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Abstract


Background: The prognostic trends for adults who undergo fracture surgery for metastatic long bones remain unclear, even as survival among individuals with bone metastasis has improved. Because prognoses after fracture surgery may shift over time, this chronological study aimed to evaluate outcomes in individuals who received surgical treatment for femoral metastasis. Methods: This multicenter retrospective study included 186 adults who underwent fracture surgery for metastatic femoral disease between 2008 and 2023. Individuals were categorized into period 1 (2008–2016) and period 2 (2017–2023). The primary outcome was 1-year overall survival. Prognostic variables included fracture type (impending pathological fracture (IF) or completed pathological fracture (CF)), recovery of ambulation, and receipt of chemotherapy. Results: Individuals in period 2 were older and had a higher rate of solitary bone metastasis; however, period 2 did not demonstrate a higher proportion of IF relative to CF. Multivariate analysis showed that the hazard ratio for period 2 compared with period 1 was 0.57 (95% confidence interval: 0.35 to 0.94, p = 0.02). Conclusions: This chronological assessment demonstrated that the later period was associated with improved 1-year overall survival after fracture surgery for metastatic long bone disease. Because prophylactic fixation for IF is linked to more favorable outcomes, increasing the proportion of IF cases relative to CF should be prioritized.
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1. Introduction


The incidence of bone metastasis has increased as individuals with cancer are living longer [1]. Advances in diagnostic and therapeutic strategies have improved the management of bone metastasis. Lung, breast, and prostate cancers are the most common sources of metastatic bone disease, and targeted therapies for these malignancies inhibit proteins, enzymes, or molecules involved in tumor proliferation and spread [2]. Although median survival has improved for individuals with bone metastasis [3,4], nearly half still experience skeletal-related events (SREs), which contribute to morbidity and mortality [5,6]. Because bone metastasis compromises structural integrity, it can lead to pathological fractures, a major SRE [7]. When a lesion is at high risk for a completed pathological fracture (CF), prophylactic stabilization for an impending pathological fracture (IF) is recommended to prevent additional morbidity [7,8,9]. Prophylactic fixation is often less complex and allows broader surgical planning [7], and individuals treated for IF generally recover ambulation better and have lower mortality than those presenting with CF [7,8,10].



Mirels’ score [11], originally described in 1989 and republished in 2010 [11], remains widely used to define IF. It is manually calculated using four variables: lesion site, type, size, and pain. Recent studies still rely on these criteria [7,8,9,12,13,14], and the system remains widely referenced because of its simplicity [15].



Despite improved survival among individuals with bone metastasis [3,4], chronological trends in the characteristics and prognoses of those undergoing fracture surgery for metastatic long bones remain unclear. Diagnostic strategies for identifying IF have remained stable, but prognoses after surgical fixation may have changed. Therefore, this study aimed to evaluate the prognoses of individuals who underwent surgical treatment for femoral metastatic fractures.




2. Materials and Methods


2.1. The Study Design


This multicenter retrospective study reviewed medical records of 216 individuals with malignant tumors who underwent fracture surgery for femoral metastasis between January 2008 and January 2023 (Figure 1). Fracture sites were evaluated preoperatively using magnetic resonance imaging, positron emission tomography–computed tomography, and/or computed tomography (CT) in addition to plain radiography. Fractures were defined using imaging findings and/or pathological assessment, and 186 individuals were included in the final analysis. Exclusion criteria were as follows: no tumor mass at the fracture site on imaging (indicating a non-pathological fracture), revision procedures, surgeries for multiple bone lesions, and a diagnosis of cognitive impairment.



Based on the surgery date, enrolled individuals were grouped into period 1 (2008–2016) and period 2 (2017–2023). The allocation divided the study duration into two equal intervals. The study was approved by the ethics committees of our hospital (022–0036) and all participating centers. Informed consent was obtained via the opt-out method, and the study followed the principles of the Declaration of Helsinki.




2.2. Variables and Outcomes


Medical records of individuals who underwent femoral surgery were reviewed, and demographic and clinicopathologic information was collected as previously described [8] (Table 1). IF was defined as a Mirels’ score of ≥ 8 [11]. The Katagiri–New score includes six prognostic factors: primary tumor type, visceral or cerebral metastasis, abnormal laboratory values, and Eastern Cooperative.



Oncology Group Performance Status (ECOG PS), previous chemotherapy, and multiple skeletal metastases [16].



The primary outcome of this study was the 1-year mortality rate. As prognostic variables, fracture type (IF/CF), recovery of ambulation, postoperative chemotherapy, and 1-year survival after fracture surgery were evaluated. Recovery of ambulation was defined as the ability to walk with assistive devices within 60 days of postoperative hospitalization [9,10]. Chemotherapy included cytotoxic drugs, immune checkpoint inhibitors, and molecular targeted therapy.




2.3. Statistical Analysis


Categorical variables were evaluated using the chi-squared test for two or more groups, and continuous variables were analyzed using the independent t-test. Survival after surgery was visualized using the Kaplan–Meier method, and differences were assessed with the log-rank test and multivariate proportional hazards. All statistical analyses were performed with JMP Pro version 18 (SAS Institute, Inc., Cary, NC, USA), with the significance level set at 0.05.





3. Results


3.1. Patient Demographics


When clinicopathologic characteristics were compared between the two periods, age was higher in period 2 (61.2 ± 1.5 vs. 66.0 ± 1.4, p = 0.02), and multiple bone metastases were lower (55.7% vs. 31.5%, p = 0.01) (Table 1). Lung, breast, and renal cell carcinoma were the most frequent primary cancers in both groups. Gender distribution (48.9% vs. 43.8%, p = 0.49), body mass index (21.5 ± 0.4 vs. 21.9 ± 0.4, p = 0.48), Katagiri–New score (p = 0.38), primary cancer (p = 0.24), organ metastasis (54.5% vs. 43.9%, p = 0.25), and ECOG PS (p = 0.30) were similar between periods (Table 1).



In period 1, lung metastasis was most frequent at 21.6% (19/88), followed by liver metastasis at 12.5% (11/88). In period 2, lung metastasis was also most frequent at 23.5% (23/98), followed by liver metastasis at 10.2% (10/98).



In period 1, 40.1% (36/88) received conventional chemotherapy, 20.5% (18/88) received hormonal therapy, 6.8% (6/88) received molecular targeted therapy or immune checkpoint inhibitors, and 9.3% (17/88) received bone-modifying agents. In period 2, 40.8% (40/98) received conventional chemotherapy, 13.2% (13/98) received hormonal therapy, 12.2% (12/98) received molecular targeted therapy or immune checkpoint inhibitors, and 19.4% (19/98) received bone-modifying agents.




3.2. Perioperative Information


Period 2 did not show a higher ratio of IF to CF than period 1 (46 to 42 vs. 52 to 46, p = 0.91) (Table 2). The ratio of internal fixation to endoprosthesis was also similar (63 to 25 vs. 72 to 26, p = 0.77). In period 1, 42 individuals had CF, of whom 19.0% (8/42) received endoprosthesis and 81.0% (34/42) received internal fixation. In the same period, 46 individuals had IF, of whom 37.0% (17/46) received endoprosthesis and 63.0% (29/46 received internal fixation. In period 2, 46 individuals had CF, of whom 26.1% (12/46) received endoprosthesis and 73.9% (34/46) received internal fixation. In the same period, 52 individuals had IF, of whom 26.9% (14/52) received endoprosthesis and 73.1% (38/52) received internal fixation.



Across both periods, 88 individuals had CF, and 22.7% (20/88) received endoprosthesis, with the remainder treated using internal fixation. A total of 98 individuals had IF, and 31.7% (31/98) received endoprosthesis, with the remainder receiving internal fixation. Thus, surgical strategies did not differ substantially between CF and IF (20 to 68 vs. 31 to 67, p = 0.174).



As postoperative complications in period 1, 9.1% (8/88) had anemia requiring transfusion, 6.8% (6/88) had surgical site infection, 5.7% (5/88) had bronchitis or pneumonia, and 9.1% (8/88) were diagnosed with urinary tract infection. In period 2, 7.1% (7/98) had anemia requiring transfusion, 4.1% (4/98) had surgical site infection, 2.1% (2/98) had bronchitis or pneumonia, and 8.1% (8/98) were diagnosed with urinary tract infection.



Postoperative recovery of ambulation was similar between periods (81.8% vs. 80.6%, p = 0.83), as were rates of home discharge (58.0% vs. 65.3%, p = 0.31). Regarding adjuvant therapy, period 2 did not show a higher rate of postoperative chemotherapy (43.2% vs. 39.8%, p = 0.64) or perioperative radiotherapy to the surgical site (52.2% vs. 38.8%, p = 0.07) (Table 3). Specifically, in period 1, 28 individuals received preoperative radiotherapy and 18 received postoperative radiotherapy. In period 2, 24 received preoperative radiotherapy, and 14 received postoperative radiotherapy. The ratio of preoperative to postoperative radiotherapy did not differ between periods (28 to 18; 24 to 14, p = 0.83).




3.3. Postoperative Prognoses


The rate of loss to follow-up during one year was 5.4% (10/186). The 1-year mortality rate in period 1 was 53.0% (39/83), whereas it was 46.2% (43/93) in period 2 (p = 0.36); the univariate analysis showed a hazard ratio for period 2 compared with period 1 of 0.85 (95% confidence interval: 0.56 to 1.24, p = 0.46).



However, multivariate analysis adjusting for age, sex, body mass index, fracture type, ECOG PS, Katagiri score, and skeletal stabilization showed a hazard ratio for period 2 compared with period 1 of 0.57 (95% confidence interval: 0.35 to 0.94, p = 0.02).





4. Discussion


The chronological analysis revealed that the later period was a favorable prognostic factor for 1-year overall survival after fracture surgery for metastatic long bone. Among prognostic variables, age and the rate of solitary bone metastasis were higher in period 2, whereas the proportion of prophylactic surgery for IF did not differ between the two periods.



These findings suggest a trend toward improved prognoses in individuals undergoing fracture surgery for metastatic long bone, consistent with previous reports indicating that median survival in individuals with bone metastasis has increased over the past decades [2,3]. The primary goal of metastatic femoral surgery is the recovery of ambulation, which is closely related to postoperative rehabilitation. Cancer rehabilitation has been recognized and recommended by organizations such as the American Cancer Society and the American College of Sports Medicine for individuals with cancer [17,18,19]. Beyond surgical stabilization of pathological fractures, chemotherapy plays an essential role in maintaining activities of daily living. Fujii et al. reported that the absence of chemotherapy in individuals with bone metastases was associated with functional decline [20]. Similarly, Kobayashi et al. noted that individuals with bone metastases admitted to rehabilitation wards, where chemotherapy cannot be administered, often experience further reductions in functional capacity [21]. Additionally, Yoshikawa et al. showed that chemotherapy was a significant factor influencing activities of daily living and quality of life, as measured by quantitative indices such as the Barthel Index and the EuroQoL-5 Dimensions [19]. However, evidence regarding rehabilitation specifically for individuals with bone metastases remains limited [22]. Individuals with bone metastases have unique clinical characteristics and varying functional restrictions, requiring thoughtful modification of rehabilitation programs [17,18,19].



The present study did not identify changes in the ratios of IF to CF or in the prognoses of individuals who underwent fracture surgery for femoral metastasis. Although earlier studies reported improved median survival among individuals with bone metastasis over recent decades [3,4], it has remained uncertain whether prognoses have changed specifically in those with pathological fractures. Based on the findings of this study, together with accumulating evidence demonstrating the survival benefits of prophylactic intervention for IF, an increase in the proportion of IF relative to CF may improve prognoses in individuals with pathological fractures [7,8,9].



To increase the proportion of prophylactic interventions, promoting the use of Mirels’ score among non-orthopedic specialists may be beneficial, although substantial inter-rater variability has been reported among medical and radiation oncologists [23]. To reduce such variability and achieve more standardized assessments, developing unbiased automated algorithms that evaluate X-rays of metastatic long bone lesions may be advantageous. Several deep-learning-based models capable of detecting musculoskeletal abnormalities on radiographs have already been described [24,25,26].



CT-based diagnosis of IF may also provide an alternative approach. In clinical practice, individuals with bone metastases often first present to medical or radiation oncologists rather than orthopedic surgeons [27], and these individuals frequently undergo CT examinations. CT-based structural rigidity analysis has shown superior performance to the Mirels’ system [28]. Damron et al. assessed CT-based rigidity analysis for predicting fracture within one year in 125 individuals with femoral metastasis. They compared Mirels’ scores derived from X-ray with CT-based rigidity analysis from bilateral femoral CT scans and found that CT-based rigidity analysis demonstrated higher sensitivity (100% vs. 66.7%), specificity (60.6% vs. 47.9%), positive predictive value (17.6% vs. 9.8%), and negative predictive value (100% vs. 94.4%) compared with the classic Mirels’ threshold for IF (≥9) [28].



Further, the efficacy of longitudinal CT-based rigidity analysis has been demonstrated in preclinical models [29,30]. Bohanske et al. showed that CT-based rigidity analysis could capture real-time, progressive structural changes in rat femurs following intramedullary inoculation of a breast cancer cell line, with or without chemotherapy. In that study, osteolytic progression and fracture risk were quantified, revealing that CT-based rigidity analysis detected temporal changes in bone rigidity and consistently differentiated between chemotherapeutic regimens. The investigators concluded that CT-based rigidity analysis is a promising tool for accurately predicting fractures through objective assessment, compared with conventional X-ray-based methods [30]. Notably, healing status after fracture was also assessed noninvasively using CT-based rigidity analysis integrated with an implantable sensor that monitored healing through implant load. This study demonstrated a significant correlation between sensor data and CT-based rigidity analysis. These systems can objectively evaluate fracture risk and monitor healing progression using longitudinal CT scans, indicating strong potential for clinical application [29,30].



In current clinical practice, the use of cancer boards to coordinate multidisciplinary treatment has become increasingly widespread. Our facilities also hold regular meetings, in which one of the objectives is to maintain and improve the activities of daily living in individuals with bone metastasis. Early diagnosis and intervention before the onset of SREs are essential to ensure continuation of systemic or radiation therapy. However, as the number of individuals with bone metastasis increases, it may become difficult for radiologists to consistently evaluate fracture risk on each follow-up CT scan. In this context, automated risk-evaluation systems using CT-based structural rigidity analysis may assist in identifying candidates for early intervention, potentially improving survival outcomes in individuals with bone metastasis. Given that our teams and facilities have developed or integrated clinically applicable artificial intelligence-based technologies for musculoskeletal disorders [26,31,32], incorporating rigidity analysis into routine practice may be feasible.



As perioperative information, one common reason for perioperative radiotherapy is to reduce pain at rest, whereas surgical intervention primarily aims to reduce pain during motion. In period 2, consultation with the palliative care department may have been more frequent, which could have contributed to the tendency toward decreased perioperative radiotherapy during this period.



The individuals included in this study were those who underwent fracture surgery for metastatic long bone. Individuals who did not undergo surgery for pathological fractures were not evaluated. At our facility, fracture surgery for pathological fractures is indicated when the primary cancer team determines that the individual is expected to live at least three to six months. Survival rates would likely have been lower if nonoperative individuals had been included. Surgery was also canceled when individuals had poor general conditions or other clinical issues, such as serious infectious complications [19]. These factors may have contributed to the lower ratio of CF to IF in the demographic data because bedridden individuals have an increased risk of bacterial infections and physical decline. Acute inactivity during hospitalization poses a significant threat to muscle tissue and functional capacity [33,34], and physical inactivity during hospitalization contributes to decreased ability to perform activities of daily living, particularly in older adults [9].



Median survival duration in individuals with bone metastasis has increased [3,4], attributable to advances in both medical and surgical treatments. Among medical options, bisphosphonates and denosumab are commonly used bone-modifying agents. Bisphosphonates reduce bone resorption by impairing osteoclast function through binding to hydroxyapatite crystals within the bone matrix, thereby reducing SREs and improving quality of life [2]. Denosumab, a monoclonal antibody, inhibits osteoclast-mediated bone resorption by binding to RANKL (Receptor Activator of Nuclear Factor Kappa-B Ligand) and preventing its interaction with osteoclast receptors [2]. Although both agents aim to prevent SREs, Scagliotti et al. performed a subgroup analysis from a randomized phase 3 study evaluating individuals with bone metastasis from non-small-cell or small-cell lung cancer who were randomized 1:1 to receive monthly subcutaneous denosumab 120 mg or intravenous zoledronic acid 4 mg. Denosumab was associated with improved median overall survival compared with zoledronic acid in 811 individuals with any lung cancer (8.9 vs. 7.7 months; hazard ratio 0.80, p = 0.01) and in 702 individuals with non-small-cell lung cancer (9.5 vs. 8.0 months; hazard ratio 0.78, p = 0.01) [35]. Beyond survival benefits in lung cancer, denosumab offers advantages such as subcutaneous administration and a lower risk of renal toxicity, making it suitable for individuals with pre-existing renal impairment [2].



Additionally, the adjuvant use of bone-modifying agents to prevent bone metastasis [35] in individuals with early-stage breast cancer has been discussed in US and European guidelines [36,37]. Randomized controlled trials in postmenopausal individuals with early-stage breast cancer have reported that adjuvant bone-modifying agents improved bone-metastasis-free survival or disease-free survival [38,39,40], although the efficacy of adjuvant BMA therapy in this group remains controversial [38,39,40,41]. The original rationale for adjuvant BMA therapy in postmenopausal individuals was to maintain bone density and prevent osteoporosis [39].



Recent biomolecular research has examined how age-related changes in the host environment influence the metastatic development of secondary lesions [42]. In the lung, one of the most frequent secondary sites, age-induced reprogramming of lung fibroblasts promotes tumor cell activation and proliferation [42,43]. As bone is another common secondary site, osteoclast activity is also influenced by age [44]. Osteolytic metastases, such as those from breast cancer, arise through osteoclast stimulation driven by elevated levels of receptor activator of nuclear factor–κB ligand and inflammatory cytokines [45]. Notably, increased osteoclast activity is also observed in osteoporotic bone, where tissue resorption is accelerated [46,47]. Thus, the pathophysiology of osteoporosis inherently creates a favorable premetastatic niche for tumor cells within bone [48,49]. Supporting this, clinical findings indicate that untreated osteoporosis is associated with accelerated progression of bone metastases when they occur [46]. In addition, bone density itself has emerged as an important risk factor for certain cancers [50]. Therefore, further investigation is needed to clarify the relationship between osteoporosis and the development of bone metastasis.



Bone metastasis commonly arises from lung, breast, and prostate cancer. Targeted therapies suppress specific proteins, enzymes, or signaling pathways involved in cancer cell proliferation and metastatic progression [2], making them more selective than conventional cytotoxic chemotherapy and often associated with fewer systemic adverse effects [51]. Various targeted therapies have demonstrated effectiveness in reducing bone metastases and improving survival across multiple cancer types [2]. In non-small-cell lung cancer, therapies aimed at molecular abnormalities have markedly improved survival. Epidermal Growth Factor Receptor (EGFR) inhibitors, such as erlotinib and gefitinib, block the EGFR pathway, which is essential for tumor cell proliferation [52]. In breast cancer, particularly Human Epidermal Growth Factor Receptor 2 (HER2)-positive disease, therapeutic strategies include monoclonal antibodies that inhibit HER2 signaling (trastuzumab) or disrupt HER2 dimerization (pertuzumab), as well as antibody-drug conjugates that deliver cytotoxic agents directly to HER2-overexpressing cells (ado-trastuzumab emtansine) [2,53]. Cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors, including palbociclib, ribociclib, and abemaciclib, further suppress tumor proliferation by blocking cell-cycle progression [2]. In prostate cancer, abiraterone inhibits androgen biosynthesis, while enzalutamide blocks androgen receptor signaling, both of which contribute to improved systemic control [2,54]. Other malignancies also benefit from targeted therapies such as tyrosine kinase inhibitors, including sunitinib and pazopanib, which inhibit vascular endothelial growth factor signaling, a pathway essential for tumor angiogenesis and metastatic spread [2,51].



However, despite advances in managing and preventing bone metastasis through newer systemic treatments, significant challenges remain, largely due to the considerable biological heterogeneity of bone metastases and the variable therapeutic responses across tumor types [2]. Additionally, the development of resistance to targeted therapies and immunotherapies within the bone microenvironment represents a major obstacle, often leading to treatment failure and disease progression [2]. Such progression increases the risk of SREs and contributes to a decline in activities of daily living. In these cases, early intervention for IFs is essential, and the occurrence of CFs should be avoided to ensure reliable recovery of ambulation and improve survival outcomes in individuals with pathological fractures.



Certain limitations should be considered when interpreting the present findings. First, this was a retrospective study, introducing the possibility of recall and selection bias. Second, the two cohort periods differed in age distribution. Previous studies have reported that age serves as a prognostic factor in individuals with bone metastasis [21,22]. Although multivariate analysis adjusting for age and other variables (sex, body mass index, fracture type, ECOG PS, Katagiri score, and skeletal stabilization) was conducted, residual confounding may still exist. Third, surgical methods were determined by treating surgeons and, therefore, were not randomized. Lastly, this study did not include individuals with impending or completed pathological fractures who did not undergo surgery. Survival outcomes may have differed if nonoperative individuals had been included. Furthermore, surgery was deferred in individuals with poor general condition or complications such as severe infection, which may have contributed to the lower proportion of CFs relative to IFs, as bedridden individuals have increased susceptibility to infection and functional decline.




5. Conclusions


The chronological analysis demonstrated that the later time period was associated with more favorable 1-year overall survival following fracture surgery for metastatic long bone disease. Although individuals in period 2 were older, the proportion of prophylactic surgery for IF did not differ between the two periods. Increasing the ratio of impending to CFs surgeries remains essential, as earlier intervention has the potential to further improve prognosis in individuals with pathological fractures.
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Figure 1. Study design. 
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Table 1. Demographic data.
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	Characteristics
	Period 1 (08–16)

n = 88 (%)
	Period 2 (17–23)

n = 98 (%)
	p Value



	Age
	61.2 ± 1.5
	66.0 ± 1.4
	0.02



	Female
	43 (48.9)
	43 (43.8)
	0.49



	Body mass index
	21.5 ± 0.4
	21.9 ± 0.4
	0.48



	Katagiri score
	
	
	



	  A
	22
	17
	0.38



	  B
	46
	59
	



	  C
	20
	22
	



	Primary cancer
	
	
	



	  Lung
	21
	26
	0.24



	  Breast
	22
	15
	



	  Renal cell carcinoma
	8
	16
	



	  Others
	37
	41
	



	Multiple bone metastasis
	49 (55.7)
	31 (31.5)
	0.01



	Organ metastasis
	48 (54.5)
	43 (43.9)
	0.25



	ECOG PS
	
	
	



	  0–2
	72
	74
	0.30



	  3–4
	16
	24
	







Mean ± standard error; ECOG PS, Eastern Cooperative Oncology Group Performance.













 





Table 2. Perioperative information.






Table 2. Perioperative information.











	
	Period 1 (08–16)

n = 88 (%)
	Period 2 (17–23)

n = 98 (%)
	p Value





	Fracture type
	
	
	



	  Impending pathological fracture
	46
	52
	0.91



	  completed pathological fracture
	42
	46
	



	Skeletal stabilization
	
	
	



	  internal fixation
	63
	72
	0.77



	  endoprosthesis
	25
	26
	



	Recovery of ambulation, %
	72 (81.8)
	79 (80.6)
	0.83



	Home discharge, %
	51 (58.0)
	64 (65.3)
	0.31



	Perioperative radiotherapy, %
	46 (52.2)
	38 (38.8)
	0.07



	Postoperative chemotherapy, %
	38 (43.2)
	39 (39.8)
	0.64










 





Table 3. Cox proportional models for 1-year overall survival in patients after fracture surgery for long bone metastasis.
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Univariate Analysis

	
Multivariate Analysis *






	

	
HR (95% CI)

	
p value

	
HR (95% CI)

	
p value




	
Period 2

	
0.85 (0.56–1.24)

	
0.46

	
0.57 (0.35–0.94)

	
0.02








* Adjusted by age, sex, body mass index, fracture type, ECOG PS, Katagiri score, skeletal stabilization HR: Hazard ratio, CI: confidence interval.
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