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Abstract

Bone metastases are a frequent and clinically consequential manifestation of advanced malignancy, contributing signifi cantly to pain, 
skeletal-related events like fractures and impaired quality of life. With improvements in systemic therapies, patients are living longer with 
metastatic disease, making optimal management of bone metastasis a major determinant of morbidity and quality of life. Radiotherapy 
remains a central component of treatment, evolving from purely palliative intent to a modality capable of durable local control in selected 
patients.

This narrative review synthesizes evidence from randomized trials, observational studies, translational research and contemporary 
international guidelines. It addresses the classifi cation, prognosis and multimodality treatment of bone metastases, with particular 
emphasis on radiotherapy.

Bone metastases arise via a complex tumor–bone microenvironment interactions and present as osteolytic, osteoblastic or mixed lesions. 
Management requires a multidisciplinary approach integrating systemic therapy, bone-modifying agents, interventional procedures or 
radiotherapy. Conventional external beam radiotherapy (EBRT) provides reliable pain palliation, while stereotactic body radiotherapy 
(SBRT) off ers superior local control, reduced re-irradiation with potential disease-modifying eff ects in oligometastatic and selected 
high-risk patients.

Radiotherapy remains indispensable in the management of bone metastases. Contemporary evidence supports individualized treatment 
selection based on prognosis, disease burden keeping in mind the anatomical considerations, with increasing adoption of stereotactic 
techniques in appropriately selected patients.
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Introduction

Bone metastases is a category of cancer metastasis are seen with 
advanced cancer and represent a major source of pain, functional 
impairment and skeletal-related events (SREs). Historically 
regarded as an end-stage manifestation warranting symptomatic 
palliation alone, bone metastases are now increasingly encountered 
earlier and managed over prolonged disease courses due to 
advances in therapy. As emphasized by Clézardin and colleagues1, 
metastatic bone disease although incurable, but is frequently 

compatible with survival measured in years, particularly in breast 
and prostate cancer.

Radiotherapy has long formed the backbone of local management 
for bone metastases. Technological advances and improved 
understanding of disease biology have expanded its role beyond 
simple analgesia toward durable local control and selective disease 
modifi cation. This review provides a comprehensive overview of 
bone metastases, including defi nitions, biological mechanisms, 
classifi cation, prognosis and management strategies, with a 
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particular focus on the contemporary radiotherapeutic approaches.

2. Definition and Epidemiology of Bone Metastases

Bone metastases or osseous metastatic disease is defined as the 
invasion and growth of malignant cells within the bone and bone 
marrow microenvironment originating from a distant primary 
tumor.1-3 Autopsy and clinical series demonstrate high rates of 
skeletal involvement in breast and prostate cancers (approximately 
70%), followed by lung, renal, bladder and thyroid malignancies. 
Tsukamoto et al. noted that improved cancer survival has led 
to a steady rise in the prevalence of metastatic bone disease 
worldwide.2

Clinically, bone metastases are associated with pain, pathological 
fractures, spinal cord compression and hypercalcemia, contributing 
substantially to morbidity and healthcare utilization. Dong et al. 
demonstrated that baseline bone metastases independently predict 
inferior progression-free and overall survival in metastatic non-
small cell lung cancer treated with immune checkpoint inhibitors, 
underscoring their prognostic relevance.3

3. Biological Basis of Bone Metastasis

The contemporary understanding of bone metastasis extends 
beyond Paget’s classical “seed and soil” hypothesis, recognizing 
bone as a biologically active organ with specialized vascular, 
immune and stromal niches that regulate metastatic colonization 
and progression.4,5 Mechanistic work summarized by Satcher5 and 
Clézardin et al.1 describe bone metastasis as a multistep process 
involving tumor cell dissemination, homing to bone marrow 
niches, cellular dormancy and eventual reactivation.

Tumor cells may colonize pre-metastatic niches through 
interactions with the bone matrix even before the primary tumor 
becomes clinically apparent.6 Hematogenous spread is facilitated 
by the Batson vertebral venous plexus, a valveless vascular 
network linking the breast, lung, prostate, kidney and thyroid to 
the axial skeleton, accounting for the predilection for metastases 
in the pelvis, vertebrae, ribs and metaphyses of long bones.6,7

Post colonization, disseminated tumor cells can persist in a 
dormant, radiologically occult state for prolonged periods. Once 
activated, tumor–bone interactions drive a vicious cycle wherein 
tumor derived factors like prostaglandin E, TGF-α, TGF-β, 
TNF and interleukins promote osteoclast activation, uncoupled 
osteoclast–osteoblast regulation, osteoclast-mediated osteolysis, 
extensive lytic disease and malignancy-associated hypercalcemia. 
Importantly, bone metastases may also serve as reservoirs for 
secondary dissemination into distant organs, underscoring their 
systemic biological significance.5-7

4. Classification and Types of Bone Metastases

Bone metastases are commonly classified according to radiographic 
and biological characteristics.6-8

4.1 Osteolytic Metastases

Osteolytic lesions result from predominant osteoclast activation 
and bone destruction and are typical of non-small cell lung 
cancer, Non-Hodgkin lymphoma, renal cell carcinoma multiple 
myeloma and Langerhans cell histiocytosis. These lesions carry 
a high risk of pathological fracture and spinal instability. Liakouli 
et al. demonstrated radiographic remineralization following 

radiotherapy, particularly with multifractionated regimens, in 
osteolytic disease.8

4.2 Osteoblastic Metastases

Osteoblastic metastases are characterized by abnormal new bone 
formation and are classically associated with prostate cancer, 
carcinoid, small cell lung cancer, Hodgkin lymphoma and 
medulloblastoma. Despite their sclerotic appearance, these lesions 
are mechanically weak and clinically significant.

4.3 Mixed Lesions and Disease Burden

Many tumors produce mixed lytic–blastic lesions, like the breast 
cancer, squamous cell skin cancer, hepatocellular carcinoma, 
testicular and ovarian cancer.

5. Symptoms and Signs

Osseous metastatic disease cause significant morbidity. They 
commonly presenting with progressive bone pain characterized 
by a dull ache, unpredictable episodes of breakthrough pain. Pian 
is often worse at night and only partially relieved by activity.9 
Lesions in weight-bearing bones become symptomatic earlier 
than those in flat bones.9

Ongoing skeletal involvement may lead to pathological fractures, 
spinal instability, spinal cord or cauda equina compression, cranial 
nerve palsies, reduced mobility, anemia due to marrow suppression 
and hypercalcemia of malignancy. These major complications are 
collectively termed skeletal-related events (SREs).7,9

6. Disease Burden and Prognostic Factors

Beyond morphology, metastatic burden (oligometastatic or 
polymetastatic disease) has important prognostic and therapeutic 
implications. Evidence from the STAMPEDE analysis by Ali et 
al. demonstrated that aggressive local therapy confers a survival 
benefit in prostate cancer patients with low metastatic burden.10 In 
this context, survival estimation becomes integral to radiotherapy 
decision-making, as expected prognosis directly influences 
treatment intent, dose–fractionation and technique.

Steinvoort-Draat et al.11 identified performance status, primary 
tumor type, extent of metastatic involvement, opioid requirement 
and the availability of post-radiotherapy systemic therapy as key 
predictors of survival in patients receiving palliative radiotherapy 
for bone metastases. Together, these factors provide a pragmatic 
framework for aligning radiation therapy with anticipated benefit 
and overall goals of care.

7. Multidisciplinary Management of Bone Metastases

Management of bone metastases is inherently multidisciplinary. 
Contemporary evidence from clinical, population-based and 
translational studies emphasizes the complementary roles of 
systemic therapy, bone-modifying agents, surgery, interventional 
techniques alongside radiotherapy.

7.1 Systemic Anticancer Therapy

Systemic therapy remains the principal determinant of overall 
survival in patients with bone metastases. As highlighted by 
Venetis et al.,12 the biological heterogeneity of bone metastases, 
particularly in breast cancer means that the outcomes are strongly 
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influenced by tumor subtype and responsiveness to endocrine, 
chemotherapy, targeted agents or immunotherapy. In metastatic 
non-small cell lung cancer, presence of bone metastases is 
associated with inferior outcomes despite immune checkpoint 
inhibition, underscoring that role of systemic disease control of 
paramount importance.3

Population-based evidence from Ren et al.,13 analysing patients 
with bone metastases of unknown primary origin, further 
supports this paradigm. In the cohort of over 1,200 patients, both 
chemotherapy and radiotherapy were independently associated 
with improved overall and cancer-specific survival, indicating that 
in biologically aggressive or diagnostically challenging disease, 
combined-modality treatment confers benefit.

7.2 Bone-Modifying Agents

Bone-modifying agents, including bisphosphonates and 
denosumab, play a critical role in reducing skeletal-related events 
and improving quality of life. As reviewed by Clézardin et al.1 
and Venetis et al.,12 these agents disrupt the osteoclast-mediated 
vicious cycle central to bone metastasis progression. Makita et 
al.14 identified absence of bone-modifying agents as an adverse 
predictor of local control following radiotherapy in lung cancer, 
highlighting their synergistic role in local disease management. 
Although survival benefits with these agents are inconsistent, their 
integration with systemic therapy and radiotherapy is standard in 
patients with adequate life expectancy and renal function.

7.3 Surgical Management

Surgical intervention is primarily indicated for mechanical 
instability, impending or established pathological fractures 
and neurological compromise, with contemporary guidelines 
emphasizing functional and neurological benefit rather than 
oncologic control alone.16,17 Postoperative radiotherapy is routinely 
employed to improve local control and reduce recurrence around 
fixation hardware, particularly in spinal and long-bone metastases.

Minimally invasive interventions like vertebroplasty, kyphoplasty, 
radiofrequency ablation and embolization serve as valuable 
adjuncts in selected patients. They offer rapid pain relief, structural 
stabilization and local tumor control, especially in those who 
are poor surgical candidates or require urgent palliation.18 These 
techniques are most effective when integrated with radiotherapy 
rather than used in isolation.

8. Radiotherapy for Bone Metastases

Within this multimodal framework while systemic anticancer 
therapy remains the principal determinant of overall survival, 
bone-modifying agents reduce skeletal-related events and improve 
quality of life, radiotherapy remains the most versatile and widely 
applicable local treatment. It provides durable symptom relief, 
local control and a potential biological advantage when delivered 
early as part of integrated care in selected high-risk patients.

8.1 Mechanism of Action

Radiotherapy acts in bone metastases primarily through 
direct tumor cytoreduction and disruption of the tumor–bone 
microenvironment. Ionizing radiation induces lethal DNA 
damage in tumor cells, leading to reduced tumor burden and 
rapid alleviation of pain through decreased periosteal tension, 
neural compression and inflammatory mediator release.15-17 

Beyond cytotoxicity, radiotherapy interferes with the self-
perpetuating “vicious cycle” of bone metastasis.1 By reducing 
tumor cell signaling and osteoclast activity, radiotherapy attenuates 
this feedback loop, contributing to disease stabilization and 
radiographic remineralization, main in osteolytic metastases.1

Emerging data suggest that radiotherapy may also modulate the 
metastatic niche and immune microenvironment within bone.5,18 
Direct experimental evidence is provided by Zhang et al., had 
demonstrated effects were associated with reduced neutrophil 
infiltration and increased cytotoxic T-cell populations.18 Although 
clinical validation of these mechanisms remains sparse, these 
findings support a broader role of radiotherapy beyond palliation. 
It provides a rationale for exploring optimal timing, fractionation 
and integration with systemic therapies.

8.2 Evidence From Randomized and Observational Studies

Makita et al.19 reported six and twelve month local control rates of 
87.7% and 86.8%, respectively, in lung cancer related osteolytic 
bone metastases treated with palliative radiotherapy. Improved 
outcomes were associated with moderate dose escalation (BED 10- 
Biologically Effective Dose >39 Gy) in selected patients. Harada 
et al.,16 in their prospective multi-institutional observational study 
of 224 patients, demonstrated pain relief in 52% at two months, 
low rates of severe toxicity (4%), and a six month overall survival 
of 70%, reflecting real-world practice.

Imano et al.17 demonstrated an 88% pain response rate following 
a single fraction 8-Gy radiotherapy, reinforcing the robustness of 
hypofractionated schedules for palliation. Ren et al.,13 analyzed over 
1,200 patients with bone metastases of unknown primary origin, 
reported a one year overall survival of 14.5%. Radiotherapy was 
independently associated with improved survival, underscoring 
its relevance even in aggressive disease subsets. Translational 
evidence from Zhang et al.18 showed that early fractionated 
radiotherapy in a murine breast cancer bone metastasis model 
suppressed local tumor growth, reduced secondary lung metastases 
and prolonged survival through favourable immune modulation.

8.3 Conventional External Beam Radiotherapy

Conventional EBRT remains the standard for palliation of 
painful bone metastases. Randomized trials demonstrate 
equivalent pain relief between single-fraction (8 Gy single) and 
multifraction regimens (20 Gy in 5 fractions or 30 Gy in 10 
fractions). Contemporary guidelines, including the 2025 SFRO 
update summarized by Martz et al., recommend single-fraction 
radiotherapy for uncomplicated painful metastases, particularly 
in patients with limited life expectancy. Multifraction regimens 
remain appropriate postoperatively, in spinal cord compression 
or when long-term local control is desired.19

8.4 Stereotactic Body Radiotherapy

SBRT represents a major evolution in bone metastasis management. 
By delivering high biologically effective doses with steep dose 
gradients, SBRT achieves superior local control and reduced 
re-irradiation rates. Randomized data comparing stereotactic 
and conventional techniques are limited. The phase III NRG 
Oncology/RTOG 0631 trial by Ryu et al.20 compared single-
fraction stereotactic radiosurgery (16–18 Gy) with conventional 
radiotherapy (8 Gy including adjacent levels) in patients with 
one to three vertebral metastases. Pain response at three months 
favored conventional radiotherapy (60.5% vs 41.3%), with no 
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significant differences in toxicity, vertebral compression fracture 
rates or spinal cord complications. These results confirm that SRS 
does not improve short-term pain control but do not negate its 
role in selected patients where durable local control is prioritized. 
As survival improves, re-irradiation is increasingly encountered. 
Current guidelines position SBRT as the preferred approach 
for oligometastatic disease, re-irradiation and selected painful 
lesions.18-20 Emerging evidence supports prophylactic radiotherapy 
for selected high-risk asymptomatic lesions to prevent SREs, 
representing a shift toward preventive strategies.19

Table 1. Radiotherapy techniques and fractionation schedules for 
bone metastases

Clinical sce-
nario

Preferred 
approach

Typical dose–
fractionation

Key considera-
tions

Uncomplicated 
painful metas-
tasis

cEBRT 8 Gy ×1; 20 
Gy/5#; 30 
Gy/10#

Single fraction 
favored for limited 
prognosis

Postoperative 
stabilization

cEBRT 20–30 Gy in 
5–10#

Reduces recurrence 
around hardware

Spinal cord 
compression

cEBRT ± 
surgery

30 Gy/10# Guided by neuro-
logic status and 
prognosis

Oligometastat-
ic disease

SBRT BED10 ≥100 
Gy (e.g., 24 
Gy/2#)

Requires precise 
planning and im-
mobilization

Re-irradiation SBRT or 
IMRT

Individualized Attention to cumu-
lative spinal cord 
dose

High-risk 
asymptomatic 
lesion

SBRT or 
hypofrac-
tionated 
EBRT

Variable Emerging preven-
tive indication

Table 1. Adapted and synthesized from contemporary international guidelines and 
published evidence, including Martz et al. (SFRO 2025),19 Shibata et al.,15 Ryu et 
al.,20 Makita et al.,14 Harada et al.16 and Imano et al.17

9. Clinical Implications and Future Directions

Osseous metastases represent a biologically heterogeneous 
spectrum rather than a uniform terminal event. Patient selection 
is based on prognosis, disease burden and expected survival is 
central to optimize radiotherapy benefit. Single-fraction cEBRT 
remains appropriate for patients with limited life expectancy, 
SBRT and multifraction regimens provide durable local control 
in selected patients with longer survival.

Future work should focus on standardized endpoints beyond 
pain relief. Integration of radiotherapy with systemic and 
immunotherapeutic agents and identification of biomarkers to 
guide personalized treatment is warranted in current senarious. 
Translational insights into tumor–bone and immune interactions 
may further redefine the timing and intent of radiotherapy.

Conclusion

Bone metastases represent a complex and clinically significant 
manifestation of systemic cancer. As systemic therapies continue to 
improve survival, radiotherapy remains central to the management, 
evolving from purely palliative treatment to a nuanced, stratified 
approach incorporating SBRT, re-irradiation and preventive 
strategies in selected patients. The role of radiotherapy in 
maintaining quality of life and achieving durable local control 

will continue to expand.
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