention and physiotherapy done once for both hips (24).

Even when compared to unilateral total hip arthroplasty (U-THA), one-stage bilateral THA demonstrates excellent outcomes, as evidenced by one study by Micicoi et al. reporting comparable complication rates, implant survival, and functional results (25). Similarly, our findings confirm that one-stage bilateral THA provides high functional scores and low complication rates, reinforcing its safety and efficacy.

In conclusion, this study highlights the strong clinical outcomes, comparable safety profiles, and absence of increased revision rates in one-stage vs. two-stage bilateral THA, emphasizing its viability as a treatment option. A key strength of this research is the long-term follow-up, exceeding five years, which provides robust evidence for the durability and effectiveness of both approaches, ensuring its relevance for guiding clinical decision-making.


4.1 Study limitations

This study has some limitations. First of all, the data and the PROMs were collected retrospectively. Secondly, there is not an accurate standardization of the two groups based on age criteria and anaesthesiologic risks. Another limitation is that the postoperative rehabilitation program developed for each patient's cohort was not considered. Radiographic evaluation during follow-up would have been helpful, but this study was based on clinical evaluations and patient-reported outcome measures. Finally, our results are based on a relatively small cohort of patients, so the reproducibility and the reliability of the procedures should be validated involving a larger study population.




5 Conclusions

The study demonstrates significant improvements in symptoms and quality of life for patients in both groups, with notable gains in functional scores. While no definitive differences emerged between the one-stage and two-stage procedures, the complication profiles were comparable. Notably, the onestage group experienced fewer complications overall, including the absence of revision surgeries, compared to the two-stage group.

An important advantage of the one-stage approach lies in its potential to reduce healthcare costs by consolidating treatment into a single hospitalization. Our findings align with existing literature, further supporting the safety of the one-stage procedure. However, this approach demands careful consideration of the patient's health status and the surgical team's expertise to ensure optimal outcomes.
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Introduction: Proximal humeral fractures are common in elderly patients with osteoporosis. Complex three- or four-part fractures often require surgical intervention. Philos locking plates and Multiloc intramedullary nails are widely used, but their comparative effectiveness in osteoporotic elderly patients remains uncertain.



Methods: A retrospective study was performed on 90 elderly patients (aged 70–95 years) with Neer three- or four-part proximal humeral fractures treated between January 2021 and December 2023. Patients received either Philos plate fixation (n = 50) or Multiloc intramedullary nail fixation (n = 40). Clinical data included incision length, operative time, blood loss, complications, and functional outcomes. Pain was assessed via VAS, and shoulder function via Constant-Murley scores at 1 week, 1 month, and 12 months postoperatively.



Results: Both groups achieved fracture healing and functional improvement. Compared to the Philos group, the Multiloc group had shorter incisions, less blood loss, and shorter operative time (all P < 0.05). VAS scores were lower and Constant-Murley scores higher in the Multiloc group at all time points (P < 0.05). Complication rates were lower in the Multiloc group (10% vs. 20%).



Discussion: Both techniques are effective, but Multiloc intramedullary nail fixation offers superior early outcomes and fewer complications. It may be preferable for elderly patients with osteoporotic proximal humeral fractures when proper surgical technique is ensured.



KEYWORDS
proximal humerus fracture, PHILOS plate, MultiLoc nail, osteoporosis, functional recovery, fluoroscopy





1 Introduction

Proximal humeral fractures are a common type of fracture, accounting for approximately 3%–5% of all fractures (1). Typically caused by external forces, they present with shoulder swelling, pain, and limited mobility, impairing limb function and affecting daily activities (2–3). Conservative treatment is effective for minimally displaced proximal humeral fractures; however, unstable or significantly displaced fractures often require surgical intervention to achieve anatomical reduction, stable fixation, and early mobilization (4, 5). In older patients with osteoporosis, complex proximal humeral fractures involve multiple displacement sites and pose clinically severe injuries. These fractures necessitate timely surgical intervention to restore local anatomy and accelerate fracture healing (6, 7). Philos plate and Multiloc intramedullary nail fixation are commonly used surgical methods for treating proximal humeral fractures, each with distinct characteristics. However, the optimal surgical technique for managing osteoporotic complex fractures remains debated (8–10). This study retrospectively compared the clinical efficacy of Philos plate and Multiloc intramedullary nail fixation in older patients with osteoporotic complex proximal humeral fractures, providing a reference for surgical management.



2 Materials and methods


2.1 Inclusion and exclusion criteria

Patients with radiographic and CT confirmation of a fresh, significantly displaced proximal humeral fractures, classified as Neer three- or four-part fractures, were eligible for inclusion. Preoperative CT scans were routinely performed to evaluate fracture complexity, humeral head position, medial metaphyseal support, and bone loss beneath the humeral head, thereby guiding surgical decision-making. Additional criteria included the absence of significant symptoms of nerve injury, an age range of 70–95 years, treatment with either Philos plate or Multiloc intramedullary nail fixation, and the availability of complete clinical follow-up data.

Exclusion criteria encompassed a history of restricted shoulder joint mobility, the presence of preoperative acute or chronic infections, and severe comorbid internal diseases. Patients with psychiatric disorders and incomplete follow-up data were also excluded.



2.2 Study setting and ethical approval

This retrospective study was conducted at the Department of Orthopedic, Qilu Hospital Dezhou Hospital of Shandong University, Dezhou, China. Patients treated between January 2021 and December 2023 were reviewed. The study protocol was reviewed and approved by the Ethics Committee of Qilu Hospital Dezhou Hospital of Shandong University (2025070). Written informed consent was obtained from all participants prior to data collection and analysis.



2.3 Surgical methods

Both groups underwent surgery under general anesthesia combined with a brachial plexus block. The patients were positioned in a beach chair position, with a soft cushion placed behind the surgical shoulder to ensure sufficient passive flexion and extension of the affected limb during the procedure.


2.3.1 Philos plate group

The deltopectoral approach was employed for the Philos plate group. The cephalic vein was exposed and protected, with the pectoralis major retracted medially and the deltoid laterally to assess the fracture site and evaluate the integrity of the rotator cuff. Hematomas and embedded soft tissues surrounding the fracture were cleared. Fracture reduction is achieved through traction of the forearm, bone leverage, or Kirschner wire assistance. Once satisfactory reduction was confirmed under fluoroscopy, temporary fixation was secured with Kirschner wires. The Philos locking plate was positioned approximately 0.5 cm below the greater tuberosity and 1 cm posterior to the bicipital groove. Distal locking screws were inserted, and the positioning of the screws, plate, and fracture reduction were verified under fluoroscopy. In the presence of rotator cuff damage, it was reinforced intraoperatively using nonabsorbable sutures through the locking holes of the plate. The wound was irrigated with saline, closed in layers, and covered with sterile gauze.



2.3.2 Multiloc intramedullary nail group

In the Multiloc group, a longitudinal incision of approximately 3–5 cm was made along the anterolateral acromion. A layer-by-layer dissection of the skin, subcutaneous tissue, and deltoid muscle was performed while protecting the rotator cuff and neurovascular bundles. Exposure to the greater tuberosity of the humerus allowed for the reduction of the fracture ends, which was temporarily fixed using Kirschner wires under fluoroscopic guidance. A guidewire was inserted through the greater tuberosity into the medullary canal, followed by sequential reaming under C-arm fluoroscopy. A Multiloc intramedullary nail of suitable length was inserted into the distal end of the fracture. The position of the nail was confirmed via intraoperative fluoroscopy, after which proximal and distal locking screws were inserted using a targeting device. The multiplanar angles of the locking screws were adjusted to ensure reliable fixation of both the humeral head and distal fracture end. After confirming satisfactory alignment and secure fixation, the surgical site was thoroughly irrigated. The deltoid muscle, subcutaneous tissue, and skin were closed in layers, and the incision was covered with a sterile dressing.




2.4 Postoperative management

All patients had their affected limbs suspended and immobilized for 6 weeks postoperatively. On the second day post-surgery, patients commenced active and passive functional exercises targeting the elbow, wrist, and finger joints of the affected limb. Shoulder shrugging, pendulum exercises, active/passive forward flexion, and elevation of the affected shoulder were also incorporated. The intensity of the exercises was tailored to maintain mild discomfort, with a visual analog scale (VAS) score of 2–3.

In the PHILOS plate group, excessive shoulder movements—such as abduction, external rotation, and extension—were restricted during the initial 6 weeks postoperatively. Following this period, the forearm sling was removed, and patients began active and passive range-of-motion exercises in all directions. At 12 weeks, progressive resistance and weight-bearing exercises were initiated as tolerated. In contrast, patients in the Multiloc intramedullary nail group were typically permitted—and actively encouraged—to initiate active-assisted and passive shoulder mobilization at an earlier stage. This early rehabilitation strategy was tailored according to the intraoperative assessment of fixation stability and the patient's postoperative comfort, leveraging the superior biomechanical support provided by the intramedullary construct. Particular attention was given to patients with diabetes or other comorbidities associated with a higher risk of joint stiffness. These individuals were closely monitored and received early, supervised physiotherapy to minimize the risk of adhesive capsulitis and to preserve shoulder mobility throughout the recovery period.



2.5 Follow-up and evaluation indicators

The surgical incision length, operative time, intraoperative blood loss, postoperative complications, and fracture healing status were recorded and compared between the two groups. Postoperative pain was assessed using the VAS at one week, one month, and 12 months post-surgery. Shoulder joint function was evaluated using the Constant-Murley score.



2.6 Statistical methods

Data in this study were analyzed using IBM SPSS Statistics version 25.0. The Shapiro–Wilk test was applied to assess the normality of the data distribution, while the Levene test was used to evaluate the homogeneity of variance.

For data conforming to a normal distribution and homogenous variance, results are expressed as mean ± standard deviation (X ± S). For non-normally distributed data, results are presented as median (interquartile range) [M (Q1, Q3)]. Continuous variables were compared between the two groups using an independent sample T-test, and the χ2 test was employed for comparisons of categorical variables. For comparisons of repeated measures within the same group at different time points, the F-test was applied. A P-value of <0.05 was considered statistically significant.




3 Results


3.1 General clinical data

A total of 90 patients with complex proximal humeral fractures treated between January 2021 and December 2023 were included based on the inclusion and exclusion criteria. Patients were categorized into two groups according to the surgical method: the Philos plate (n = 50) and Multiloc intramedullary nail groups (n = 40). No significant differences existed in baseline characteristics, including sex, age, fracture classification, fracture type, mechanism of injury, and comorbidities between the two groups (P > 0.05), indicating comparability (Table 1). This study protocol was approved by the Ethics Committee of our institution, and informed consent was obtained from all enrolled patients.



TABLE 1 Comparison of baseline characteristics between the Two groups.



	Group
	Male/Female
	Age (years) (mean ± SD)
	Classification (cases)
	Neer fracture type (cases)
	Mechanism of injury
	Comorbidities



	Abduction
	Adduction
	3-Part fracture
	4-Part fracture
	Fall injury
	Traffic injury
	Yes
	No





	PHILOS Group
	22/28
	81.52 ± 8.83
	30
	20
	27
	23
	30
	20
	33
	17



	Multiloc Group
	19/21
	82.76 ± 8.35
	28
	12
	20
	20
	24
	16
	27
	13



	χ2*/T-value
	0.05
	−0.65
	0.225*
	0.001*
	0.028*
	0.034*



	P-value
	0.822
	0.521
	0.636
	0.935
	0.835
	0.782




	*Indicates that the value represents a T-value rather than a chi-square statistic.









3.2 Comparison of surgical metrics

The Multiloc intramedullary nail group exhibited a significantly shorter surgical incision length compared to the PHILOS plate group (6.0 ± 0.8 cm vs. 13.5 ± 1.2 cm, P < 0.05). Intraoperative blood loss was also significantly lower in the Multiloc group than in the PHILOS group (150 ± 40 ml vs. 250 ± 50 ml, P < 0.05). Furthermore, the operative time in the Multiloc group was significantly shorter than that in the PHILOS group (63.25 ± 8.76 min vs. 95.89 ± 8.73 min, P < 0.05), as demonstrated in Table 2.



TABLE 2 Comparison of surgical metrics between the Two groups.



	Group
	Operative time (min)
	Incision length (cm)
	Intraoperative blood loss (ml)





	PHILOS Group
	95.89 ± 8.73
	13.55 ± 1.27
	250.29 ± 53.79



	Multiloc Group
	63.25 ± 8.76
	6.20 ± 0.84
	150.82 ± 47.35



	T-Value
	16.69
	30.53
	8.79



	P-Value
	0.007
	0.001
	0.013









3.3 Comparison of VAS scores at different time points

Postoperative VAS scores decreased over time in both groups with no significant differences between them. However, at one day, three days, and one week postoperatively, the PHILOS plate group exhibited significantly higher VAS scores than the Multiloc group (P < 0.05). No significant differences were observed between the two groups at two weeks and one month postoperatively (P > 0.05) (Table 3).



TABLE 3 Comparison of VAS scores at different time points between the Two groups.



	Group
	Preoperative
	Postoperative 1 Day
	3 Days
	1 Week
	2 Weeks
	1 Month
	F-Value
	P-Value





	PHILOS Group
	6.36 ± 1.21
	8.32 ± 1.08
	6.35 ± 0.59
	5.18 ± 0.47
	2.75 ± 0.41
	2.12 ± 0.37
	9.431
	0.026



	Multiloc Group
	6.53 ± 1.57
	7.21 ± 0.95
	4.73 ± 0.83
	4.18 ± 0.52
	2.86 ± 0.27
	2.03 ± 0.32
	7.559
	0.031



	T-Value
	1.225
	5.225
	5.752
	7.398
	3.338
	2.275
	–
	–



	P-Value
	0.561
	0.043
	0.043
	0.025
	0.435
	0.597
	–
	–









3.4 Comparison of constant-murley shoulder function scores

Constant-Murley shoulder function scores demonstrated a significant improvement over time in both groups (P < 0.05). No significant differences existed in preoperative scores between the two groups (P > 0.05). However, at 1, 3, 6, and 12 months postoperatively, the MultiLoc group demonstrated significantly higher shoulder function scores than the PHILOS group (P < 0.05), as shown in Table 4.



TABLE 4 Comparison of constant-murley scores at different time points between the Two groups.



	Group
	Preoperative
	1 Month Postoperative
	3 Months
	6 Months
	12 Months
	F-value
	P-value





	PHILOS Group
	23.25 ± 2.57
	40.36 ± 9.29
	46.77 ± 12.39
	59.47 ± 10.71
	72.83 ± 8.87
	12.821
	0.021



	Multiloc Group
	22.37 ± 1.95
	45.94 ± 14.26
	51.64 ± 8.96
	68.26 ± 9.71
	80.62 ± 9.73
	8.251
	0.036



	T-Value
	0.259
	6.852
	7.248
	7.398
	6.338
	–
	–



	P-Value
	0.682
	0.032
	0.021
	0.020
	0.037
	–
	–









3.5 Comparison of postoperative complications

The incidence of postoperative complications was significantly higher in the PHILOS plate group than in the Multiloc group. In the PHILOS group, complications occurred in 20% of cases, including three screw cut-outs, three humeral head varus necroses, and two humeral head malunion. Conversely, the MultiLoc group had a 10% complication rate, with two cases of locking screws loosening and two peri-implant fractures. The difference between the two groups was statistically significant (χ2 = 7.231, P = 0.025).



3.6 Radiographic evaluation indicators

Radiographic assessment at follow-up showed that all patients achieved clinical and radiographic union within the observation period. The mean time to fracture union was 14.2 ± 2.1 weeks in the Multiloc group and 16.8 ± 2.6 weeks in the PHILOS group (P < 0.05). The fracture union rate at 3 months postoperatively was 92.5% (37/40) in the Multiloc group and 84.0% (42/50) in the PHILOS group. The remaining cases achieved union by the 6-month follow-up. No cases of nonunion were observed in either group during the 12-month follow-up period.




4 Discussion

This retrospective study analyzed and compared the efficacy and safety of Philos plate fixation and Multiloc intramedullary nail fixation for treating complex osteoporotic proximal humeral fractures in plder patients. While both methods effectively facilitated fracture healing and restored shoulder function, they differed significantly in postoperative functional recovery, intraoperative characteristics, and complication rates.

The Philos plate, a locking plate with multiple screw holes and an angular locking design, provides excellent biomechanical stability. Compared with traditional plates, it reduces soft tissue irritation and periosteal stripping, thereby preserving the vascular supply to the proximal humerus, thus making it particularly effective in managing osteoporotic fractures (11–13). However, findings from this study indicated that the Philos plate group experienced greater intraoperative blood loss, longer operative times, and higher postoperative VAS scores compared to the Multiloc group, suggesting a potentially significant impact on surrounding soft tissues and vascular supply. Additionally, the Philos plate group exhibited a higher incidence of postoperative complications, including screw cutout and humeral head necrosis, likely related to challenges in screw positioning and achieving precise intraoperative fracture reduction (14, 15). One potential factor contributing to the higher complication rate in the PHILOS group was the lack of intramedullary augmentation beneath the humeral head. In elderly patients with osteoporosis, structural support using autologous iliac crest bone grafts or synthetic bone substitutes may help to prevent humeral head collapse, necrosis, and hardware cut-out. However, in our practice, such augmentation was not routinely performed due to the increased surgical time, invasiveness, and donor site complications associated with bone graft harvesting. The decision to forgo augmentation was made based on intraoperative assessment of fracture stability and bone integrity. Nonetheless, this may represent a limitation in our treatment strategy, and future studies should further explore the role of intramedullary augmentation in optimizing outcomes for elderly patients undergoing plate fixation. To mitigate these risks, surgeons must accurately assess fracture fragments alignment during anatomical reduction and optimize screw length and orientation to prevent postoperative cut-out or loosening (16–18), which are more likely to occur with inexperienced surgeons. Recommendations include the use of precise fluoroscopic guidance to confirm the position and angle of each screw during surgery. Additionally, minimizing soft tissue dissection around the fracture site is essential to preserve humeral head vascularity. Furthermore, implementing individualized rehabilitation plans postoperatively is required (19–21).

Reverse shoulder arthroplasty (RSA) is recognized as an effective treatment option for elderly patients with complex proximal humeral fractures, particularly in cases involving irreparable rotator cuff tears or severe comminution. However, it was not employed in the present cohort. All patients included in this study had either an intact or reparable rotator cuff and adequate proximal humeral bone stock, making them suitable candidates for internal fixation. Furthermore, RSA is associated with higher costs, an increased risk of prosthesis-related complications, and prolonged rehabilitation, especially in resource-limited healthcare settings. At our institution, motion-preserving and joint-conserving surgical techniques are preferred as the first-line approach when stable fixation is feasible. Nevertheless, RSA remains a valuable alternative in selected patients and should be considered when internal fixation is unlikely to yield satisfactory outcomes.

MultiLoc intramedullary nail fixation is a minimally invasive technique offering high stability. Its unique multiplanar locking design enhances humeral head fixation and reduces the risk of fracture redisplacement (22–24). In this study, the Multiloc group demonstrated shorter incision lengths, lower intraoperative blood loss, and superior postoperative shoulder function than the Philos group. These findings suggest that the Multiloc method better preserves surrounding soft tissues and vascular supply, facilitating early postoperative recovery. Furthermore, the Multiloc group had fewer postoperative complications, highlighting its superiority in treating older patients with osteoporosis. The success of Multiloc intramedullary nail fixation depends on the precise selection of the entry point and the reaming technique. Postoperative complications such as proximal humeral refracture may result from inadequate mastery of reaming techniques (25, 26). To optimize surgical outcomes, ensuring precise fluoroscopic guidance during reaming is critical to prevent deviation from the fracture site, carefully position locking screws for stable multiplanar support that minimizes fracture fragment displacement, and to emphasize pain-free rehabilitation postoperatively, while avoiding early weight-bearing to prevent fixation failure (27, 28).

This study also revealed that the surgical method significantly influences early shoulder function recovery. The minimally invasive nature of Multiloc intramedullary nail fixation minimizes damage to the rotator cuff and surrounding soft tissues, thereby promoting superior postoperative recovery of shoulder function. Conversely, although Philos plate fixation offers excellent biomechanical stability in certain cases, the extensive soft tissue dissection required may increase postoperative pain and complications, thereby hindering early functional recovery, particularly in older patients with osteoporosis (29, 30). The Constant-Murley scores in this study demonstrated a significantly better functional recovery in the Multiloc group compared to the PHILOS group at 1, 3, 6, and 12 months postoperatively. This may be attributed to the minimally invasive nature of intramedullary nailing, which reduces soft tissue disruption and preserves rotator cuff integrity. Early initiation of functional exercises, facilitated by the biomechanical stability of the Multiloc construct, may have further contributed to improved shoulder mobility and strength in the early and mid-term phases of recovery. In contrast, although the PHILOS plate provides strong angular stability, the relatively extensive soft tissue exposure and the subacromial impingement potential may delay early mobilization and cause postoperative stiffness, which can negatively affect functional outcomes. These findings are consistent with previous studies reporting faster and more complete functional recovery in patients treated with intramedullary nails, especially in osteoporotic elderly populations.

In addition to functional outcomes, fracture healing was also evaluated and compared between the two groups. The Multiloc group exhibited a significantly shorter mean time to radiographic union (14.2 ± 2.1 weeks) than the PHILOS group (16.8 ± 2.6 weeks), with higher union rates observed at the 3-month follow-up (92.5% vs. 84.0%). This difference may reflect the biological and mechanical advantages of intramedullary fixation, which maintains alignment with minimal periosteal disruption and preserves the fracture hematoma—factors known to facilitate bone healing. Conversely, the longer healing time in the PHILOS group may be partially attributed to the more invasive surgical approach, which requires extensive soft tissue dissection and may impair local vascularity. Although all fractures eventually achieved union in both groups, the faster healing observed with the Multiloc nail could allow for earlier functional recovery and reduced complication risk, particularly in elderly osteoporotic patients who are more susceptible to delayed union.

Shoulder stiffness is a recognized complication following prolonged immobilization, particularly in elderly patients with diabetes. In our protocol, despite sling immobilization for six weeks, early initiation of passive and active-assisted ROM exercises helped minimize this risk. Patients with diabetes received individualized physiotherapy and close follow-up to detect and manage early signs of frozen shoulder. As a result, the incidence of clinically significant postoperative stiffness was low and did not differ substantially between groups. Nonetheless, future protocols may consider shortening sling duration or incorporating earlier aggressive mobilization in select high-risk individuals.

This study is limited by its small sample size and retrospective, single-center design, which may introduce selection bias. Additionally, variations in the surgeon expertise and patient adherence to postoperative rehabilitation protocol may have influenced the outcomes. Future studies should involve larger, multicenter, prospective, and randomized controlled trials to validate these findings and explore the efficacy of alternative surgical methods for treating complex proximal humeral fractures in elderly patients.

Multiloc intramedullary nail fixation demonstrated certain advantages in managing complex osteoporotic fractures in older patients, particularly in terms of functional recovery and complication reduction. In clinical practice, selecting the appropriate surgical method should be based on a comprehensive evaluation of individual patient characteristics and fracture type to achieve optimal treatment outcomes.
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Objective: To determine the material parameters of PMMA and ES-CS-PMMA, and compare the stress distribution differences in hip arthroplasty postoperatively using finite element analysis.



Methods: The Young's modulus and Poisson's ratio of PMMA and ES-CS-PMMA were calculated by measuring the propagation speed of ultrasound waves through the bone cements. Using CT images of a healthy adult male, a three-dimensional model of the natural femur and two postoperative 3D models (with PMMA and ES-CS-PMMA as adhesives) were established. Simulating slow walking motion, stress distribution differences in the cement sheath and femur were observed between the two postoperative models.



Results: The Young's modulus of PMMA was 4,127 MPa with a Poisson's ratio of 0.25; ES-CS-PMMA exhibited an Young's modulus of 4,331 MPa and a Poisson's ratio of 0.28. In the two postoperative models, no significant differences were observed in stress distribution within the cement sheath or femur after prosthesis implantation. Compared to the natural femur, both PMMA and ES-CS-PMMA reduced cortical stress postoperatively, transferring stress to the femoral stem. In the distal region of the prosthesis, mean stress was significantly reduced post-implantation. In the midsection of the prosthesis, the implanted prosthesis bore higher peak stress than the natural femur.



Conclusions: This study measured the material parameters of PMMA and ES-CS-PMMA. Compared to PMMA, using ES-CS-PMMA as an adhesive in hip arthroplasty did not alter the stress distribution of the cement sheath or femur post-implantation.
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1 Introduction

Hip arthroplasty (HA) has been popularized worldwide since it was initiated in the 1960s, and the number of operations has increased rapidly (1). With the acceleration of population aging and the increase in the incidence of musculoskeletal diseases worldwide, hip arthroplasty has become an irreplaceable treatment for femoral neck fracture, femoral head necrosis, inflammatory arthritis and other diseases. Professor Charnley introduced Polymethyl methacrylate (PMMA) bone cement in the mid-20th century, and it has been widely used in the field of joint arthroplasty (2). PMMA bone cement has been pivotal to the early success of hip arthroplasty. However, failures of bone cement implants were historically misattributed to “bone cement disease”, a generalized critique that inadvertently promoted the rise of cementless prostheses. Advances in materials, design, and technology, have enhanced the durability of cementless fixation (3), leading to a global decline in cemented hip prosthesis usage. Nevertheless, evidence supporting superior clinical outcomes for cementless fixation remains inconclusive (4, 5). With increasing adoption of cementless implants, their limitations—particularly in elderly populations—have become apparent. Cementless fixation exhibits higher revision rates compared to cemented fixation in elderly patients (6–8), a trend corroborated by the 2018 Australian Orthopaedic Association National Joint Replacement Registry report, which identified significantly elevated revision risks for cementless prostheses in patients over 80 years old, especially within the first three postoperative months (9). Periprosthetic fractures, particularly involving femoral components, are the most common revision trigger. Burnett et al. reported that the surgical complication risk of cementless HA for femoral neck fracture is higher than cemented HA, with an 11-fold increased risk of periprosthetic fracture compared to cemented HA (10). These findings underscore PMMA's irreplaceable role in managing elderly patients with compromised bone quality or femoral neck fractures.

PMMA bone cement, however, poses systemic risks, including circulatory- and coagulation-system toxicity (11). Methyl methacrylate (MMA) monomer toxicity and exothermic polymerization-induced thermal necrosis synergistically damage bone cells and surrounding tissues. Necrotic debris, combined with histamine and prostaglandin release, exacerbates systemic dysregulation, elevating pulmonary embolism risks (12). Furthermore, thermal necrosis byproducts and cement particles provoke local inflammation, while excessive inflammatory responses and necrotic accumulation drive bone resorption at the bone-cement interface, increasing aseptic loosening risks.

To mitigate these adverse effects, Sun et al. developed enoxaparin sodium (ES)-loaded PMMA (ES-PMMA) by physically embedding ES into PMMA's porous matrix (13). ES-PMMA releases therapeutically relevant ES concentrations within 24 h, achieving antithrombotic efficacy via CD40 protein suppression in vascular endothelial cells (14). Additionally, ES-PMMA induces macrophage M2 polarization, enhances anti-inflammatory mediator secretion (15), and promotes interfacial osteogenesis, reducing loosening risks (16). Collectively, these studies validate ES's capacity to counteract PMMA's side effects.

Despite these advances, ES-PMMA suffers from burst-release kinetics and transient therapeutic windows. While effective for short-term thrombosis prevention, its rapid drug depletion fails to sustain the prolonged anti-inflammatory and osteogenic modulation required for bone repair. To address this, we incorporated chitosan (CS)—a cost-effective, biodegradable polymer with high drug-loading capacity (17)—as a sustained-release carrier. By conjugating ES with CS to form drug-loaded microspheres and integrating them into PMMA, we engineered enoxaparin sodium-chitosan-polymethyl methacrylate (ES-CS-PMMA) bone cement. Compared to ES-PMMA, ES-CS-PMMA exhibits attenuated burst release, prolonged release duration, and enhanced capacity to continuously suppress inflammation and stimulate peri-implant osteogenesis.

However, additive incorporation into bone cement alters its mechanical properties, potentially affecting in vivo stress distribution (18). Montserrat et al. mixed 3.5 g bupivacaine hydrochloride with 40.8 g PMMA and measured the mechanical properties of bone cement. The results showed that the addition of bupivacaine hydrochloride significantly reduced the flexural strength of bone cement, which fell short of the minimum flexural strength value (19). Kwong et al. added 6 g vancomycin to 43 g Copal PMMA cement and found that the flexural strength of the drug-loaded cement was significantly lower than the ISO standard (20). Finite element analysis (FEA), a tool superior to animal models for simulating physiological implant behavior, has been extensively applied in hip arthroplasty research. While prior FEA studies predominantly focus on prosthesis materials and designs (21, 22), biomechanical comparisons between PMMA and modified bone cements remain scarce, partly due to limited material parameter data. This study thus aims to characterize PMMA and ES-CS-PMMA material parameters and employ FEA to compare their stress distribution profiles post-hip arthroplasty, addressing a critical gap in functionalized bone cement optimization. As a preliminary study, this work establishes a computational framework that paves the way for future investigations, including multiscale modeling of long-term bone adaptation, integration of patient-specific dynamic loading patterns, and experimental validation through fatigue testing coupled with microstructural damage analysis. These extensions will enhance the clinical translatability of computational predictions in advanced bone cement development.



2 Materials and methods


2.1 Establishment of the FE model of hip arthroplasty

The femoral CT data of a healthy adult male were obtained from the professionally anonymized research case database of Hebei Medical University Third Hospital, in compliance with the Ethical Review Measures for Human Life Sciences and Medical Research [National Health Commission of China, No. 4 (2023), Article 32], which exempts studies using non-identifiable data from ethical approval. The generated cross-sectional CT images were stored in DICOM format and imported into Mimics 21.0 (Materialise, Leuven, Belgium) to extract femoral information and initially establish a rough three-dimensional model. Each part was exported to an STL-formatted data file. The reconstructed femoral STL file was subsequently imported into Geomagic 2021 (3D Systems, Rock Hill, USA) for advanced processing—including denoising, smoothing and accurate surface fitting—to generate a high-precision geometric solid model. The finalized model was exported in STP format.

The implant hip arthroplasty system (manufactured by Smith & Nephew PLC) utilized a titanium alloy construction comprising femoral shaft and femoral head components. A GOM Scan1 MV200 optical scanner (Zeiss Group, Oberkochen, Germany) performed comprehensive 3D surface mapping of the implant, with scan data archived in standardized STL format. Subsequent computational processing in UG 12.0 (Siemens PLM Software, Berlin & Munich, Germany) involved geometric refinement through surface denoising and mesh smoothing algorithms to generate a high-fidelity solid model, ultimately exported as STP-format files for biomechanical analysis.

The surgical simulation models for hip arthroplasty were categorized into two experimental groups based on bone cement type: the PMMA group and the ES-CS-PMMA group. Femoral and implant STP-format models were imported into SolidWorks 2021 (Dassault Systèmes, Vélizy-Villacoublay, France) for assembly, with the femoral head being removed to facilitate stem insertion. The femoral stem was inserted into the proximal femur to keep the axis of the femoral stem and the femoral axis unified. The gap between the femoral stem and cortical bone was filled with different types of bone cement to form a cement mantle. The filling position was approximately 2 cm from the distal end of the femoral shaft, which was consistent with patients undergoing hip arthroplasty surgery. A pristine femoral model without stem insertion served as the anatomical control (Figure 1).


[image: Panel A shows a 3D rendering of a human femur. Panel B shows a 3D rendering of a hip implant stem component. Panel C shows a 3D rendering of the femur with the hip implant inserted. All images include a coordinate axis for orientation and are labeled with the ANSYS 2021 R1 logo.]
FIGURE 1
Establishment of FE model for hip arthroplasty: (A) for natural femur, (B) for implant with bone cement mantle, (C) for FE model for hip arthroplasty.


The geometric model of the hip arthroplasty construct was imported into ANSYS 21.0 (ANSYS Inc., Canonsburg, USA) for finite element mesh generation, establishing a computational model and generating post-force analysis data. Tetrahedral elements were implemented for mesh generation, with element density determined by anatomical feature complexity. A mesh sensitivity analysis was conducted, wherein critical regions were refined until stress convergence criteria (<5% variation in peak von Mises stress) were met. Excessive element counts escalate computational demands, while insufficient densities or suboptimal element quality compromise result accuracy. Through iterative refinement based on historical validation protocols, mesh parameters were optimized to enhance element quality and improve subsequent data reliability. Notably, the maximum relative difference in element counts between test groups was 4.5%, with identical meshing for PMMA and ES-CS-PMMA groups, ensuring cross-comparison validity. Quantitative nodal and elemental characteristics for each test group are systematically presented in Table 1.



TABLE 1 Numbers of nodes and elements for each model group.



	Model
	Node
	Element





	Control
	1,093,104
	722,554



	PMMA
	1,061,580
	690,137



	ES-CS-PMMA
	1,061,580
	690,137









2.2 Material parameters

FEA has become a useful tool for analyzing the structural stress of complex shapes, loads and material behaviors. It has been widely used in orthopedics, and the developed model has successfully predicted the mechanical properties of bone components. There are many precedents for the use of this method in the study of femoral head necrosis and hip arthroplasty (21, 22). However, previous studies have focused on the use of different prostheses and lack material parameters related to PMMA bone cement and the FEA of PMMA bone cement. Therefore, the first purpose of this study was to measure the Young's modulus and Poisson's ratio of different bone cements. The mechanical characteristics of PMMA bone cement and ES-CS-PMMA bone cement were evaluated through measurement of their Young's modulus and Poisson's ratio. Currently, no standardized testing methodology exists for determining these material properties in bone cement systems. Therefore, the ultrasonic testing methodology (GB/T 38897–2020) was referenced, which specifies two distinct approaches: the bulk wave method applicable to bulk solid specimens and the guided wave method designed for cylindrical filamentous samples. As bone cement constitutes a bulk solid material rather than filamentous structures, the bulk wave detection protocol was selected for this investigation.

The ultrasonic wave propagation velocity in solid materials is governed by their Young's modulus and density. On the basis of the known material density, the Young's modulus and Poisson's ratio of the material are calculated by measuring the propagation speed of ultrasonic waves in solid materials. First, the densities of the two kinds of bone cement were measured. The bone cement was made into a cubic sample of 1 cm3, and its mass was weighed with an electronic balance. Three samples were measured for each type of bone cement. The average density of the PMMA bone cement was 1,122 kg/m3, and that of the ES-CS-PMMA bone cement was 1,147 kg/m3.

The ultrasonic characterization was conducted using the UMS Advanced Ultrasonic Material Characterization System (Beijing, China) with system parameters configured as follows: 200 V excitation voltage, 5 MHz transducer frequency, and 20 dB signal gain. Longitudinal and shear wave propagation parameters were systematically evaluated through time-distance analysis, with wave velocities calculated from measured propagation times and path lengths. For each bone cement formulation, three independent specimens underwent ultrasonic testing with three random measurement locations per specimen to ensure statistical representation.

The longitudinal sound velocity of the tested sample was calculated according to following Equation (1). where vl represents the sound velocity of the longitudinal wave (m/s), nl represents the number of complete path propagations between the first echo signal and the last echo signal, h represents the thickness (m), and Δtl represents the time difference between the leading edge of the first echo signal and the leading edge of the last echo signal (s).






	Vl=2nlhΔtl

	(1)










The shear sound velocity of the tested sample was calculated according to following Equation (2). Where vs represents the sound velocity of the shear wave (m/s), ns represents the number of complete path propagations between the first echo signal and the last echo signal, h represents the thickness (m), and Δts represents the time difference between the leading edge of the first echo signal and the leading edge of the last echo signal (s).





	Vs=2nshΔts

	(2)










The Young's modulus of the bone cement was obtained from the calculation of the longitudinal wave sound velocity, shear wave sound velocity and density.

The Young's modulus of the tested sample was calculated according to following Equation (3). where E represents the Young's modulus (Pa), ρ represents the density (kg/m3), vs represents the sound velocity of the shear wave (m/s), and vl represents the sound velocity of the longitudinal wave (m/s).






	E=ρvs23vl2−4vs2vl2−vs2

	(3)










The Poisson's ratio of the bone cement was obtained from the calculation of the longitudinal wave sound velocity and shear wave sound velocity.

The Poisson's ratio of the tested sample was calculated according to following Equation (4). where μ represents the Poisson's ratio, vl represents the sound velocity of the longitudinal wave (m/s), and vs represents the sound velocity of the shear wave (m/s).






	μ=vl2−2vs22(vl2−vs2)

	(4)










According to the ultrasonic measurement results, the Young's modulus and Poisson's ratio of each sample were calculated, as shown in Table 2. In this study, according to the calculation results, the Young's modulus of the PMMA bone cement was 4,127 MPa, and the Poisson's ratio was 0.25. The Young's modulus of the ES-CS-PMMA bone cement was 4,331 MPa, and the Poisson's ratio was 0.28. The results show that adding chitosan drug-loaded microspheres to PMMA can increase the Young's modulus and Poisson's ratio. This provides a reference for this study and other scholars to study bone cement in the future. The mechanical properties of the other materials were obtained from previous studies (23–27). Table 3 details the parameters of each structural material used in the analysis, and all the material characteristics are simulated as a uniform linear elastic continuum with isotropic characteristics.



TABLE 2 Ultrasonic measurement results of different bone cements.



	Sample
	PMMA bone cement
	ES-CS-PMMA bone cement



	Young's modulus（GPa）
	Poisson's ratio
	Young's modulus（GPa）
	Poisson's ratio





	Sample 1
	4.09033
	0.245488
	4.50145
	0.266592



	4.14911
	0.240381
	4.45935
	0.289598



	4.42371
	0.272339
	3.34896
	0.296929



	Sample 2
	3.92258
	0.244051
	4.47295
	0.27207



	4.00878
	0.247252
	4.35839
	0.273002



	3.90540
	0.246492
	4.43806
	0.28943



	Sample 3
	4.24955
	0.232245
	4.46886
	0.273386



	4.21675
	0.230449
	4.32870
	0.274530



	4.18007
	0.250786
	4.60039
	0.271495



	Mean ± SD
	4.12736 ± 0.16607
	0.24550 ± 0.01216
	4.33075 ± 0.37646
	0.27855 ± 0.01054









TABLE 3 Properties of the various components in the FE models.



	Component name
	Young's modulus（MPa）
	Poisson's ratio





	Femur cortical bone
	15,000
	0.30



	Femur cancellous bone
	1,100
	0.30



	Titanium alloy implant
	110,000
	0.30



	PMMA bone cement
	4,127
	0.25



	ES-CS-PMMA bone cement
	4,331
	0.28










2.3 Loading and boundary conditions

In accordance with a previous report, the femoral model was simplified and assigned to simulate the slow walking force of an adult weighing 70 kg under the load of one foot (28). In the coronal plane, the neck shaft angle of the femur is 135°, the force of the femoral head (J) is 1,588 N, the loading position is the center of the femoral head, the direction is downward, and the included angle with the axis of the femoral neck is 29.5°. The pulling force (R) of the distal muscle group on the lateral trochanter is 169 N, which is downward and parallel to the axis of the femoral shaft. The pulling force (N) of the proximal muscle group on the lateral trochanter is 1,039 N, the direction is upward, and the included angle with the force R is 24.4°. According to the principles of the acting force and reaction force, the contact of all the models is a constraint relationship, the distal femur is constrained in all the directions, and the degree of freedom in all the directions is zero. Although these conditions simplify the model, they do not affect the validity of the results because the goal is to compare different models under consistent conditions. Therefore, the proposed results can be regarded as credible and objective. The load and boundary condition constraints are shown in Figure 2.


[image: Panel A shows a labeled diagram of a human femur with red and blue lines, angles alpha, beta, and theta, and text indicating directions and forces. Panel B displays a digital 3D model of a femur in ANSYS with the lower region highlighted in blue, representing boundary conditions, and a coordinate axis indicating X, Y, and Z directions.]
FIGURE 2
Load and boundary condition constraints: (A) for schematic diagram of simplified stress model of the proximal femur (J = 1,588 N, N = 1,039 N, R = 169 N, α = 135°, β = 29.5°, and θ = 24.4°), (B) for the distal femur is constrained in all directions, and the degree of freedom in all directions is zero.




2.4 Stress analysis and measurement

Von Mises stress is a common scalar in the fields of mechanical engineering and materials science, and it is a standard for evaluating the performance of plates. This stress criterion can be used to evaluate the yield or failure of plates under complex load conditions.

The von Mises stresses in various parts of the model prosthesis and femur, including the total stress distribution nephogram, stress concentration area and peak stress of the prosthesis stem, femur and cement mantle, were recorded.

To analyze the stress distribution pattern of the FE model, the FE model was cut from the proximal end to the distal end in the Z-axis direction with a thickness of 10 mm until the prosthesis was completely divided. The mean value and peak value of the von Mises stress in each region are calculated. To further analyze the mean stress distribution around the femoral shaft, the femur was divided into proximal (regions 1–5), middle (regions 6–10) and distal (regions 11–15) regions.



2.5 Data analysis

The FEA results of the mean stress distribution and peak stress distribution are described and compared. To further analyze the mean stress distribution at the proximal, middle and distal regions of the three models, one-way ANOVA (with a Tukey's post hoc correction) was conducted. GraphPad Prism 10.0 (GraphPad Software, San Diego, USA) was used for data analysis and graphic representation. The significance level was set at 0.05.




3 Results


3.1 Von Mises stress distribution

The von Mises stress distributions of the three models and two cement mantles are shown in Figures 3, 4. The results of the stress distribution for the different regions are given in Table 4 and depicted in transverse views in Figure 5.


[image: Panel of six simulation graphics labeled A through F, each showing color-coded finite element stress analysis on femur models in ANSYS software. Warmer colors indicate higher stress regions, with each panel highlighting different stress distributions and viewpoints, as seen from both full-length and proximal femur perspectives.]
FIGURE 3
The von Mises stress distribution of femur in different FE models: (A,D) for control group; (B,E) for PMMA group; (C,F) for ES-CS-PMMA group.



[image: Panel A and panel B show color-coded finite element analysis graphics of a long bone under von Mises stress, with stress values ranging from blue (low) to red (high), overlaid with a three-axis orientation marker, calculated using ANSYS 2021 R1.]
FIGURE 4
The von Mises stress distribution of two bone cement mantles in different FE models: (A) for PMMA group, (B) for ES-CS-PMMA.




TABLE 4 Mean and peak von Mises stresses.



	Region
	Mean stress (MPa)
	Peak stress (MPa)



	Control
	PMMA
	ES-CS-PMMA
	Control
	PMMA
	ES-CS-PMMA





	1
	2.54
	2.11
	2.11
	19.88
	18.65
	18.65



	2
	2.86
	2.74
	2.74
	32.84
	58.07
	58.06



	3
	2.70
	2.97
	3.00
	39.20
	510.91
	527.49



	4
	3.86
	2.88
	2.88
	27.24
	249.08
	253.85



	5
	5.59
	5.46
	5.45
	23.46
	59.86
	59.62



	6
	6.88
	6.90
	6.89
	24.85
	147.11
	150.88



	7
	8.35
	8.63
	8.63
	27.72
	126.41
	126.91



	8
	11.28
	11.22
	11.21
	33.54
	106.77
	108.13



	9
	13.92
	13.86
	13.86
	42.36
	144.49
	146.16



	10
	15.75
	15.23
	15.22
	43.92
	82.59
	82.37



	11
	17.65
	16.80
	16.80
	50.99
	147.72
	149.59



	12
	19.15
	17.51
	17.50
	57.11
	98.92
	98.80



	13
	20.29
	18.27
	18.26
	58.33
	100.42
	100.24



	14
	21.33
	18.16
	18.16
	58.78
	100.16
	100.14



	15
	21.89
	18.09
	18.10
	61.18
	304.11
	314.60








[image: Grid of twelve finite element analysis graphics compares stress distribution in six anatomical regions across Control, PMMA, and ES-CS-PMMA groups. Color gradients indicate higher stress in Control, particularly in regions 5, 7, 9, 11, and 13, with mostly blue, lower-stress areas in PMMA and ES-CS-PMMA, suggesting altered mechanical properties among groups.]
FIGURE 5
Transverse views of von Mises stress distribution in three FE models.




3.2 Mean von Mises stress

Considering the stress distribution of the two postoperative FE models, compared with that of the natural femur, the implantation of the prosthesis greatly changed the load transfer (Table 4 and Figures 3–5). In the natural femur, the stress is distributed mainly along the anteromedial and posterolateral sides and is concentrated mainly in the cortical bone (Figures 3, Figure 5). The cortical load gradually increased from the proximal region to the distal region (Table 4). After the prosthesis was implanted, the stress in the femur tended to decrease in both the PMMA group and the ES-CS-PMMA group, and the stress was transferred mainly through the femoral stem, such as in regions 5, 9 and 13 (Table 4 and Figure 5).

In the PMMA group and ES-CS-PMMA group, there was no significant difference in the stress distribution in the cement mantle between the two models (Figure 4).

As shown in Regions 1–10, although there is no significant difference in the mean stress between the proximal and middle regions of the three models (Table 5 and Figure 6), the stress in the proximal and middle regions of the prosthesis is unloaded after implantation, and the stress is transferred from the cortex to the prosthesis handle (Figure 5). In the distal region, as shown in Regions 11–15, the mean stress after prosthesis implantation decreased significantly (p < 0.05) (Table 5 and Figure 6).



TABLE 5 Mean von Mises stress and comparison of different femoral regions.



	Group
	Mean stress (MPa) (mean ± SD)
	Comparison mean stress
	p-value





	Region 1–5



	Control
	3.51 ± 1.27
	Control vs. PMMA
	0.9376



	PMMA
	3.23 ± 1.29
	Control vs. ES-CS-PMMA
	0.9393



	ES-CS-PMMA
	3.24 ± 1.28
	PMMA vs. ES-CS-PMMA
	>0.9999



	Region 6–10



	Control
	11.24 ± 3.70
	Control vs. PMMA
	0.9995



	PMMA
	11.17 ± 3.48
	Control vs. ES-CS-PMMA
	0.9994



	ES-CS-PMMA
	11.16 ± 3.48
	PMMA vs. ES-CS-PMMA
	>0.9999



	Region 11–15



	Control
	20.06 ± 1.71
	Control vs. PMMA
	0.0167



	PMMA
	17.77 ± 0.61
	Control vs. ES-CS-PMMA
	0.0166



	ES-CS-PMMA
	17.76 ± 0.62
	PMMA vs. ES-CS-PMMA
	>0.9999








[image: Panel A presents a bar graph comparing mean von Mises stresses in regions one to five, six to ten, and eleven to fifteen for control, PMMA, and ES-CS-PMMA groups, with significant differences marked by asterisks in region eleven to fifteen. Panel B displays a horizontal bar chart of mean von Mises stress by region for the same groups, showing control, PMMA, and ES-CS-PMMA as yellow, light brown, and red bars respectively across regions one to fifteen.]
FIGURE 6
Mean von Mises stress and comparison of different femoral regions: (A) for mean stress distribution for different FE models in proximal (region 1-5), middle (region 6-10) and distal (region 11-15) femoral regions; (B) for mean stress distribution in three FE models (*p < 0.05).




3.3 Peak von Mises stress

After prosthesis implantation, the difference in load transfer is also reflected in the peak stress. For the natural femur, the peak stress appears on the anteromedial and posterolateral sides and gradually increases from the proximal region to the distal region, and the highest peak stress appears on the anteromedial side of the distal region (Table 4 and Figure 5). After implantation of the prosthesis, the highest peak stress occurred in proximal regions 3 and 4 and distal region 15 (Figure 7). In the middle region, the implant of the prosthesis resulted in greater peak stress than did the natural femur (p < 0.001) (Table 6 and Figure 7). However, there was no significant difference in peak stress between the two groups of models using different bone cements.


[image: Bar charts comparing peak von Mises stress in megapascals for control, PMMA, and ES-CS-PMMA groups across fifteen regions. Panel A displays grouped mean values with error bars for regions 1-5, 6-10, and 11-15, highlighting statistically significant differences with asterisks for region 6-10. Panel B shows horizontal bars for individual regions, with ES-CS-PMMA generally presenting higher stresses, especially in region 3.]
FIGURE 7
Peak von Mises stress and comparison of different femoral regions: (A) for peak stress distribution for different FE models in proximal (region 1-5), middle (region 6-10) and distal (region 11-15) femoral regions; (B) for peak stress distribution in three FE models (***p < 0.001).




TABLE 6 Peak von Mises stress and comparison of different femoral regions.



	Group
	Peak stress (MPa) (mean ± SD)
	Comparison mean stress
	p-value





	Region 1–5



	Control
	28.52 ± 7.66
	Control vs. PMMA
	0.3748



	PMMA
	179.31 ± 205.92
	Control vs. ES-CS-PMMA
	0.3562



	ES-CS-PMMA
	183.53 ± 213.03
	PMMA vs. ES-CS-PMMA
	0.9992



	Region 6–10



	Control
	34.48 ± 8.52
	Control vs. PMMA
	0.0002



	PMMA
	121.47 ± 27.11
	Control vs. ES-CS-PMMA
	0.0002



	ES-CS-PMMA
	122.89 ± 28.29
	PMMA vs. ES-CS-PMMA
	0.9949



	Region 11–15



	Control
	57.28 ± 3.81
	Control vs. PMMA
	0.1590



	PMMA
	150.27 ± 88.47
	Control vs. ES-CS-PMMA
	0.1464



	ES-CS-PMMA
	152.67 ± 93.06
	PMMA vs. ES-CS-PMMA
	0.9985










4 Discussion

Hip arthroplasty has become essential for treating femoral neck fractures and joint diseases, with cemented prostheses regaining attention due to higher revision risks in cementless alternatives (29). While PMMA bone cement revolutionized joint arthroplasty, its exothermic reaction during implantation causes thermal necrosis, inflammation, and loosening (11, 12). Nevertheless, Modified bone cements, such as ES-PMMA, were developed to mitigate these effects by promoting osteogenesis and reducing inflammation (13–16). However, ES-PMMA's short release duration led to the creation of ES-CS-PMMA, which uses chitosan microspheres to prolong drug release and enhance biocompatibility. Despite these advantages, additives may compromise mechanical strength, necessitating thorough evaluation before clinical use to ensure surgical success.

The three-dimensional FE model shows that, compared with that of the natural femur, the stress distribution of the femur is different for both the PMMA bone cement and the ES-CS-PMMA bone cement. According to Wolff's law, a reduction in the bone load causes the bone to adapt itself by reducing its mechanical strength or decreasing its trabecular size (30). From a biomechanical point of view, the implanted prosthesis will inevitably redistribute the stress value of the femur. Subsequently, the reduced stress and debris induced around the prosthetic stem make the surrounding bones prone to osteoporosis and bone resorption. These two skeletal reactions usually worsen the stable environment of the prosthetic stem (31). However, in hip arthroplasty, prosthesis implantation inevitably leads to femoral load transfer. In the natural femur, the stress is mainly concentrated in the cortical bone, and the cortical load gradually increases from the proximal region to the distal region and is distributed along the anteromedial and posterolateral sides. When the prosthesis is implanted, the stress in the proximal and middle bone cortex is unloaded and transferred to the femoral shaft, but there is no significant difference in the mean stress among the three models. In the distal region, the mean stress of the femur after prosthesis implantation is significantly lower than that of the natural femur. The reduction in stress increases the risk of periprosthetic fractures in the distal region of the prosthesis to some extent, but this cannot be avoided in hip arthroplasty.

However, there was no significant difference in the femoral stress distribution between the two FE models, whether in the PMMA cement group or ES-CS-PMMA cement group. These findings indicate that adding an appropriate amount of CS microspheres or other substances to the bone cement does not significantly affect the stress distribution in the femur. In contrast, the addition of chitosan microspheres has a positive effect and reduces the side effects of bone cement during or after implantation. From a biomechanical point of view, these findings also indirectly confirm the efforts of other scholars in the modification of bone cement.

Nevertheless, comparison with other FEA studies must be interpreted cautiously due to the diversities in the loading conditions, bone-implant interface, age and weight of the subjects and experimental results.

Other FEA methods for hip arthroplasty focus mostly on simulating the static situation of standing on one leg after hip arthroplasty, and the applied force is relatively simple, which is different from the patient's postoperative motion state (32, 33). Aguilisa et al. applied a single force to the femoral head to compare the fatigue analysis results of different materials (26). This simplified loading condition ignores the influence of muscles and ligaments on the results. In patients after hip arthroplasty, walking slowly is more basic and commonly used than standing on one leg. In this study, we compared the effects of PMMA cement and ES-CS-PMMA cement on the femoral stress distribution after hip arthroplasty. Although applying a single force does not significantly reduce the accuracy, we still consider the role of the iliopsoas muscle and abductor muscle in exercise in the FE models to minimize the impact of load conditions on the research results. Although our model incorporates to simulate slow walking—surpassing single-leg stance simplifications—it does not fully replicate the multidirectional loading environment of the hip. Critical omissions include twisting force and dynamic shear forces. These simplifications likely underestimate shear stress at the stem-cement interface and obscure direction-specific micromotion patterns, particularly affecting stability assessments of anti-rotation implant designs. Nevertheless, since the core objective was comparing biomechanical responses between PMMA and ES-CS-PMMA cement under identical loading simplifications, such systematic bias minimally impacts the intergroup difference conclusions.

Regarding interfacial modeling, frictional face-to-face contact and frictionless node-to-node contact are used to describe the bone-implant interface. In this study, the implant–bone cement and bone cement–bone interfaces are completely bonded, which does not consider the micromotion of the implant. This idealized assumption may lead to an over-simplified characterization of interfacial stress transfer mechanisms. Interfacial micromotion can induce dynamic stress redistribution: at the proximal bone cement–bone interface, the fully bonded assumption may result in an underestimation of shear stress; conversely, at the distal stem–bone cement interface, this assumption could overestimate the peak compressive stress (34). Consequently, our findings are more applicable to evaluating the prosthesis mechanical performance during initial fixation, but cannot accurately reflect long-term effects such as micromotion-induced bone remodeling or bone cement fatigue failure risks. Subsequent research should integrate multimodal loading conditions and employ frictional contact models to quantify interface slippage effects on mechanical responses.

Although the FE analysis adopted gait loading for a 70 kg adult male, patient weight and age critically alter the biomechanical response. Increasing weight elevates dynamic hip joint force substantially, raising cement mantle stress significantly with interface micromotion potentially exceeding the bone resorption threshold (35). Elderly patients exhibit markedly lower trabecular bone modulus, increasing proximal femoral stress shielding and intensifying shear stress concentration at stem-cement interfaces (36). These findings indicate that obese patients require high-strength cement with optimized fixation. Although our fixed-parameter model reveals cement performance trends, future weight-age gradient models should quantify failure probability in high-risk cohorts.

Importantly, the FE predictions provide targeted guidance for subsequent experiments: Comparable cement mantle stress distributions between ES-CS-PMMA and PMMA groups suggest similar fatigue failure mechanisms in the modified cement. This consistency indicates that in vitro testing should prioritize monitoring interface crack propagation beyond 1 million cycles over short-term strength degradation. Limitations regarding omitted dynamic loads will be addressed in validation studies using hexapod simulators to replicate multi-axis loading environments, establishing a comprehensive biomechanical evaluation framework.



5 Conclusions

In summary, the Young's modulus and Poisson's ratio of PMMA bone cement and ES-CS-PMMA bone cement were measured in this study, laying a foundation for follow-up studies of bone cement implants or bone cement hip arthroplasty. The Young's modulus of PMMA was 4,127 MPa with a Poisson's ratio of 0.25; ES-CS-PMMA exhibited an Young's modulus of 4,331 MPa and a Poisson's ratio of 0.28. Moreover, regardless of whether PMMA bone cement or ES-CS-PMMA bone cement is used as an adhesive for hip arthroplasty, the stress distribution of the cement sheath and femur after prosthesis implantation has not changed. This finding shows that adding a proper amount of drugs or other active substances into bone cement does not reduce the mechanical properties of the bone cement.
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Background: Serum uric acid (UA) exhibits dual biological roles as both an antioxidant and a pro-oxidant, yet its impact on functional recovery after hip arthroplasty remains unclear. This study investigated the nonlinear relationship between UA levels and 1-year postoperative outcomes in patients undergoing hip arthroplasty.



Methods: In this single-center observational study, 468 hip arthroplasty patients (September 2018–September 2023) were stratified into functional independence (FIM ≥108) and non-independence groups. Serum UA was categorized as low, middle, or high. Functional outcomes were assessed using the UCLA Activity Scale (UCLAAS) and Patient-Reported Satisfaction (PRS) metrics. Restricted cubic splines (RCS) and multivariable regression models evaluated nonlinear and linear associations, adjusted for age, comorbidities, and laboratory parameters.



Results: A U-shaped relationship emerged between UA levels and functional independence (p < 0.01 for nonlinearity). Both low UA (OR = 2.09, 95% CI:1.14–3.85) and high UA (OR = 3.74, 95% CI:1.89–7.41) independently predicted reduced functional independence. Secondary outcomes exhibited domain-specific effects: only high UA correlated with poorer mobility (UCLAAS: β = −0.53, p = 0.015). Multivariable adjustments confirmed the robustness of these associations.



Conclusion: Serum UA demonstrates a dual, nonlinear association with functional recovery after hip arthroplasty, where extremes perturb redox balance and bone remodeling. Monitoring perioperative UA levels and targeting individualized thresholds may optimize rehabilitation strategies.
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Introduction

Hip arthroplasty, also known as hip replacement surgery, is a widely performed procedure. Arthroplasty aims to alleviate pain and restore mobility in patients with severe hip joint damage, typically caused by osteoarthritis, fractures, or other degenerative conditions (1). Despite significant advancements in surgical techniques and postoperative care, functional recovery and long-term outcomes remain variable among patients (2). Identifying prognostic factors influencing recovery is essential for optimizing patient management and improving postoperative quality of life (3). Among these factors, serum uric acid (UA) has emerged as a potential biomarker with a dual role in postoperative outcomes (4).

Serum uric acid (UA) is the final product of purine metabolism and plays a complex role in human health (5). At physiological levels, UA acts as a potent antioxidant, neutralizing free radicals and protecting cells from oxidative damage (6). However, hyperuricemia (HUA) has been proven to be associated with adverse health outcomes. Hyperuricemia is linked to gout, cardiovascular diseases, and chronic kidney disease, while hypouricemia may exacerbate oxidative stress and impair cellular function (7). Recent studies have explored the paradoxical relationship between UA and bone health, suggesting that UA may influence bone metabolism and fracture healing (8–10).

The dual effects of UA on bone and functional outcomes may be mediated by its complex interactions with oxidative stress, inflammation, and bone remodeling processes (11, 12). Moderate UA levels appear to promote bone health by enhancing antioxidant defenses and supporting bone repair (13). In contrast, excessive UA can trigger inflammatory responses and endothelial dysfunction. Insufficient UA may fail to protect against oxidative damage, leading to reduced bone mineral density and impaired healing (12, 14).

Given the potential dual association of UA with hip arthroplasty outcomes, this study hypothesizes that both hypo- and hyperuricemia are independently associated with poorer functional recovery and survival in patients undergoing hip arthroplasty. Understanding this relationship could pave the way for targeted interventions, such as monitoring and modulating UA levels, to improve postoperative outcomes and enhance patient quality of life. Furthermore, this research aims to address a critical gap in the literature by providing robust evidence on the role of UA in hip arthroplasty recovery, potentially informing personalized treatment strategies for at-risk patients.



Methods


Study design

This study is an observational study conducted at the Department of Orthopedics, the First Hospital of Jilin University. The study was approved by the Ethics Committee of First Hospital of Jilin University (2022-085) and followed the principles of the Declaration of Helsinki. All participants provided written informed consent, and patient privacy was strictly safeguarded. The study included patients who underwent hip arthroplasty in our department between September 2018 and September 2023. The patients who met the specified inclusion criteria were included, and those who met the exclusion criteria were excluded. Inclusion criteria: a. underwent hip arthroplasty (total hip arthroplasty or hemiarthroplasty); b. consent to participate in the study. Exclusion criteria: a. with severe hepatic diseases; b. with severe renal diseases; c. loss to follow-up; d. unavailable data; e. died during the follow-up (Figure 1). All surgeries were performed by the senior author (Dongsong Li) or in his presence and direction.
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FIGURE 1
Flow chart of our study.




Variables

Baseline demographics (age, BMI, sex, residence, smoke and alcoholism history), comorbidities (osteoporosis, hypertension, and so on), fracture history, surgical variables (diagnosis, surgical procedures, and anesthesia), and laboratory parameters including hemoglobin (Hb) (g/L), international normalized ratio (INR), blood glucose (GLU) (mmol/L), albumin (ALB) (g/L) and UA (µmol/L), were extracted from electronic medical records. Abnormal electrocardiograms or radiographs were adjudicated by two independent specialists. Charlson comorbidity index (CCI) was calculated to comprehensively conclude the preoperative comorbid condition (15). Hyperuricemia was defined as UA >420 μmol/L for both males and females according to clinical guidelines.



Outcomes and follow-up

Patients were prospectively followed for one year. The primary outcome was functional independence, defined as a Functional Independence Measure (FIM) score ≥108 at 1-year follow-up (16). The FIM is a therapist-administered 18-item scale assessing self-care, mobility, and cognition, with total scores ranging from 18 (complete dependence) to 126 (complete independence). Secondary outcomes included: Daily activity level measured by the UCLA Activity Scale (UCLAAS); Patient-Reported Satisfaction (PRS) using Likert-scale questionnaires (1 = "Very dissatisfied” to 5 = "Very satisfied”): Surgery Satisfaction Score (SSS); Pain Satisfaction Score (PSS); Activity Satisfaction Score (ASS); Health Satisfaction Score (HSS); Life Satisfaction Score (LSS).



Statistical analyses

Continuous variables were presented as mean ± standard deviation, whereas categorical variables were reported as count (percentage). The distribution of continuous variables was evaluated using the Shapiro–Wilk test. Group comparisons utilized the Student's t-test (normal) or the Wilcoxon rank-sum test (non-normal). Categorical variables were analyzed via chi-square/Fisher's exact tests. Restricted cubic splines (RCS) with four knots analyzed nonlinear relationships between UA levels and outcomes based on multiple regression models, and the cutoff values of UA were identified according to the RCS (4). The outcomes of patients with different UA groups were compared. Lastly, multivariable logistic and linear regression (adjusted for age, BMI, and CCI ≥4) quantified UA's association with outcome. The significance level was set at p < 0.05, and Bonferroni correction was used to adjust the p-values to reduce the impact of multiple tests. All analyses were performed using R software version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria).




Results


Population characteristics

Finally, this study enrolled 468 patients following hip arthroplasty, stratified into functional independence (n = 393, FIM ≥108) and non-independence (n = 75) groups at 1-year follow-up. The baseline characteristics of patients included in this study are summarized in Table 1. Significant differences were observed in age and comorbidity burden between groups. Patients with functional independence were younger (58.6 ± 12.9 vs. 63.7 ± 13.2 years, p < 0.001) and had lower rates of Charlson Comorbidity Index ≥3 (8.65% vs. 18.67%, p = 0.009) compared to the non-independence group. No significant differences were noted in sex (54.5% vs. 56.0% female, p = 0.289), BMI (24.2 ± 3.9 vs. 23.8 ± 3.9 kg/m2, p = 0.805), or lifestyle factors (smoking: 44.0% vs. 50.7%, p = 0.728). Laboratory parameters revealed higher hemoglobin levels (132.2 ± 19.4 vs. 124.7 ± 21.5 g/L, p = 0.003) and lower INR (0.96 ± 0.08 vs. 1.00 ± 0.09, p < 0.001) in the independence group 1. Continuous UA levels did not differ significantly between groups (336.4 ± 100.95 vs. 353.63 ± 159.31 μmol/L, p = 0.852) while the patients with independence have significantly high rates of HUA (19.34% vs. 32.00%, p = 0.014).



TABLE 1 Baseline characteristics of our study.



	Variables
	Alln = 468
	With independencen = 393
	Without independencen = 75
	p





	Age (years)
	59.41 ± 13.07
	58.59 ± 12.89
	63.72 ± 13.20
	0.001



	BMI (kg/m2)
	24.12 ± 3.91
	24.17 ± 3.90
	23.83 ± 3.95
	0.581



	Sex (female)
	256 (54.70%)
	214 (54.45%)
	42 (56.00%)
	0.805



	Residence (rural)
	211 (45.09%)
	173 (44.02%)
	38 (50.67%)
	0.289



	Smoking history (yes)
	19 (4.06%)
	17 (4.33%)
	2 (2.67%)
	0.728



	Alcoholism history (yes)
	28 (5.98%)
	26 (6.62%)
	2 (2.67%)
	0.291



	Osteoporosis (yes)
	22 (4.70%)
	15 (3.82%)
	7 (9.33%)
	0.077



	Fracture history (yes)
	58 (12.39%)
	49 (12.47%)
	9 (12.00%)
	0.91



	Hypertension (yes)
	142 (30.34%)
	116 (29.52%)
	26 (34.67%)
	0.374



	CCI (≥3)
	48 (10.26%)
	34 (8.65%)
	14 (18.67%)
	0.009



	Electrocardiogram (abnormal)
	142 (30.34%)
	114 (29.01%)
	28 (37.33%)
	0.151



	Reason for surgery (fracture)
	110 (23.50%)
	89 (22.65%)
	21 (28.00%)
	0.316



	Surgical procedures (total arthroplasty)
	437 (93.38%)
	368 (93.64%)
	69 (92.00%)
	0.787



	Surgery side (right)
	195 (41.67%)
	165 (41.98%)
	30 (40.00%)
	0.749



	Anesthesia (spinal)
	93 (19.87%)
	77 (19.59%)
	16 (21.33%)
	0.729



	HUA (yes)
	100 (21.37%)
	76 (19.34%)
	24 (32.00%)
	0.014



	INR
	0.97 ± 0.08
	0.96 ± 0.08
	1.00 ± 0.09
	<0.001



	Hb (g/L)
	131.01 ± 19.93
	132.22 ± 19.42
	124.69 ± 21.47
	0.003



	GLU (mmol/L)
	5.67 ± 2.31
	5.66 ± 2.41
	5.76 ± 1.70
	0.359



	ALB (g/L)
	38.33 ± 4.82
	38.41 ± 4.54
	37.94 ± 6.11
	0.127



	UA (µmol/L)
	339.14 ± 112.32
	336.38 ± 100.95
	353.63 ± 159.31
	0.852




	Continuous variables were expressed as mean ± standard deviation, and categorical variables were presented as count (percent). BMI, body mass index; CCI, charlson comorbidity index; INR, international normalized ratio; Hb, hemoglobin; GLU, blood glucose; UA, uric acid; HUA, hyperuricemia.









Nonlinear associations

RCS analysis revealed a U-shaped relationship between serum uric acid (UA) and functional independence (Figure 2). RCS was established based on three models, including univariate models, models adjusted for age and sex, and models adjusted for the variables with significant differences in Table 1 (age, CCI, INR, and Hb). For the primary outcome, the risk of functional dependence increased at both extremes of UA levels compared to intermediate levels, and this nonlinear pattern persisted across all multivariable models. Similar nonlinear U-shape trends were observed for secondary outcomes in UCLAAS, PSS, and ASS. To better explore the relationships, we further divided the populations according to the cutoff values of UA determined by RCS models: low UA: <259.77 μmol/L; middle UA: ≥259.77 μmol/L and <436.32 μmol/L; high UA: ≥436.32 μmol/L. Moreover, according to the quantiles of UA, the patients were also grouped into Q1–Q4 groups (low values of UA to high levels of UA).
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FIGURE 2
Results of restricted cubic splines (RCS) models. (A) non-adjusted models of UA for functional independence; (B) models of UA for functional independence and adjusted for age and sex; (C) models of UA for functional independence and adjusted for age, CCI, INR, and Hb; (D) non-adjusted models of UA for UCLAAS; (E) models of UA for UCLAAS and adjusted for age and sex; (F) models of UA for UCLAAS and adjusted for age, CCI, INR, and Hb; (G) non-adjusted models of UA for SSS; (H): models of UA for SSS and adjusted for age and sex; (I) models of UA for SSS and adjusted for age, CCI, INR, and Hb; (J) non-adjusted models of UA for PSS; (K) models of UA for PSS and adjusted for age and sex; (L) models of UA for PSS and adjusted for age, CCI, INR, and Hb; (M) non-adjusted models of UA for ASS; (N) models of UA for ASS and adjusted for age and sex; (O) models of UA for ASS and adjusted for age, CCI, INR, and Hb; (P) non-adjusted models of UA for HSS; (Q) models of UA for HSS and adjusted for age and sex; (R) models of UA for HSS and adjusted for age, CCI, INR, and Hb; (S) non-adjusted models of UA for LSS; (T) models of UA for LSS and adjusted for age and sex; (U) models of UA for LSS and adjusted for age, CCI, INR, and Hb.




Outcomes

Dichotomous (HUA vs. normal), tiered (low/mid/high UA), and quartile-based (Q1-Q4) analyses consistently demonstrated worse functional outcomes at UA extremes (Figure 3). The baseline characteristics of patients grouped by different UA levels were summarized in Supplementary Table S1–S3. HUA was associated with lower functional independence rates and lower SSS scores compared with normal individuals (all p < 0.05). Similar to the nonlinear analysis, patients with low UA and high UA may have significantly lower functional independence rates compared with normal individuals. For the secondary outcomes, the adults with high UA may have lower UCLAAS compared with those with middle UA. Surprisingly, patients with moderate UA seemed to have lower ASS scores. In the four-tier system, compared with UA Q3, the patients with UA Q1 and Q4 may have significantly higher nonfunctional independence rates. Similarly, UA Q3 may relate to lower PSS and ASS scores, which seems paradoxical compared with the primary outcome analysis. Sex-stratified analyses confirmed that the U-shaped relationship persisted in both sexes (Supplementary Tables S4, S5). In males, low UA and high UA were linked to higher non-functional independence rates and lower UCLAAS. In females, tiered (low/mid/high UA) and quartile-based (Q1-Q4) UA were associated with PSS and ASS scores, whereas middle UA conferred the most favorable outcomes.
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FIGURE 3
Comparison of outcomes across different UA groups. (A) no functional independence rates of individuals grouped by normal and HUA; (B) no functional independence rates of individuals grouped by low, middle, and high UA; (C) no functional independence rates of individuals grouped by UA quartiles; (D) UCLAAS of individuals grouped by normal and HUA; (E) UCLAAS of individuals grouped by low, middle, and high UA; (F) UCLAAS of individuals grouped by UA quartiles; (G) five PRS scores of individuals grouped by normal and HUA; (H) five PRS scores of individuals grouped by low, middle, and high UA; (I) five PRS scores of individuals grouped by UA quartiles.




Multivariate analysis

To avoid the bias caused by co-factors, we further established multivariate models to explore the associations between UA and outcomes. We established three kinds of models for FIM: univariate models, multivariate models adjusted for the factors selected by stepwise method (INR, Hb, age, residence, and reason for surgery), and multivariate models adjusted for factors with significance in univariate models (INR, Hb, age, CCI, and osteoporosis, Supplementary Table S6). The results of multivariable models for FIM were summarized in Table 2. UA as a continuous variable showed no significant association with the primary outcome (OR: 1.001, 95% CI 0.999–1.003; p = 0.224) in univariate models, while showing significant associations in multivariate models 1 and 2. HUA and extreme UA levels (Low/High UA, Q1/Q4) exhibited clinically meaningful associations with adverse outcomes (all p < 0.05) in all models.



TABLE 2 Logistics models of different UA groups for functional independence.



	Variables
	Univariate models
	Multivariate models 1
	Multivariate models 2



	OR (95% CI)
	p
	OR (95% CI)
	p
	OR (95% CI)
	p





	UA (continuous)
	1.001 [0.999, 1.003]
	0.224
	1.003 [1.000, 1.005]
	0.03
	1.003 [1.000, 1.005]
	0.017



	HUA
	1.963 [1.124, 3.362]
	0.015
	2.753 [1.484, 5.076]
	0.001
	2.954 [1.598, 5.433]
	<0.001



	Low UA
	2.307 [1.281, 4.145]
	0.005
	2.071 [1.118, 3.833]
	0.02
	2.092 [1.135, 3.851]
	0.017



	Middle UA
	Ref
	Ref
	Ref
	Ref
	Ref
	Ref



	High UA
	2.855 [1.507, 5.357]
	0.001
	3.464 [1.744, 6.882]
	<0.001
	3.739 [1.891, 7.407]
	<0.001



	UA Q1
	2.194 [1.082, 4.640]
	0.033
	2.242 [1.075, 4.875]
	0.035
	2.269 [1.084, 4.967]
	0.034



	UA Q2
	Ref
	Ref
	Ref
	Ref
	Ref
	Ref



	UA Q3
	0.733 [0.301, 1.741]
	0.484
	0.925 [0.366, 2.290]
	0.867
	0.945 [0.369, 2.378]
	0.905



	UA Q4
	2.242 [1.105, 4.745]
	0.029
	3.081 [1.427, 6.979]
	0.005
	3.288 [1.498, 7.611]
	0.004




	UA, uric acid; HUA, hyperuricemia. Multivariate models 1 were adjusted by the variables selected by stepwise methods (INR, Hb, age, residence, and reason for surgery), and multivariate models 2 were adjusted by the significantly different variables in univariate models, including INR, Hb, age, CCI, and osteoporosis.







The results of multivariate models for secondary outcomes were summarized in Table 3. For UCLAAS, continuous UA, HUA, high UA, and UA Q4 were all significantly associated with lower UCLAAS scores, while the low UA and UA Q1 were not significant. For other outcomes, low UA and UA Q1 were estimated to relate to higher ASS scores significantly (all p < 0.05).



TABLE 3 Multivariate models of different UA groups for secondary outcomes.



	Variables
	UCLAAS
	SSS
	PSS



	Coefficient (95% CI)
	p
	Coefficient (95% CI)
	p
	Coefficient (95% CI)
	p





	UA (continuous)
	−0.002 [−0.003, −0.000]
	0.035
	0.000 [−0.001, 0.001]
	0.491
	0.000 [−0.001, 0.001]
	0.847



	HUA
	−0.533 [−0.963, −0.102]
	0.015
	0.205 [−0.078, 0.488]
	0.155
	0.168 [−0.112, 0.448]
	0.238



	Low UA
	−0.395 [−0.804, 0.013]
	0.058
	−0.092 [−0.362, 0.178]
	0.502
	0.121 [−0.145, 0.388]
	0.371



	Middle UA
	Ref
	Ref
	Ref
	Ref
	Ref
	Ref



	High UA
	−0.706 [−1.172, −0.240]
	0.003
	0.115 [−0.193, 0.424]
	0.463
	0.193 [−0.112, 0.497]
	0.214



	UA Q1
	−0.375 [−0.855, 0.105]
	0.126
	−0.108 [−0.424, 0.208]
	0.5
	0.134 [−0.177, 0.445]
	0.397



	UA Q2
	Ref
	Ref
	Ref
	Ref
	Ref
	Ref



	UA Q3
	0.155 [−0.341, 0.650]
	0.539
	−0.215 [−0.541, 0.111]
	0.195
	−0.172 [−0.493, 0.148]
	0.292



	UA Q4
	−0.512 [−1.017, −0.008]
	0.047
	0.150 [−0.183, 0.482]
	0.377
	0.298 [−0.029, 0.625]
	0.074



	Variables
	ASS
	HSS
	LSS


	Coefficient (95% CI)
	p
	Coefficient (95% CI)
	p
	Coefficient (95% CI)
	p



	UA (continuous)
	−0.001 [−0.002, 0.000]
	0.279
	−0.000 [−0.001, 0.001]
	0.794
	0.000 [−0.001, 0.002]
	0.632



	HUA
	0.107 [−0.168, 0.381]
	0.446
	0.020 [−0.271, 0.310]
	0.894
	0.169 [−0.175, 0.512]
	0.335



	Low UA
	0.355 [0.095, 0.615]
	0.007
	0.046 [−0.230, 0.323]
	0.742
	0.263 [−0.064, 0.590]
	0.115



	Middle UA
	Ref
	Ref
	Ref
	Ref
	Ref
	Ref



	High UA
	0.184 [−0.113, 0.481]
	0.223
	0.037 [−0.279, 0.353]
	0.819
	0.220 [−0.153, 0.593]
	0.247



	UA Q1
	0.400 [0.096, 0.704]
	0.01
	0.083 [−0.242, 0.408]
	0.617
	0.166 [−0.218, 0.550]
	0.395



	UA Q2
	Ref
	Ref
	Ref
	Ref
	Ref
	Ref



	UA Q3
	−0.060 [−0.374, 0.253]
	0.706
	−0.018 [−0.353, 0.318]
	0.917
	−0.180 [−0.576, 0.217]
	0.374



	UA Q4
	0.265 [−0.055, 0.584]
	0.104
	0.048 [−0.294, 0.389]
	0.784
	0.095 [−0.309, 0.498]
	0.645




	UA, uric acid; HUA, hyperuricemia. Models were adjusted by INR, Hb, age, CCI, and osteoporosis.










Discussion

This study revealed a U-shaped association between UA and functional outcomes in hip arthroplasty patients, where both low levels of UA and high levels of UA independently predicted reduced functional independence at 1-year follow-up. These findings align with prior evidence demonstrating a dual role of UA in bone health, where extremes disrupt redox balance, exacerbating oxidative stress and impeding recovery. Notably, secondary outcomes exhibited domain-specific effects: while high UA was uniformly detrimental to mobility (UCLAAS: β = −0.533, p = 0.015), hypouricemia paradoxically correlated with improved activity satisfaction (ASS: β = 0.355, p = 0.007). This dichotomy highlights context-dependent mechanisms influencing UA's impact on postoperative recovery.

Our results resonate with emerging studies on UA's dual effects on musculoskeletal health. A meta-analysis of 909,803 individuals linked moderate UA levels to higher bone mineral density (BMD) and revealed the U-shape relationships between UA and fracture risk (17). Mechanistically, UA modulates osteoblast-osteoclast equilibrium: low UA may fail to neutralize oxidative stress, impairing bone repair, while high UA may induce inflammation via NLRP3 inflammasome activation and osteocyte apoptosis (18, 19). Hip fracture cohorts similarly report J-shaped mortality curves. Hyperuricemia may amplify endothelial dysfunction and renal impairment, and hypouricemia may exacerbate frailty (4, 20).

Several potential mechanisms of UA may support our conclusion. At physiological levels, UA scavenges reactive oxygen species (ROS), which may potentially protect osteoblasts from oxidative damage (21). At low UA levels, reduced scavenging of reactive oxygen species may accelerate osteoblast apoptosis and impair collagen synthesis, delaying fracture consolidation (22). This is compounded by vitamin D dysregulation—low UA correlates with 25 (OH) vitamin D deficiency, which promotes secondary hyperparathyroidism and bone resorption via upregulated RANKL/OPG signaling (23). Additionally, hypouricemia may exacerbate neuro-muscular dysfunction due to diminished purine metabolite recycling, further hindering rehabilitation efforts (24).

However, on the other side, excess UA generates intracellular ROS and may potentially promote osteoclastogenesis (25, 26). Moreover, HUA accelerates CKD progression, worsening osteoporosis via hyperparathyroidism and phosphate retention—this aligns with our high UA group's increased nonfunction independence risk (27). In the view of inflammation, elevated UA upregulates IL-1β and TNF-α, impairing bone-healing signaling pathways and functional recovery (28).

The inverse association between low UA and improved activity satisfaction (ASS) may reflect behavioral adaptation: patients with lower UA, despite reduced mobility, might engage in compensatory strategies, enhancing perceived satisfaction. Alternatively, hypouricemia-related neuroprotective effects could improve pain tolerance, biasing self-reported scores. Further research is needed to disentangle psychological and organic contributors (29).

Our study has several limitations. First, its single-center design in a tertiary hospital in China may restrict generalizability to other populations and healthcare systems, and the observed U-shaped association should be validated in multicenter, multinational cohorts. In addition to the single-center design, our study carries residual selection bias: the convenience sample of hospitalized patients may have preferentially enrolled individuals in better overall health, potentially underestimating the true risks associated with extreme UA concentrations. Furthermore, detailed information on diet, micronutrient supplementation, and physical activity variables known to influence both uric acid levels and functional recovery was not collected; future multicenter studies should incorporate validated questionnaires and wearable devices to address these unmeasured confounders. Additionally, UA was measured only once during the perioperative period to test its prognostic utility; the absence of serial post-operative UA assessments, together with the lack of bone-turnover and inflammatory biomarkers, such as CTX, P1NP, and IL-6, constrains mechanistic interpretation and should be addressed in future longitudinal studies. Lastly, the paradoxical ASS score findings might also reflect residual confounding from psychosocial factors not captured in clinical metrics.



Conclusion

Serum UA demonstrates a dual, nonlinear association with functional recovery after hip arthroplasty, where extremes perturb redox balance and bone remodeling. Monitoring perioperative UA levels and targeting individualized thresholds may optimize rehabilitation strategies.
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Background: Total hip arthroplasty (THA) is one of the most frequently performed orthopedic procedures. Developmental dysplasia of the hip (DDH) presents specific anatomical challenges that require tailored implant designs. Wagner™ conical stems were developed to address the morphological alterations of dysplastic femur, offering potential advantages in stability and functional restoration. This study assesses the long-term survival and clinical outcomes of Wagner™ conical stems in patients with Crowe non-IV DDH.



Materials and methods: This retrospective study included primary THAs performed between 2003 and 2015 using Wagner™ conical stems exclusively in patients with DDH. Only cases with complete clinical and radiographic follow-up were analyzed, excluding those lost to follow-up or revised. The evaluated outcomes were prosthetic survival rate, clinical performance assessed with the Modified Harris Hip Score (mHHS), and radiographic findings at final follow-up.



Results: Forty-five patients (57 hips) met the inclusion criteria. The mean age at surgery was 56.5 years (range, 33–76), with a mean follow-up of 15 years (range, 8–20). Kaplan–Meier analysis showed a survival rate of 95.7% at 10 years and approximately 80.5% at 20 years, with an overall survival rate of 89.5% at the final follow-up. The main cause of failure was aseptic loosening, followed by infection, recurrent dislocation, and metallosis. Among hips with retained implants, 86.3% (44/51) achieved an mHHS > 70, indicating satisfactory functional recovery. The mean mHHS was 88.6 ± 14.3 (Range, 62–100), with a median of 92 and a mode of 100.



Conclusion: Wagner™ conical stems provide durable fixation and favorable long-term functional outcomes in Crowe non-IV DDH, with high survival rates and low complication incidence over extended follow-up.
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1 Introduction

Developmental dysplasia of the hip (DDH) represents a continuum of structural abnormalities involving the acetabulum and proximal femur, ranging from mild acetabular shallowing to complete femoral head dislocation. These deformities disrupt the concentric congruency of the hip joint and impair the physiological distribution of load across articular surfaces, producing altered biomechanics that predispose to early degenerative changes. In untreated cases, the abnormal stress concentration accelerates cartilage wear, leading to pain, functional impairment, and often premature osteoarthritis (OA) [1].

The reported incidence of DDH varies widely, from 1 to 34 per 1,000 live births, reflecting differences in geographic region, ethnicity, screening protocols, and diagnostic criteria [2]. Higher prevalence has been observed in populations practicing traditional tight swaddling and in those with familial predisposition [3]. Female sex is a strong risk factor, with a female-to-male ratio of approximately 6:1. The left hip is more frequently affected than the right, likely due to intrauterine positioning with the left hip adducted against the maternal lumbosacral spine [4].

If DDH is not detected and treated in infancy, residual dysplasia can persist into adolescence and adulthood. This residual deformity is a major predisposing factor for early-onset hip OA, often presenting in the third or fourth decade of life. Epidemiological studies have estimated that untreated or inadequately treated DDH accounts for up to 20%–40% of total hip arthroplasties (THAs) performed in patients younger than 50 years [1, 5].

Accurate classification of DDH severity is essential for surgical planning, particularly in adult THA. The Crowe classification is among the most widely used systems, grading severity based on the percentage of proximal displacement of the femoral head relative to the height of the pelvis [5]. Four categories are defined: Crowe I (<50% displacement), Crowe II (50%–75%), Crowe III (75%–100%), and Crowe IV (>100% displacement). While useful for assessing femoral head displacement, it provides limited information on acetabular morphology. The Hartofilakidis classification combines radiographic and anatomical considerations, describing dysplasia (femoral head contained in a shallow true acetabulum), low dislocation (partial articulation with a false acetabulum while retaining some contact with the true acetabulum), and high dislocation (femoral head completely outside the true acetabulum) [6, 7].

Both classifications are valid and reliable [8–10]. Table 1 shows a comparison between the Crowe and Hartofilakid systems.



TABLE 1 Crowe vs. Hartofilakidis classification.



	Parameters
	Crowe classification
	Hartofilakidis classification





	Focus
	Vertical displacement of the femoral head
	Morphological features of the acetabulum and femoral head



	Basis
	Radiographic measurement of subluxation/dislocation (% of pelvis height)
	Anatomical relationship and shape of acetabulum



	Used in
	Preoperative planning for THA
	Surgical planning and prognosis in adult dysplasia



	Number of types
	4 (Type I–IV)
	3 (Dysplasia, low dislocation, high dislocation)



	Advantages
	Simple, quantitative, reproducible
	Morphological, helps understand acetabular anatomy



	Limitations
	Does not assess acetabular shape or quality
	Less quantitative, more subjective







More recently, Wells et al. performed a detailed three-dimensional CT analysis of hip morphology in adult DDH [11]. Their work highlighted the complex structural variations of the acetabulum and proximal femur in this population, demonstrating a high prevalence of cam-type deformities and reduced head–neck offset. Such morphologic characterization can assist in preoperative planning by identifying potential femoral head–neck abnormalities that may require corrective osteochondroplasty, and by providing a more comprehensive understanding of the anatomic challenges relevant to implant positioning and joint biomechanics in THA.

Performing THA in the setting of DDH presents unique technical challenges. On the acetabular side, the socket is often shallow, dysplastic, and anteverted, with deficient bone stock that may require structural grafting, augments, or custom implants. On the femoral side, the canal is frequently narrow, stovepipe-shaped, and excessively anteverted, with altered metaphyseal flare and offset [12]. These morphological characteristics complicate stem insertion, increase the risk of cortical perforation or malalignment, and may compromise primary stability.

To address these challenges, specific femoral stem designs have been developed. Among them, conical stems with longitudinal ribs can achieve diaphyseal fixation and provide axial and rotational stability, even in narrow or distorted canals [13, 14]. While short- to mid-term results of such stems in DDH have been encouraging, with high rates of osseointegration and low mechanical failure [15, 16], data on long-term survival, functional performance, and complication rates—particularly in Crowe non-IV hips—remain limited.

The present study aims to evaluate the long-term survival, clinical outcomes, and radiographic performance of Wagner™ conical stems in patients with Crowe non-IV DDH, thereby contributing evidence to guide implant selection in complex primary THA.



2 Materials and methods


2.1 Study sample

This observational retrospective cohort study included all patients who underwent total hip arthroplasty (THA) between January 2003 and December 2015 for Crowe type I–III developmental dysplasia of the hip (DDH) using a Wagner™ conical stem at our institute (ASST Sette Laghi—Circolo Hospital and Macchi Foundation, University Hospital of Varese, Italy).

Inclusion criteria were survival to the most recent follow-up and absence of any revision procedure. Patients were excluded if they had undergone revision surgery for any reason between the index operation and the last follow-up, or if they had neurological disorders that could compromise functional assessment; these cases were nevertheless analyzed separately to document complications and identify the causes of failure or revision.



2.2 Surgical technique and prosthesis

All procedures were performed through a posterolateral hip approach. Following femoral head dislocation, a neck osteotomy was executed at the level determined during preoperative templating to ensure adequate acetabular exposure. The acetabular component was implanted first, with dedicated reamers used to achieve the planned center of rotation and correct inclination and anteversion.

Preoperative planning was considered critical, given the altered femoroacetabular morphology in DDH, which may compromise implant positioning and long-term stability. To allow neutral access for sequential conical reamers, bone was excised from the medial greater trochanter and lateral femoral neck. Reaming progressed incrementally until uniform circumferential cortical contact was achieved, establishing the distal trial diameter.

A modular trial stem, matching the final reamer size and selected neck angle, was inserted to assess femoral anteversion, offset, leg length, and range of motion with a provisional head. Once the desired biomechanics were confirmed, the definitive stem was impacted to the planned depth and orientation using the dedicated impactor. The femoral head was mounted on the 12/14 taper with controlled axial impaction, and a final reduction was performed to confirm joint stability, limb length equality, and appropriate soft-tissue tension before closure.

The Wagner Cone Prosthesis (Zimmer Biomet, Warsaw, IN, USA) has a 5∘ conical taper and a circular cross-section, with eight sharp longitudinal ribs to enhance axial and rotational stability through cortical engagement. Two neck-shaft angles are available (125∘ and 135∘) to facilitate restoration of femoral offset and limb length, while the range of twelve stem diameters and modular components provides intraoperative flexibility for sizing and adjusting anteversion [14].



2.3 Patient assessment at follow-up

All patients were evaluated clinically and radiographically at follow-up by the same surgeon (DA). In cases where the primary implant was retained (no revision or removal by 31 December 2023), the Modified Harris Hip Score (mHHS) was administered.

The mHHS assesses both pain and function: the pain domain assigns up to 44 points for absence of pain, with progressively lower scores for increasing severity; the function domain, with a maximum of 47 points, evaluates limp, use of walking aids, walking distance, ability to climb stairs, to put on socks and shoes, to sit for prolonged periods, and to use public transport. The total score is multiplied by 1.1 to yield a range from 0 to 100. Based on the original Harris Hip Score categories, scores are classified as excellent (90–100), good (80–89), fair (70–79), or poor (<70).

Radiographs were reviewed for complications, with implant loosening defined as subsidence greater than 2 mm. Femoral stem axial subsidence was measured on standardized anteroposterior pelvis and hip radiographs as the change in vertical distance from the prosthetic shoulder to the tip of the greater trochanter between serial examinations.

For patients who underwent revision, the time from the primary surgery and the reason for revision were recorded.



2.4 Statistical analysis

Data were analyzed using IBM SPSS Statistics software (IBM Corp., Armonk, NY, USA). Qualitative variables, such as sex, were described using frequency distribution, mode, Gini index, and normalized Gini index; quantitative variables, including patient age at surgery and mHHS scores, were summarized as mean, median, and variance. Kaplan–Meier survival analysis was used to assess implant survivorship, with revision for any reason as the endpoint. No imputation was performed for missing data, and all analyses were conducted using available cases. The threshold for statistical significance was set at p < 0.01.




3 Results

During the study period, 121 primary total hip arthroplasties (THAs) were performed using a Wagner™ type conical stem. In all cases, the indication was secondary osteoarthritis due to developmental dysplasia of the hip (DDH). These procedures were carried out in 103 patients, 18 of whom underwent bilateral surgery.

Among the 103 patients, 14 died before follow-up contact and 44—including 6 with bilateral procedures—were lost to follow-up. The final study cohort comprised 45 patients, 12 of whom (26.7%) underwent bilateral arthroplasty, resulting in 57 hips included in the analysis (Figure 1). The mean follow-up duration was 15.4 ± 3.8 years (range, 8–20). The cohort included 6 men (13.3%) and 39 women (86.7%), with a mean age at surgery of 56.5 ± 10.8 years (range, 33–76).


[image: Flowchart illustrating patient selection for a study on primary THAs with conical stem, showing 121 hips identified, 14 patients deceased, 44 lost to follow-up, and finally 51 THAs at final follow-up after prosthesis revision exclusions.]
FIGURE 1
CONSORT flow-diagram for patients who underwent total hip arthroplasty with a Wagner™ conical stem.


At the latest clinical assessment (December 31, 2023), among patients who retained the original implant, 44 out of 51 hips (86.3%) achieved a Modified Harris Hip Score (mHHS) above 70—the threshold below which hip function is considered poor. The mean mHHS was 88.6 ± 14.3 (Range, 62–100), with a median of 92 and a mode of 100, reflecting a marked right-skewed distribution (Figure 2).


[image: Bar chart showing number of patients across mHHS score ranges: 5 patients scored below 70, 2 scored 70-79, 9 scored 80-89, 18 scored 90-99, and 11 scored 100. A curve overlays the chart indicating distribution.]
FIGURE 2
Absolute frequency of mHHS scores in the group under examination.


The most frequently implanted stem diameter was 17 mm, used in 15 hips (26.3%). The most common acetabular component size was 48 mm, employed in 21 cases (36.8%).

Implant failure occurred in 6 hips (10.5%), with a mean time to failure of 9.2 ± 6.2 years (range, 0–19) and a median of 9.5 years. The leading cause was aseptic loosening, accounting for 3 cases (50% of failures): one involved the femoral stem at 10 years postoperatively, and two involved the acetabular component—one at 9 years and one within 12 days of surgery. Other causes included deep infection at 6 years (n = 1), recurrent dislocations at 11 years (n = 1), and metallosis with pseudotumor formation, painful gait, and elevated serum chromium levels at 15 years (n = 1). Table 2 summarizes the causes of implant failure and the timing of revision surgery.



TABLE 2 Causes of failure/revision and time to revision in the study cohort.



	Cause of failure/revision
	Number of cases (n)
	% of failures
	% of total hips (n = 57)
	Time to revision (years)





	Aseptic loosening—femoral component
	1
	16.7%
	1.8%
	10



	Aseptic loosening—acetabular component
	2
	33.3%
	3.5%
	0.03 and 9



	Deep infection
	1
	16.7%
	1.8%
	6



	Recurrent dislocation
	1
	16.7%
	1.8%
	11



	Metallosis with pseudotumor
	1
	16.7%
	1.8%
	15



	Total
	6
	100%
	10.5%
	Mean: 9.2 (range 0–19)







Radiographic follow-up identified two cases of femoral stem subsidence greater than 2 mm, both in asymptomatic patients with optimal mHHS scores. No radiographic evidence of progressive osteolysis, component migration, or heterotopic ossification (Brooker grade ≥ II) was observed in hips with retained implants.

Kaplan–Meier survival analysis demonstrated cumulative survival probabilities of 95.7% at 10 years and 80.5% at 20 years, with an overall survival rate of 89.5% at the final follow-up (Figure 3).


[image: Kaplan-Meier survival curve showing the relative probability of prosthesis survival over twenty years since intervention, with a gradual decline and a shaded region representing the ninety-five percent confidence interval.]
FIGURE 3
Kaplan–Meier survival curve of Wagner™ conical stems over 20 years.




4 Discussion

Developmental dysplasia of the hip (DDH) encompasses a wide spectrum of structural abnormalities involving the acetabulum and proximal femur, each of which poses unique challenges in the setting of total hip arthroplasty (THA) [2, 4]. Untreated DDH can lead to early-onset osteoarthritis, frequently requiring THA in young to middle-aged adults [2, 4]. In this population, the anatomy of the femur often presents a narrow diaphyseal canal, increased anteversion, and altered metaphyseal flare [12], which make implantation of standard metaphyseal-fitting stems technically demanding and sometimes biomechanically suboptimal. The choice of femoral stem is therefore critical to achieve long-term stability, restore biomechanics, and reduce the risk of complications.

Conical stems with distal fixation, such as the Wagner™ design, were originally developed for revision arthroplasty but have since been adopted for complex primary THA, including DDH, due to their ability to bypass the distorted metaphyseal anatomy and engage the more uniform diaphyseal cortical bone [14]. Compared with cylindrical diaphyseal stems, conical designs offer the advantage of gradual axial load transfer, potentially reducing stress shielding and facilitating stable osseointegration (14, 17). In contrast, fully modular stems may allow for more precise version correction but carry the risk of mechanical junctional failure or corrosion [18].

The aim of the present study was to evaluate the long-term survival, clinical outcomes, and radiographic performance of Wagner™ conical stems in patients with Crowe non-IV DDH undergoing primary THA (Figure 4).


[image: Panel a shows an X-ray of a left hip with significant joint space narrowing and bone irregularity. Panel b shows another preoperative left hip X-ray with degeneration. Panel c displays a postoperative X-ray with a total hip replacement implant in the left hip, exhibiting clear fixation hardware. Panel d also shows a postoperative left hip X-ray with visible prosthesis components and stable hardware placement.]
FIGURE 4
Clinical case of left hip developmental dysplasia (Crowe type III): preoperative anteroposterior and lateral radiographs (a,b); postoperative radiographs at 14-year follow-up showing total hip arthroplasty with Wagner™ conical stem (c,d).


Our findings demonstrated excellent long-term survivorship, with Kaplan–Meier estimates of 95.7% at 10 years and 80.5% at 20 years. These results are consistent with previous series using similar stems in DDH. Solarino et al. [13] reported survival rates of 99.2% (95% CI 92.8–100) at 5 years, 95.1% (95% CI 87.5–98.9) at 10 years, and 81.3% (95% CI 88.7–66.4) at 20 years in a mixed Crowe I–IV population, while Fahlbusch et al. [19] documented high survivorship beyond 21 years, with 98.3% survival at 10 years and 81.8% at final follow-up. Functional outcomes in our cohort were also favorable, with a mean mHHS of 88.6 and 86.3% of hips scoring above 70 points, indicating satisfactory recovery. This agrees with Faldini et al. [20], who found a mean Harris Hip Score of 90 ± 9 (range 81–100) at 12 months after surgery, and 91 ± 8 (range 83–100) at last follow-up in Crowe II–III hips, and with Grappiolo et al. [21], who reported mean scores of 90.3 (range, 62–100) at last follow-up (p < 0.001) in Crowe IV hips treated with monoblock conical stems and shortening osteotomy, with a survivorship of 95.9% (95%IC, 91.9%–99.9%) at ten years.

Radiographically, 94.4% of stems achieved stable osseointegration without signs of loosening, with only two cases of subsidence >2 mm, both asymptomatic and associated with excellent clinical scores. This low subsidence rate is comparable to that reported by Zhen et al. [16] (3.9%), and supports the role of distal fixation in ensuring long-term stability in dysplastic femurs.

The complication profile in our series was low, with an overall failure rate of 10.5% over nearly two decades. Aseptic loosening (Figure 5), the most frequent cause of revision in DDH THA, occurred in three cases (5.2%), a rate that falls within the 2%–10% range reported in long-term series [13, 16, 20]. Notably, one acetabular component failed within 12 days postoperatively, suggesting primary fixation problems rather than biological failure. Deep infection occurred in one case (1.8%), which is consistent with the 0.5%–2% incidence generally reported for primary THA [22]. In the literature, dislocation rates for THA in DDH vary widely: Mortazavi et al. [23] found a rate of 12% in a series of 171 patients, while Ding et al. [24] documented dislocation in 22 of 524 hips (4.2%) treated for dysplasia. The dislocation rate in our study was 1.8%, which may reflect meticulous preoperative planning and careful restoration of offset, version, and soft-tissue tension. The single case of metallosis, presenting with pseudotumor formation 15 years after surgery, highlights the importance of long-term follow-up, especially where metal debris from modular junctions may accumulate over time.


[image: Six medical images labeled a to f display different imaging modalities of a hip replacement, including standard X-rays (a, b, f), CT scan (e), and nuclear medicine imaging (c, d). The images show the prosthetic hip joint in various planes and highlight possible bone changes or abnormalities around the implant.]
FIGURE 5
Clinical case of aseptic loosening of total hip arthroplasty: anteroposterior and lateral radiographs (a,b); baseline three-phase bone scintigraphy with 99mTc showing increased uptake around the prosthesis (c,d); coronal CT scan demonstrating loosening of both the femoral stem and acetabular cup (e); postoperative radiograph after revision surgery with a new modular stem (f).


Meticulous preoperative planning was critical to these outcomes. In DDH, both acetabular and femoral deformities must be addressed to optimize implant position and biomechanics. 3D CT studies, such as that by Wells et al. [11], have demonstrated that cam-type deformities and reduced head–neck offset are common in DDH, potentially limiting range of motion and predisposing to impingement. In our series, controlled bone removal from the greater trochanter and lateral femoral neck was key to achieving a neutral reaming trajectory, minimizing malalignment risk and maximizing stem stability.

From a clinical perspective, the high survivorship and functional recovery observed support the use of conical stems in Crowe non-IV DDH, particularly in younger patients for whom implant longevity is essential. The modularity of the Wagner™ system allows intraoperative adjustments in leg length and offset, which are crucial for restoring normal gait mechanics and preventing long-term complications such as abductor insufficiency or pelvic obliquity.

This study has several limitations. First, its retrospective design is inherently subject to selection bias. Second, the relatively high proportion of patients lost to follow-up (43%) may reduce the precision of survival estimates and potentially lead to an overestimation of implant survivorship, as failures occurring outside our institution could not be systematically captured. In fact, considering the long follow-up interval of 15–20 years, many patients were elderly at the time of review and were unable to attend new clinical or radiographic assessments due to significant comorbidities or relocation to different geographical areas. In several cases, clinical information was also unavailable because patients had transitioned to nursing facilities or local healthcare services, limiting our ability to recontact them. These factors are common challenges in long-term arthroplasty studies and reflect the inherent difficulty of maintaining complete cohorts over decades. Further limitations are the absence of a control group treated with alternative stem designs, which prevents direct comparative conclusions, and the reliance on plain radiographs for radiographic evaluation, which may underestimate subtle osteolysis or early implant migration.

Despite these limitations, this study provides a long-term follow-up series of Wagner™ stems in Crowe non-IV DDH, showing high survivorship, excellent functional outcomes, and a low complication rate over nearly two decades. These results contribute to the growing evidence supporting conical stems as a reliable solution for complex primary THA in dysplastic hips.



5 Conclusions

This long-term follow-up study demonstrates that Wagner™-type conical stems provide excellent survivorship, satisfactory functional recovery, and a low complication rate in patients with Crowe non-IV DDH undergoing primary THA. These results, consistent with the most recent literature, support conical stems as a reliable option for managing the complex femoral anatomy typically associated with dysplasia. Careful preoperative planning, accurate correction of deformities, and appropriate intraoperative adjustments remain essential to optimizing implant positioning, restoring biomechanics, and maximizing long-term outcomes.
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Purpose: This meta-analysis aimed to compare the direct anterior approach (DAA) and posterior approach (PA) for total hip arthroplasty (THA) within the context of enhanced recovery after surgery (ERAS).



Methods: Studies comparing DAA and PA for THA were systematically retrieved from PubMed, Embase, Web of Science, Cochrane Library, and Google Scholar databases, covering the period from 2012 to 2024. A meta-analysis was conducted to compare the ERAS-related outcomes between DAA and PA for THA using RevMan 5.3 software, including surgical trauma, muscle damage, functional recovery, and complications. Heterogeneity was considered significant if I2 > 50%, in which case a random-effects model and subgroup analysis were applied. Continuous and dichotomous data were analyzed using 95% confidence intervals (CIs). Methodological quality and heterogeneity assessments were also conducted.



Results: A total of 48 studies, including 46,367 hips (13,285 in the DAA group and 33,082 in the PA group), were included. Compared with PA, DAA was associated with significantly lower blood transfusion rates [6.62% vs. 14.52%; odds ratio (OR) = 0.73; 95% CI: 0.59–0.91; P  < 0.005], shorter hospital stay [mean difference (MD) = −0.88 days; 95% CI: −1.10 to −0.87; P < 0.001], and less gluteus minimus muscle damage on magnetic resonance imaging (MRI) (36.84% vs. 65.79%; OR = 0.28; 95% CI: 0.14–0.56; P < 0.005). Lower levels of creatine kinase (MD = −49.58; 95% CI: −56.43 to −43.26; P < 0.001) and C-reactive protein (MD = −4.48; 95% CI: −5.28 to −4.47; P < 0.001) were also observed in the DAA group. Functional outcomes, including Harris hip score (MD = 3.07; 95% CI: 0.08–6.07; P < 0.05) and short form (SF) score (MD = 1.53; 95% CI: 0.80–2.26; P < 0.001), were better with DAA. Dislocation rates were significantly lower with DAA (0.84% vs. 1.82%; OR = 0.32; 95% CI: 0.21–0.48; P < 0.001). However, there were no significant differences between DAA and PA in surgery time (MD = 2.43; 95% CI: −2.20 to 7.06; P = 0.30), gluteus medius muscle damage on MRI (17.34% vs. 15.15%; OR = 1.20; 95% CI: 0.53–2.71; P = 0.66), tensor fasciae latae muscle damage on MRI (25.51% vs. 38.38%; OR = 0.40; 95% CI: 0.03–4.97; P = 0.48), time to discontinuation of assistive devices (MD = −1.85; 95% CI: −4.05 to 0.35; P = 0.10), infection (1.09% vs. 0.60%; OR = 0.92; 95% CI: 0.48–1.77; P = 0.81), nerve injury (0.60% vs. 0.68%; OR = 1.06; 95% CI: 0.69–1.64; P = 0.79), intraoperative fracture (0.55% vs. 0.79%; OR = 0.68; 95% CI: 0.36–1.26; P = 0.22), or leg length discrepancy (MD = −1.85; 95% CI: −4.05 to 0.35; P = 0.10).



Conclusion: Within the framework of ERAS, the DAA was found to be associated with reduced muscle damage, fewer postoperative complications, and improved functional recovery compared with the PA in patients undergoing THA.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/recorddashboard.
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Introduction

Total hip arthroplasty (THA) is one of the most effective treatments for end-stage hip disorders (1). Various surgical approaches have been developed for THA, including the posterior approach (PA), direct anterior approach (DAA), lateral approach, and minimally invasive techniques such as the orthopaedic chirurgie München (OCM) and the supercapsular percutaneously assisted total hip (SUPER-PATH) approach (2–4). Among these, the DAA has gained widespread clinical adoption as a representative minimally invasive technique. The approach was performed through the muscle gap between the broad fascia tensor and the sartorius muscle, allowing for muscle-sparing access to the hip joint (5). Compared with the PA, the DAA has been associated with several benefits from enhanced recovery after surgery (ERAS), including reduced muscle damage, faster postoperative recovery, and less pain (6). Although numerous studies have compared the DAA and PA in terms of complications, surgery time, length of hospital stay, muscle damage, and functional outcomes (7–13), few have systematically evaluated these parameters within the framework of ERAS. A comprehensive comparison of ERAS-related outcomes between these two approaches is essential to inform surgical decision-making and to identify which technique aligns more closely with ERAS principles. Therefore, we conducted a meta-analysis to compare the DAA and PA approaches in the context of ERAS. Key outcomes included surgical trauma (blood transfusion rate, hospital stay, and surgery time), muscle damage [magnetic resonance imaging (MRI) and serum creatine kinase (CK) and C-reactive protein (CRP) levels], functional recovery [Harris hip score (HHS), short form (SF) score], and postoperative complications (dislocation rate, nerve injury rate, intraoperative fracture, infection rate, and leg length discrepancy).



Materials and methods

This study was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (14). Details of the protocol for this systematic review were registered on PROSPERO (CRD42051054229).


Literature search

A comprehensive literature search was performed across English-language databases, including PubMed, Embase, Web of Science, Cochrane Library, and Google Scholar, as well as Chinese-language databases, including the China National Knowledge Infrastructure (CNKI), WanFang, and VIP, covering the period from 2012 to 2024. The search terms used were as follows: (“direct anterior approach” OR “DAA” OR “Hueter approach” OR “SmithPetersen approach”) AND (“posterior approach” OR “posterior lateral approach” OR “Kocher approach” OR “Gibson approach” OR “PA” OR “posterolateral approach”) AND (“total hip arthroplasty” OR “total hip replacement” OR “THA”). In addition, relevant articles cited in the reference lists of systematic reviews or meta-analyses were screened and included if they met the eligibility criteria.



Inclusion criteria

Studies were included if they met the following criteria:


	1.comparative studies evaluating DAA vs. PA or posterolateral approach in THA;

	2.study design of randomized controlled trials (RCTs), prospective cohort studies, or retrospective studies; and

	3.studies reported at least one of the following outcomes: hospital stay, surgery time, blood transfusion rate, MRI, CK level, CRP level, HHS, time to discontinuation of assistive devices, SF score, or postoperative complications;





Exclusion criteria

Studies were excluded if they met any of the following conditions:


	1.studies involving revision of THA;

	2.study design of case reports, systematic reviews, meta-analyses, letters to the editor, and fundamental research;

	3.studies including the assistance of computer navigation- and robot-assisted THA, or hemiarthroplasty; and

	4.studies containing incomplete or unavailable data;





Data extraction

Standardized data extraction forms were developed to collect the following information: (1) first author's surname; (2) year of publication; (3) methodological characteristics; (4) clinical data, including sample size, age range, and gender ratio; (5) follow-up duration; and (6) ERAS-related indicators, including blood transfusion rate, hospital stay, surgery time, MRI findings, CK and CRP levels, HHS, SF score, dislocation rate, infection rate, nerve injury rate, intraoperative fracture, and postoperative leg length discrepancy. Two reviewers (WX and JLa) independently extracted the data based on these forms. Any disagreements were resolved through consultation with a senior investigator (YX).



Assessment of risk of bias

The risk of bias (ROB) for the included studies was assessed using the Newcastle–Ottawa scale (NOS) (15), methodological index for non-randomized studies (MINORS) (16) for non-randomized studies, and the Cochrane Collaboration's Risk of Bias tool for RCTs (17). Two reviewers (WX and JLa) independently conducted the assessments. Any disagreements were resolved through consultation with a senior investigator (YX).



Statistical analysis

Statistical analyses were performed using Review Manager (RevMan) version 5.3 (Cochrane Collaboration, Oxford, UK). Odds ratios (ORs) were used for dichotomous outcomes, while weighted MDs were used for continuous variables. P < 0.05 was considered statistically significant. Heterogeneity among studies was assessed using the I² statistic derived from the chi-square test. An I² value of >50% indicated high heterogeneity, while an I² value of <50% suggested low heterogeneity. A fixed-effects model was applied when P > 0.1 and I² < 50%, whereas a random-effects model was used when I² exceeded 50%. When five or more studies were included, publication bias was assessed using Egger’s test with Stata software (version 17.0, StataCorp LP, College Station, TX, USA).




Results


Search results

A total of 3,823 studies were initially identified, of which 3,579 were excluded due to duplication or irrelevance. An additional 226 articles were excluded after screening the titles and abstracts. Following full-text review, 48 English-language articles that met the inclusion criteria were selected for meta-analysis. The detailed search and screening process is listed in Figure 1.


[image: Flowchart illustrating a meta-analysis study selection process: initial identification yielded 3,823 records, with 3,521 excluded before screening. Of 302 records screened, 226 excluded for irrelevance or study type. Seventy-six reports were assessed, with 28 more excluded for specific criteria, resulting in 48 studies included in the quantitative synthesis.]
FIGURE 1
Meta-analysis flowchart.




Baseline characteristics of the included studies

A total of 48 articles were included in the meta-analysis: 4 RCTs and 44 case–control studies, of which 8 were prospective and 36 were retrospective. These studies included data on 46,367 hips, with 13,285 in the DAA group and 33,082 in the PA group. The included studies were published between 2012 and 2024, with a maximum follow-up duration of 4 years. Detailed baseline characteristics are provided in Table 1.



TABLE 1 Baseline characteristics of the included studies.



	Study (authors, year)
	Sample size
	Study type
	Age (years)
	Gender (n)
	BMI (mean ± SD/range)
	Final follow-up time



	mean ± SD/range 
	(M/F)



	(No. of hips)





	Di Martino et al., 2023 (18)
	DAA (100)
	Retrospective study
	DAA (75)
	DAA (42/58)
	DAA (24)
	DAA (15 months)



	PA (62)
	PA (74)
	PA (16/46)
	PA (24)



	PA (60 months)



	Martusiewicz et al., 2020 (19)
	DAA (55) PA (56)
	Prospective study
	DAA (63)
	DAA (22/33)
	DAA (29.3)
	6 weeks



	PA (62)
	PA (21/35)
	PA (31.7)



	Spaans et al., 2012 (20)
	DAA (46)
	Retrospective study
	DAA (69 ± 9.8)
	DAA (24/22)
	DAA (25 ± 3.0)
	1 year



	PA (46)
	PA (68 ± 11)
	PA (14/32)
	PA (29 ± 4.3)



	Bremer et al., 2011 (21)
	DAA (25)
	Retrospective study
	DAA (70)
	DAA (10/15)
	DAA (26)
	1 year



	PA (25)
	PA (60)
	PA (14/11)
	PA (25)



	Fransen et al., 2016 (22)
	DAA (45)
	Retrospective study
	DAA (25 ± 2.8)
	DAA (15/30)
	DAA (25 ± 2.8)
	1 year



	PA (38)
	PA (27.6 ± 3.2)
	PA (13/22)
	PA 27.6 ± 3.2)



	Zhang et al., 2022 (23)
	DAA (127)
	Retrospective study
	DAA (52.00 ± 12.42)
	DAA (94/33)
	DAA (25.45 ± 3.47)
	1 year



	PA (121)
	PA (91/30)
	PA (24.82 ± 3.71)



	PA (51.15 ± 11.88)



	Chen et al., 2020 (24)
	DAA (46)
	Retrospective study
	DAA (59.6 ± 6.0)
	DAA (15/31)
	DAA (22.72 ± 3.00)
	1year



	PA (43)
	PA (60.2 ± 5.0)
	PA (14/29)
	PA (21.67 ± 2.90)



	Yin et al., 2024 (25)
	DAA (50)
	Retrospective study
	DAA (66.24 ± 4.15）
	DAA (28/22)
	DAA (64.58 ± 2.87)
	1 year



	PA (44)
	PA (66.28 ± 4.17)
	PA (24/20)
	PA (64.62 ± 2.91)



	Agten et al., 2017 (26)
	DAA (30)
	Retrospective study
	DAA (63 ± 9)
	DAA (10/20)
	N/A
	3 months



	PA (30)
	PA (68 ± 12)
	PA (11/19)



	Ponzio et al., 2018 (27)
	DAA (289)
	Retrospective study
	DAA (65.1 ± 9.8)
	DAA (122/167)
	DAA (28.4 ± 5.5)
	4 years



	PA (4,249)
	PA (64.7 ± 11.2)
	PA (28.1 ± 5.7)



	PA (1,900/2,349)



	Maldonado et al., 2019 (28)
	DAA (205)
	Retrospective study
	DAA (59.3 ± 8.8)
	DAA (86/119)
	DAA (29.4 ± 4.6)
	2 years



	PA (205)
	PA (58.8 ± 10.5)
	PA (86/119)
	PA (29.6 ± 4.7)
	



	Rhea et al., 2020 (29)
	DAA (37)
	Retrospective study
	DAA（71）
	DAA (16/21)
	DAA (29.4)
	DAA (44 months)



	PA (105 months）



	PA (37)
	PA (66)
	PA (16/21)
	PA (29.5)



	Pala et al., 2016 (30)
	DAA (55)
	Retrospective study
	DAA (89)
	DAA (11/44)
	N/A
	6 months



	PA (54)
	PA (87.6)
	PA (10/44)



	Vasarhelyi et al., 2020 (31)
	DAA (9)
	Retrospective study
	DAA (66.22 ± 8.53)
	DAA (4/5)
	DAA (27.02 ± 4.34)
	1 year



	PA (7)
	PA (64.14 ± 10.76)
	PA (4/3)
	PA (28.90 ± 5.86)



	Triantafyllopoulos et al., 2019 (32)
	DAA (1,182)
	Retrospective study
	DAA (62.3 ± 10.8)
	DAA (470/623)
	N/A
	71 months



	PA (64.2 ± 11.9)



	PA (18,853)
	PA (8,056/10,098)



	Sprowls et al., 2020 (33)
	DAA (64)
	Retrospective study
	N/A
	N/A
	N/A
	3 months



	PA (60)



	Zhao et al., 2017 (34)
	DAA (60)
	RCT
	DAA (64.88 ± 12.13)
	DAA (24/36)
	DAA (24.35 ± 3.10)
	6 months



	PA (60)
	PA (22/34)
	PA (25.58 ± 2.83)



	PA (62.18 ± 14.72)



	Wu et al., 2020 (35)
	DAA (39)
	Retrospective study
	DAA (49.67 ± 9.51)
	DAA (15/9)
	DAA (22.16 ± 4.17)
	15 months



	PA (28)
	PA (13/10)
	PA (23.32 ± 2.58)



	PA (48.21 ± 8.64)



	Malek et al., 2016 (36)
	DAA (117)
	Retrospective study
	DAA (70.8)
	DAA (117/148)
	DAA (28.5)
	18.1 months



	PA (183)
	PA (70)
	PA (29.0)



	PA (86/97)



	Cao et al., 2020 (37)
	DAA (65)
	Prospective study
	DAA (61.4 ± 12.8)
	DAA (27/38)
	DAA (24.7 ± 1.9)
	1 month



	PA (65)
	PA (62.4 ± 8.3)
	PA (28/37)
	PA (25.1 ± 1.8)



	Dong et al., 2022 (38)
	DAA (65)
	Retrospective study
	DAA (46.0 ± 12.9)
	DAA (51/14)
	DAA (23.5 ± 3.6)
	6 months



	PA (62)
	PA (44.7 ± 11.0)
	PA (49/13)
	PA (23.5 ± 4.0)



	Shen et al., 2023 (39)
	DAA (41)
	Retrospective study
	DAA (59.48 ± 5.14)
	DAA (22/19)
	DAA (25.18 ± 5.32)
	1 year



	PA (335)
	PA (65.43 ± 8.51)
	PA (157/178)
	PA (27.86 ± 4.17)



	Rodriguez et al., 2014 (40)
	DAA (60)
	Prospective study
	N/A
	N/A
	N/A
	1 year



	PA (60)



	Maldonado et al., 2019 (41)
	DAA (24)
	Retrospective study
	DAA（58.9 ± 11.1 ）
	DAA (6/18)
	DAA (30.9 ± 6.2)
	3 months



	PA (24)
	PA (6/18)
	PA (31.2 ± 5.6)



	PA (60.1 ± 9.3)



	Moerenhout et al., 2020 (42)
	DAA (28)
	Prospective study
	DAA (70.4 ± 9.1)
	DAA (18/9)
	DAA (27.6 ± 4.4)
	55 months



	PA (27)
	PA (68.9 ± 8.8)
	PA (11/17)
	PA (26.5 ± 4.3)



	Cichos et al., 2023 (43)
	DAA (348)
	Retrospective study
	DAA (70)
	DAA (110/238)
	DAA (25)
	1 year



	PA (197)
	PA (68)
	PA (26)



	PA (63/134)



	Kunze et al., 2023 (44)
	DAA (20)
	Prospective study
	DAA (59.47 ± 6.23）
	DAA (7/12)
	DAA (28.34 ± 5.11)
	6 weeks



	PA (20)
	PA (62.06 ± 6.25)
	PA (7/11)
	PA (27.86 ± 5.93)



	Rykov et al., 2017 (45)
	DAA (23)
	RCT
	DAA (62.8 ± 6.1)
	DAA (8/15)
	DAA (29.0 ± 5.6)
	6 weeks



	PA (23)
	PA (60.2 ± 8.1)
	PA (11/12)
	PA (29.3 ± 4.8)



	Maezawa et al., 2022 (46)
	DAA (24)
	Prospective study
	DAA (68.9)
	DAA (0/24)
	DAA (21.8)
	2 weeks



	PA (47)
	PA (71.1)
	PA (0/47)
	PA (23.4)



	Rykov et al., 2021 (47)
	DAA (23)
	RCT
	DAA (62)
	DAA (8/15)
	DAA (27.8 ± 7.3)
	1 year



	PA (23)
	PA (63)
	PA (11/12)
	PA (28.6 ± 8.4)



	De Berardinis et al., 2023 (48)
	DAA (92)
	Retrospective study
	DAA (62.9 ± 7.3)
	DAA (54/38)
	DAA (25.2 ± 3.1)
	10 days



	PA (74)
	PA (63.0 ± 6.1)
	PA (42/32)
	PA (27.3 ± 1.9)



	Chen et al., 2023 (49)
	DAA (73)
	Retrospective study
	DAA (42.82 ± 8.65)
	DAA (7/66)
	DAA (24.38 ± 3.42)
	6 months



	PA (162)
	PA (14/148)
	PA (24.36 ± 3.45)



	PA (43.32 ± 9.68)



	Brunello et al., 2023 (50)
	DAA (500)
	Retrospective study
	DAA (64)
	DAA (257/243)
	N/A
	1 year



	PA (147)
	PA (66)



	PA (78/69)



	Jin et al., 2023 (51)
	DAA (183)
	Retrospective study
	DAA (61.1 ± 10.1)
	DAA (98/85)
	DAA (25.7 ± 4.3)
	6 months



	PA (199)
	PA (60.8 ± 10.7)
	PA (89/110)
	PA (25.1 ± 4.5)



	Siljander et al., 2020 (52)
	DAA (1,846)
	Retrospective study
	DAA (65 ± 10)
	DAA (844/1,002)
	DAA (27.4 ± 4.4)
	3 months



	PA (64 ± 11)
	PA (30.2 ± 6.2)



	PA (3,162)
	PA (1,363/1,799)



	Lalevée et al., 2022 (53)
	DAA (21)
	Prospective study
	DAA (68. 4 ± 12.5)
	DAA (8/13)
	DAA (27.5 ± 4.6)
	1 year



	PA (21)
	PA (71.5 ± 9.2)
	PA (8/13)
	PA (27 ± 3.7)



	Tsukada and Wakui, 2015 (54)
	DAA (139)
	Retrospective study
	DAA (66.7 ± 9.8)
	DAA (14/125)
	DAA (23.0 ± 3.0)
	DAA (5 years）



	PA (177)
	PA (61.7 ± 10.3)
	PA (30/147)
	PA (23.9 ± 3.7)



	PA (9 years）



	Slaven et al., 2023 (55)
	DAA (6,592)
	Retrospective study
	DAA (62)
	N/A
	N/A
	2.6 years



	PA (64)



	PA (3,455)



	Charles et al., 2024 (56)
	DAA (109)
	Retrospective study
	DAA (82.3 ± 7.2)
	DAA (29/80)
	DAA (23.1 ± 5.4)
	6 months



	PA (82.6 ± 8.2)
	PA (50/121)
	PA (23.6 ± 4.5)



	PA (171)



	Gulbrandsen et al., 2022 (57)
	DAA (91)
	Retrospective study
	DAA (62.7)
	DAA (45/46)
	DAA (27)
	1 year



	PA (90)
	PA (59.27)
	PA (44/46)
	PA (33)



	Yuasa et al., 2018 (58)
	DAA (45)
	Retrospective study
	DAA (63.1 ± 13.1)
	DAA (3/39)
	DAA (23.9 ± 3.70)
	3 months



	PA (43)
	PA (60.9 ± 11.7)
	PA (5/36)
	PA (23.5 ± 3.55)



	Barrett et al., 2013 (59)
	DAA (43)
	Prospective study
	DAA (61.4 ± 9.2)
	DAA (29/14)
	DAA (30.7 ± 5.4)
	1 year



	PA (44)
	PA (63.2 ± 7.7)
	PA (19/25)
	PA (29.1 ± 5.0)



	Wang et al., 2024 (60)
	DAA (103)
	Retrospective study
	DAA (67.3 ± 2.9)
	DAA (44/59)
	DAA (23.2 ± 1.9)
	2 years



	PA (97)
	PA (66.6 ± 3.2)
	PA (40/57)
	PA (22.7 ± 2.0)



	Lan et al., 2022 (61)
	DAA (20)
	Retrospective study
	DAA (52.95 ± 14.76)
	DAA (6/14)
	DAA (24.09 ± 3.46)
	2 years



	PA (22)
	PA (4/18)
	PA (23.16 ± 4.52)



	PA (48.91 ± 16.84)



	Chung et al., 2022 (62)
	DAA (36)
	Retrospective study
	DAA (78.19 ± 9.44)
	DAA (3/33)
	DAA (22.60 ± 4.26)
	2 days



	PA (31)



	PA (5/26)
	PA (22.18 ± 5.81)



	PA (76.45 ± 6.79)



	Liu et al., 2021 (63)
	DAA (23)
	Retrospective study
	DAA (42.0 ± 13.6)
	DAA (4/18)
	DAA (21.9 ± 3.2)
	DAA (28.5 months)



	PA (50)
	PA (47.8 ± 17.6)
	PA (14/33)
	PA (23.5 ± 4.3)



	PA (39.0 months)



	Wang et al., 2022 (64)
	DAA (47)
	Retrospective study
	DAA (65.2 ± 4.4)
	DAA (25/22)
	DAA (23.5 ± 1.1)
	1 year



	PA (33)
	PA (64.7 ± 5.2)
	PA (19/14)
	PA (23.2 ± 1.4)



	Yang et al., 2021 (65)
	DAA (20)
	RCT
	DAA (49.4 ± 13.3)
	DAA (15/5)
	DAA (24.1 ± 2.6)
	1 year



	PA (20)
	PA (49.4 ± 13.3)
	PA (15/5)
	PA (24.1 ± 2.6)




	BMI, body mass index; DAA, direct anterior approach; PA, posterior approach; RCT, randomized controlled trial; SD, standard deviation.









Assessment of ROB in the included studies

The quality of the included RCTs and case–control studies was evaluated by the Cochrane Collaboration tool, NOS, and MINORS. As shown in Figure 2, all four RCTs were assessed as high quality. Additionally, 44 case–control studies scored at least eight points on the NOS, suggesting relatively stable methodological quality (Tables 2, 3).


[image: Panel A shows a horizontal bar chart summarizing risk of bias across seven categories for included studies, indicating mostly low risk (green), with some unclear risk (yellow) and high risk (red) for blinding-related biases. Panel B displays a table with risk-of-bias judgments for individual studies, using green, yellow, and red icons to denote low, unclear, and high risk, respectively, for each bias domain and study.]
FIGURE 2
The methodological quality assessment for RCTs. (A) Risk-of-bias graph for included studies. (B) Risk-of-bias summary for included studies. +, no bias; −, bias; ?, bias unknown.




TABLE 2 Quality assessment of case–control studies.



	Study
	Is the case definition adequate?
	Representativeness of the cases
	Selection of controls
	Definition of controls
	Comparability of cases and controls based on the design or analysis
	Ascertainment of exposure
	Same method of ascertainment for cases and controls
	Non-response rate
	Total





	Di Martino et al., 2023 (18)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Alexander Martusiewicz 2020 (19)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Spaans et al., 2012 (20)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Bremer et al., 2011 (21)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Fransen et al., 2016 (22)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Zhang et al., 2022 (23)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Chen et al., 2020 (24)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Yin et al.,2024 (25)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Agten et al., 2017 (26)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Ponzio et al., 2018 (27)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Maldonado et al., 2019 (28)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Rhea et al., 2020 (29)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Pala et al., 2016 (30)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Vasarhelyi et al., 2020 (31)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Triantafyllopoulos et al., 2019 (32)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Sprowls et al., 2020 (33)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Wu et al., 2020 (35)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Malek et al., 2016 (36)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Cao et al., 2020 (37)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Dong et al., 2022 (38)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Shen et al., 2023 (39)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Rodriguez et al., 2014 (40)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Maldonado et al., 2019 (41)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Moerenhout et al., 2020 (42)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Cichos et al., 2023 (43)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Kunze et al., 2023 (44)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Maezawa et al., 2022 (46)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	De Berardinis et al., 2023 (48)
	1
	1
	1
	1
	2
	1
	1
	1
	9



	Chen et al., 2023 (49)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Brunello et al., 2023 (50)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Jin et al., 2023 (51)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Siljander et al., 2020 (52)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Lalevée et al., 2022 (53)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Tsukada and Wakui, 2015 (54)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Slaven et al., 2023 (55)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Charles et al., 2024 (56)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Gulbrandsen et al., 2022 (57)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Yuasa et al., 2018 (58)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Barrett et al., 2013 (59)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Wang et al., 2024 (60)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Lan et al., 2022 (61)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Chung et al., 2022 (62)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Liu et al., 2021 (63)
	1
	1
	1
	1
	1
	1
	1
	1
	8



	Wang et al., 2022 (64)
	1
	1
	1
	1
	1
	1
	1
	1
	8









TABLE 3 Methodological index for non-randomized studies (MINORS).



	Study
	A clearly stated aim
	Inclusion of consecutive patients
	Prospective collection of data
	Endpoints appropriate to the aim of the study
	Unbiased assessment of the study endpoint
	Follow-up period appropriate to the aim of the study
	Loss to follow-up <5%
	Prospective calculation of the study size
	Total





	Di Martino et al., 2023 (18)
	2
	1
	2
	2
	2
	1
	2
	2
	14



	Alexander Martusiewicz 2020 (19)
	2
	2
	1
	2
	2
	1
	2
	2
	15



	Spaans et al., 2012 (20)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Bremer et al., 2011 (21)
	2
	2
	1
	2
	2
	2
	2
	1
	15



	Fransen et al., 2016 (22)
	2
	2
	1
	2
	2
	2
	2
	2
	15



	Zhang et al., 2022 (23)
	2
	2
	0
	2
	2
	2
	2
	2
	14



	Chen et al., 2020 (24)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Yin et al.,2024 (25)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Agten et al., 2017 (26)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Ponzio et al., 2018 (27)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Maldonado et al., 2019 (28)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Rhea et al., 2020 (29)
	2
	2
	2
	2
	2
	2
	0
	2
	14



	Pala et al., 2016 (30)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Vasarhelyi et al., 2020 (31)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Triantafyllopoulos et al., 2019 (32)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Sprowls et al., 2020 (33)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Wu et al., 2020 (35)
	2
	2
	1
	2
	2
	2
	2
	2
	15



	Malek et al., 2016 (36)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Cao et al., 2020 (37)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Dong et al., 2022 (38)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Shen et al., 2023 (39)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Rodriguez et al., 2014 (40)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Maldonado et al., 2019 (41)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Moerenhout et al., 2020 (42)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Cichos et al., 2023 (43)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Kunze et al., 2023 (44)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Maezawa et al., 2022 (46)
	2
	2
	2
	2
	2
	1
	2
	2
	15



	Berardinis et al., 2023 (48)
	2
	2
	2
	2
	2
	1
	2
	2
	15



	Chen et al., 2023 (49)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Brunello et al., 2023 (50)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Jin et al., 2023 (51)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Siljander et al., 2020 (52)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Lalevée et al., 2022 (53)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Tsukada and Wakui, 2015 (54)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Slaven et al., 2023 (55)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Charles et al., 2024 (56)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Gulbrandsen et al., 2022 (57)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Yuasa et al., 2018 (58)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Barrett et al., 2013 (59)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Wang et al., 2024 (60)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Lan et al., 2022 (61)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Chung et al., 2022 (62)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Liu et al., 2021 (63)
	2
	2
	2
	2
	2
	2
	2
	2
	16



	Wang et al., 2022 (64)
	2
	2
	2
	2
	2
	2
	2
	2
	16









Surgical trauma


Blood transfusion rate

As shown in Figure 3A1, 12 articles (18, 22, 27, 29, 34, 37, 38, 43, 49, 50, 52, 57) evaluated the blood transfusion rate. Egger's test (Figure 3A2) indicated no publication bias (P > 0.05). The initial fixed-effects model revealed heterogeneity (I2 = 62%, P = 0.21). The study by Ponzio et al. (27) was identified as the primary source of heterogeneity due to significant sample size imbalance between groups and was excluded from further analysis. After exclusion, the fixed-effects model showed a significantly lower blood transfusion rate in the DAA group compared with that in the PA group [6.62% vs. 14.52%; I 2 = 42%, OR = 0.73, 95% confidence interval (CI): 0.59–0.91, P < 0.005].


[image: Panel A1 displays a forest plot summarizing odds ratios from multiple studies, with confidence intervals and a diamond representing the overall effect size. Panel A2 presents a funnel plot examining publication bias related to the studies in A1. Panel B1 shows a forest plot of standardized mean differences for additional studies, while B2 provides the corresponding funnel plot for these data. Panel C1 contains a third forest plot of mean differences, and C2 displays the relevant funnel plot for these data, each assessing publication bias and study heterogeneity. All charts are labeled and include participant numbers and weighting details.]
FIGURE 3
Comparison between DAA and PA in the surgical trauma-related subject for (A1, A2) blood transfusion rate, (B1, B2) hospital stay, and (C1, C2) surgery time. DAA, direct anterior approach; PA, posterior approach; Fixed, fixed-effects model; Random, random-effects model; M–H, Mantel–Haenszel; CI, confidence intervals; MD, mean difference.




Hospital stay

As shown in Figure 3B1, 18 articles (19, 20, 24, 25, 29, 32–34, 37, 38, 42, 48, 51, 52, 58, 60, 61, 64) assessed hospital stay. Egger's test (Figure 3B2) revealed significant publication bias (P < 0.05), primarily attributed to the studies by Chen et al. (24), Rhea et al. (29), Zhao et al. (34), Jin et al. (51), Wang et al. (60), and Wang et al. (64). After excluding these seven studies, heterogeneity was significantly reduced, allowing the use of a fixed-effects model. The results indicated that hospital stay was significantly shorter in the DAA group than that in the PA group (I2 = 36%, 95% CI: −0.43 to −0.36, P < 0.001).



Surgery time

As shown in Figure 3C1, surgery time was reported in 27 studies (19, 20, 24, 25, 27, 33, 34, 37–39, 42–45, 47–49, 51, 52, 56, 58–62, 64, 65), involving 13,987 hips (3,977 in the DAA group and 10,010 in the PA group). Egger's test (Figure 3C2) indicated no publication bias (P > 0.05). Due to significant heterogeneity in the fixed-effects model, subgroup analysis based on body mass index (BMI) was performed; however, this did not substantially reduce heterogeneity (Attachment 1). A random-effects model was therefore applied, revealing no significant difference in surgery time between the DAA and PA groups (I2 = 99%, 95% CI: −2.20 to 7.06, P = 0.30).




Muscle damage


MRI findings

Muscle damage around the hip joint was assessed using the Goutallier score (66), where a score of >2 was considered to indicate muscle damage according to previous reports (47). As shown in Figures 4A1–C1, four studies (21, 26, 45, 53) assessed muscle damage using MRI, including damage to the gluteus minimus, gluteus medius, and tensor fasciae latae muscles. For the gluteus minimus muscle damage, the fixed-effects model initially showed significant heterogeneity (I 2 = 76%, P = 0.02). After excluding the study by Rykov K, which was identified as the primary source of heterogeneity, the heterogeneity was reduced (I2 = 21%, P < 0.05). The final analysis showed that the DAA resulted in less muscle damage compared with the PA (36.84% vs. 65.79%, OR = 0.28; 95% CI: 0.14−0.56; P < 0.005). For the gluteus medius muscle damage, the fixed-effects model indicated no significant difference between the DAA and PA groups (OR =  1.20; 95% CI: 0.53–2.71; I2 = 0%, P = 0.66). For the tensor fasciae latae muscle damage, substantial heterogeneity was observed in the fixed-effects model (I 2 = 88%, P = 0.07). Therefore, a random-effects model was applied. The analysis showed no significant difference between the two approaches (OR = 0.40; 95% CI: 0.03−4.97; I2 = 88%, P = 0.48). Due to the small sample sizes, Egger's test could not be used to assess publication bias.


[image: Figure contains six panels labeled A1, B1, C1, D1, E1, and E2. Panels A1, B1, and C1 display forest plots with study names, event numbers, odds ratios with confidence intervals, and summary diamonds comparing DAA and PA groups. Panels D1 and E1 show forest plots of mean differences with confidence intervals and study weights. Panel E2 presents a funnel plot for publication bias assessment with data points symmetrically distributed around a central line, indicating potential meta-analysis evaluation.]
FIGURE 4
Comparison between DAA and PA in muscle damage-related factor for (A1) the glutes minimus damage on MRI, (B1) the gluteus medius damage on MRI, (C1) the tensor fasciae latae damage on MRI, and (D1) CRP and (E1, E2) CK levels. DAA, direct anterior approach; PA, posterior approach; Fixed, fixed-effects model; Random, random-effects model; M–H, Mantel–Haenszel; CI, confidence intervals; MD, mean difference.




CRP levels

As shown in Figure 4D1, four studies (45, 46, 48, 49) were included in the CRP level analysis. The fixed-effects model revealed significant heterogeneity (I2 = 72%, P < 0.00001). After excluding the study by Rykov et al., which was identified as the primary source of heterogeneity, the heterogeneity was substantially reduced (I2 = 26%, P < 0.00001). The final analysis, involving 472 hips (189 in the DAA group and 283 in the PA group), showed that CRP levels were significantly lower in the DAA group compared with those in the PA group [mean difference (MD) = −4.87; 95% CI: −5.28 to −4.47; P < 0.00001]. Due to the small sample size, Egger's test could not be used to assess publication bias.



CK levels

As shown in Figure 4E1, six studies (45, 46, 49, 51, 61, 64) were included in the meta-analysis of CK levels. Egger’s test (Figure 4E2) showed no evidence of publication bias (P > 0.05). The initial fixed-effects model indicated significant heterogeneity (I2 = 60%, P < 0.00001). After excluding the study by Wang et al. (64), identified as the main source of heterogeneity, the heterogeneity was eliminated (I2 = 0%, P < 0.00001). The final results showed that CK levels were lower in the DAA group compared with those in the PA group.




Complications


Infection

As shown in Figure 5A1, 11 studies (27, 36, 49, 51, 52, 54, 56–58, 63, 64) involving 6,628 hips (1,276 in the DAA group and 5,352 in the PA group) were included in the infection rate analysis. Egger's test (Figure 5A2) indicated publication bias (P < 0.05). In addition, the fixed-effects model showed low heterogeneity (I2 = 0%, P = 0.81), and there was no significant difference in infection rates between the two groups (OR = 0.92; 95% CI: 0.48–1.77; P = 0.81).


[image: Panel A1 shows a forest plot comparing studies on the odds ratio of an outcome between two groups, with individual study estimates, confidence intervals, and pooled summary. Panel A2 presents a funnel plot for publication bias assessment with effect size and standard error. Panel B1 displays another forest plot with multiple studies, weights, and pooled odds ratio, while panel B2 shows its corresponding funnel plot. Panel C1 includes a forest plot summarizing several studies by odds ratios, with panel C2 as its funnel plot. Panel D1 provides a forest plot with subgroup analysis, and panel D2 contains its funnel plot. Panel E1 shows a forest plot of mean differences across studies, and panel E2 presents the related funnel plot. Each funnel plot uses pseudo ninety-five percent confidence limits.]
FIGURE 5
Comparison between DAA and PA in complications-related factor for (A1, A2) infection rate, (B1, B2) dislocation rate, (C1, C2) nerve injury rate, (D1, D2) intraoperative fracture rate, and (E1, E2) posterior leg length discrepancy. DAA, direct anterior approach; PA, posterior approach; Fixed, fixed-effects model; Random, random-effects model; M–H, Mantel–Haenszel; CI, confidence intervals; MD, mean difference.




Dislocation

As shown in Figure 5B1, 21 studies (20, 23, 27, 30, 33, 36, 37, 43, 45, 49, 51, 52, 54, 56–59, 61–63, 65) involving 13,058 hips (3,902 in the DAA group and 9,856 in the PA group) were analyzed for dislocation rates. Egger's test (Figure 5B2) showed no publication bias (P > 0.05). The fixed-effects model (I2 = 0%, P < 0.001) revealed that the dislocation rate was significantly lower in the DAA group compared with that in the PA group (0.84% vs. 1.82%; 95% CI: 0.20–0.48; P  <  0.00001; I2 = 0%).



Nerve injury

As shown in Figure 5C1, 14 studies (20, 23, 25, 37, 43, 45, 51, 54, 55, 57, 58, 61, 63, 65) involving 12,301 hips (7,772 in the DAA group and 4,529 in the PA group) were included in the nerve injury analysis. Egger's test (Figure 5C2) indicated publication bias (P < 0.05). In addition, the fixed-effects model showed low heterogeneity (I2 = 32%, P = 0.79), and the analysis revealed no significant difference in nerve injury between the two groups (95% CI: 0.69–1.64; P = 0.79).



Intraoperative fracture

As shown in Figure 5D1, 10 studies (20, 22, 52, 54, 56, 57, 59–61, 65) involving 6,181 hips (2,378 in the DAA group and 3,803 in the PA group) were included in the meta-analysis. Egger's test (Figure 5D2) indicated no publication bias (P > 0.05). In addition, the fixed-effects model showed low heterogeneity (I2 = 1%, P = 0.22), and the results demonstrated no significant difference in intraoperative fracture rates between the DAA and PA groups (95% CI: 0.36–1.26; P = 0.22).



Leg length discrepancy

As shown in Figure 5E1, five studies (20, 23, 38, 40, 61) involving 665 hips (336 in the DAA group and 329 in the PA group) were included in the meta-analysis. Egger's test (Figure 5E2) indicated no publication bias (P > 0.05). In addition, the fixed-effects model initially showed moderate heterogeneity (I2 = 56%, P = 0.95), which was significantly reduced after excluding the study by Spaans et al. (20) (I2 = 34%, P = 0.69). The final results showed no significant difference in postoperative leg length discrepancy between the DAA and PA groups (95% CI: −0.13 to 0.20; P = 0.69).




Function scores


HHS

As shown in Figure 6A1, 10 studies (23, 34, 35, 37, 40, 42, 51, 59, 64, 65) were eligible for this meta-analysis. Egger's test (Figure 6A2) indicated no publication bias (P > 0.05). Due to significant heterogeneity in the fixed-effects model (I2 = 99%, P < 0.00001), subgroup analysis based on BMI was performed but did not reduce heterogeneity (Attachment 2). A random-effects model was applied, and the results indicated that the DAA group had significantly higher HHS compared with that in the PA group (MD = 3.07, 95% CI: 0.08–6.07; I2 = 99%, P < 0.05).


[image: Panel A1 displays a forest plot summarizing mean differences and confidence intervals from multiple studies, with a pooled estimate at the bottom. Panel A2 shows a funnel plot for pseudo ninety five percent confidence limits, assessing publication bias. Panel B1 contains a second forest plot with fewer studies, and panel B2 presents its corresponding funnel plot. Panel C1 shows a third forest plot comparing studies and reporting heterogeneity and statistical tests. Each forest plot displays individual study weights and confidence intervals while each funnel plot reflects data symmetry and potential bias.]
FIGURE 6
Comparison between DAA and PA in function score for (A1, A2) postoperative HHS score, (B1, B2) postoperative SF score, (C1) time to discontinuation of a walker after surgery. DAA, direct anterior approach; PA, posterior approach; Fixed, fixed-effects model; Random, random-effects model; M–H, Mantel–Haenszel; CI, confidence intervals; MD, mean difference.




SF score

As shown in Figure 6B1, five studies (25, 28, 31, 40, 41) were included in the meta-analysis. Egger's test (Figure 6B2) indicated no publication bias (P > 0.05). However, the fixed-effects model showed moderate heterogeneity (I2 = 56%, P < 0.00001), which was clearly reduced after excluding the study by Maldonado et al. (41) (I2 = 39%, P < 0.00001). The final results showed that patients in the DAA group had significantly higher SF scores compared with those in the PA group (MD = 1.53, 95% CI: 0.80–2.26; P < 0.01).



Time to discontinuation of a walker after surgery

As shown in Figure 6C1, three studies (19, 25, 40) were included in this meta-analysis. The fixed-effects model demonstrated low heterogeneity (I2 = 35%), and the results showed no significant difference between the DAA and PA groups in terms of time to discontinuation of a walker postoperatively (MD = −1.85, 95% CI: −4.05 to 0.35; P = 0.10). Due to the small sample size, Egger's test could not be used to assess publication bias.





Discussion

This meta-analysis compared ERAS-related outcomes between the DAA and PA in THA. The results showed that the DAA group had a lower blood transfusion rate, shorter hospital stay, reduced gluteus minimus muscle damage on MRI, lower postoperative levels of CK and CRP, and significantly higher HHS and SF scores. Additionally, the DAA group had a lower dislocation rate compared with that in the PA group. However, no significant differences were found in surgery time, damage to the gluteus medius and tensor fasciae latae muscles on MRI, time to discontinuation of a walker after surgery, or complication rates (infection, nerve injury, intraoperative fracture, and postoperative leg length discrepancy).

ERAS can reduce surgical trauma, minimize postoperative complications, and promote faster recovery (67). Muscle damage indicators such as MRI-based Goutallier score and serum CK (68) and CRP (60) levels have been widely used to assess perioperative soft tissue injury (59, 63, 68). In the present analysis, the DAA demonstrated less gluteus minimus muscle damage and lower postoperative CK and CRP levels, highlighting its minimally invasive feature. No significant differences were observed in gluteus medius or tensor fasciae latae muscle damage, which may be attributed to the fact that both approaches have minimal involvement with these muscles. Although previous studies suggested that the DAA caused greater damage to the tensor fasciae latae and required longer surgery time (5), more recent evidence suggests that surgeons' experience can significantly reduce this impact, especially after overcoming the learning curve (69). In addition, variations in healthcare systems, rehabilitation protocols, and patient populations may contribute to discrepancies in hospitalization duration. Collectively, these findings indicate that the DAA, with less muscle injury, is associated with a lower blood transfusion rate and reduced length of hospital stay.

This meta-analysis evaluated the rate of complications, including infection, dislocation, nerve injury, intraoperative fracture, and postoperative leg length discrepancy, in the DAA and PA groups. Among these, the DAA showed a significant advantage only in the dislocation rate. While some previous studies reported a higher rate of femoral fractures with the DAA, our meta-analysis found no significant difference between the two groups. It could be related to surgeons' proficiency and the occurrence of minor proximal femoral cleavages that do not compromise the stability of the prosthesis, which also commonly occur within the PA. Regarding nerve injury, the impact of both approaches on nerve damage was inconsistent. It is generally believed that the DAA approach is more likely to cause lateral femoral cutaneous nerve injury, while the PA approach is more associated with sciatic nerve injury, resulting in no significant difference in nerve injury rates between the two approaches. Additionally, it was previously thought that the DAA provided better control over leg length due to its performance in the supine position (67, 70). However, with the widespread adoption of the DAA in the lateral decubitus position, this advantage has diminished (71). Therefore, the transition from the supine to the lateral decubitus position may account for the loss of DAA's advantage in leg length control.

Functional outcomes, such as the HHS, SF score, and time to discontinuation of a walker after surgery, were closely related to surgical trauma, muscle damage, and postoperative complications. The DAA, with its lower dislocation rate and reduced muscle damage, resulted in better functional scores, especially in pain relief and mental improvement. The DAA group also had significantly higher SF scores compared with those in the PA group, which is likely due to less muscle damage, lower dislocation rates, and shorter hospital stay. However, these significant differences may still not necessarily translate into meaningful real-world benefits for patients.

Several limitations should be considered in this meta-analysis. (1) Only four RCTs were included, resulting in a relatively low level of evidence. (2) Methodological inconsistencies across the included studies led to data deviations that may have affected the findings. (3) The analysis did not account for surgeons' proficiency due to the absence of a learning curve evaluation. Learning curves are an important factor, as previous studies (72) have shown that even experienced surgeons can experience a significant increase in surgical time and postoperative complications during the early stages of learning. Unfortunately, studies comparing learning curves between the DAA and PA were lacking and therefore not included in this analysis. (4) High heterogeneity in the measurement of some outcomes may have affected the results, potentially due to publication bias and selection bias. Future research should adopt stricter inclusion criteria and standardized outcome reporting to reduce heterogeneity and improve the reliability of findings. (5) The two approaches were not the same in terms of muscle injury. The DAA was performed between the tensor fasciae latae and sartorius, making significant damage to the gluteus medius and minimus very unlikely. Similarly, the PA passes through the gluteus maximus, meaning damage to the gluteus medius and minimus was also not expected. So the future studies should focus on assessing potential damage to the gluteus maximus and tensor fasciae latae.



Conclusion

Based on the results of our meta-analysis, the DAA demonstrated the advantages of minimally invasive surgery, including less muscle damage, fewer postoperative complications, and better functional outcomes compared with the PA in the context of ERAS protocols. Therefore, we recommend that surgeons consider adopting the DAA in ERAS protocols, provided that the patient meets the surgical criteria for this approach.
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