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The pathophysiology of cancer-induced bone pain: current
understanding
Catherine Urch Royal Marsden Hospital, Fulham Road, Chelsea, London

Cancer-induced bone pain (CIBP) is a common clinical problem. Although treatment has
been revolutionised in the past 10 years with the introduction of bisphosphonates, pain
arising spontaneously or from movement, remains a leading cause of unresolved pain in
many patients. Until recently little was understood about the peripheral and central
mechanisms of bone pain. Insight into the mechanisms of osteoblast and osteoclast
activation, via receptor activator for nuclear factor kB (RANK) dependent and independent
mechanisms and a re-evaluation of primary afferent terminals within bone have led to a
suggestion that CIBP may be a mixture of inflammatory and neuropathic stimuli. The
recently published animal model of localised but progressive bone destruction has allowed
greater insight into the peripheral and dorsal horn pathophysiology, which hitherto was
precluded. Immunocytochemical markers of neurotransmitters and receptors indicate that
CIBP has unique characteristics, unlike neuropathy or inflammation. Evidence for an
increased excitability within the dorsal horn, and especially Lamina I, and possible
mechanisms underlying this unique pain state will be discussed. Palliative Medicine
2004; 18: 267¡/274
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Introduction

Bone pain arising from a primary bone sarcoma, or
metastatic spread from a carcinoma, is a common sequel
in disease progression. Bone metastases are a common
cause of cancer-related pain, with metastatic cancer
invading bone in 60¡/84% of cases.1 ¡ 3 Cancer-induced
bone pain (CIBP) has been shown to correlate with an
increased morbidity, reduced performance status, in-
creased anxiety and depression, and a reduced quality
of life.4 ¡ 6

CIBP consists of a triad of background pain, sponta-
neous pain and movement-induced (incident) pain.7,8

The background pain is described as a constant dull ache
and increases in intensity over time.2 The intermittent
episodes of intense pain occurring spontaneously or upon
movement/weight-bearing come under the umbrella
heading of ‘breakthrough pain’, but must be differen-
tiated from end-of-dose failure, a new acute pain or a
recrudescence of the background pain.6 Unfortunately in

the literature incident pain is often not differentiated
from breakthrough pains or cancer pain, making inter-
pretation of data relating to the efficacy of treatment
difficult. Portenoy reported that more than 50/90 inpa-
tients with advanced cancer had breakthrough pain,4

whilst Banning more specifically reported a series of 200
ambulatory cancer patients with more than 90% experi-
encing pain on moving.9 Within a hospice population
93% of 242 consecutive admissions reported episodic
pain related to weight bearing pain. Two thirds were
cancer related (1/3 were due to concurrent noncancer
disease) and satisfactory analgesia was achieved in only
54% of cases.10 The development of a Breakthrough Pain
Questionnaire is an attempt to characterise the acute
pain flares,6 thereby allowing subanalyses of movement-
induced, spontaneous or end-of-dose failure pains.
However this questionnaire, whilst easy to use, is not
yet validated.

Current therapeutic options

Current analgesic therapies for CIBP have not altered
significantly in over a decade, since the introduction
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of bisphosphonates. Treatment is multimodal and in-
cludes systemic analgesics (opioids, nonsteroidal
anti-inflammatory drugs (NSAIDs)), bisphosphonates,
anti-tumour chemotherapy, radiotherapy, systemic radio-
isotopes, local surgery, and anaesthetic techniques.11 ¡ 14

The use of NSAIDs in CIBP has been questioned due to
the lack of evidence. However, there is no published trial
of NSAID efficacy specifically in incident pain. The
three randomised trials of NSAIDs in cancer pain do not
separate out bone metastases, and six nonrandomised
trials mention bone metastases but do not record
incident pain.15 ¡ 23 The newer COX II specific inhibitors
may be of greater therapeutic potential, due to their
anti-tumour/anti-angiogenesis properties.24,25 In an ani-
mal model of CIBP acute treatment with a highly
selective COX II inhibitor attenuated both back-
ground and movement-induced pain, whilst chronic
treatment in addition reduced tumour burden and
osteoclast destruction.26 Opioid based therapy remains
the basis for most analgesia in CIBP. Whilst these
regimens often attenuate the background (tonic) pain,
the doses are insufficient to ameliorate incident or
spontaneous pain. An increased dose sufficient to
attenuate movement-induced pain produces unacceptable
side effects at rest.

Bisphosphonates and local radiotherapy are both
powerful agents in reducing CIBP. Bisphosphonates
were primarily used to treat hypercalcaemia (from excess
bone resorption) and more recently CIBP.27 A recent
review indicated that regular use of bisphosphonates
reduced the number of skeletal related events in numer-
ous cancers.28 Briefly their mode of action is to inhibit
the recruitment and activation of osteoclasts, increase
osteoprogeterin levels, induce apoptosis, inhibit cancer
cell proliferation, reduce cytokine production and me-
talloproteinase secretion.29 ¡ 32 A Cochrane review of the
clinical efficacy of bisphosphonates for pain relief in
metastatic bone disease suggested that there was some
evidence for their use as analgesics, although the effect
was delayed. The number needed to treat to achieve 50%
pain relief at 4 weeks was 11, falling to 7 at 12 weeks.13

External beam radiotherapy, whether single or multiple
fractions, produced 50% pain relief in 41% of patients
and complete pain relief at one month in 25% of
patients.12

The current therapeutic regimens leave up to 45%
of patients with inadequate and undermanaged
pain control.33 ,34 The lack of novel therapies is in part
due to a lack of understanding of the mechanisms
underlying the pathophysiology of CIBP. It was not until
1999, when a novel method of inducing CIBP in an
otherwise well animal was published, that the unique
peripheral and central pathophysiology could be investi-
gated.

Animal models of CIBP

Until the late twentieth century all animal models of
CIBP had relied on the systemic injection of carcinoma
cells, which resulted in systemically unwell animals and
random and multiple sited bone deposits. In 1999, Schwei
et al. reported a method of local infusion of cancer
(osteosarcoma cells) into a single bone, with no systemic
spread of the cancer. The sarcoma cells were injected into
the medulla of a mouse femur, with control groups of
sham operated (media only injected). Over the subse-
quent 21 days the animals with sham medulla injection
showed no signs of spontaneous or movement-induced
pain. However, the animals receiving the intramedullary
injection of sarcoma cells displayed progressively severe
nocifensive behaviour which correlated with a progressive
destruction of the femur.35 The animals remained well,
with good weight gain. The model has been developed to
include the use of breast carcinoma cells within the rat
tibia and fibrosarcoma, melanoma or adenocarcinoma
cells within the mouse humerus or femur.36,37 The animal
model parallels the clinical course of bone metastases,
with progressive bone destruction leading to a patholo-
gical fracture (Figure 1), accompanying progressive
limping, guarding, spontaneous flinching and vocalisa-
tion on palpation, reduced movement, secondary hyper-
algesia and allodynia (Figure 2). In addition the response
to systemic opioids in this mouse model was similar to
that found in humans: when compared with inflamma-
tion induced pain the attenuation with morphine was
reduced.38

Why is tumour-induced bone destruction
painful?

Primary afferents
In the past it was suggested that tumour-induced bone
pain may be due to vascular occlusion, compression of
the bone or peripheral nerve or due to mechanical
instability. However these failed to consider the basic
mechanisms of nociceptor activation, transmission, or
primary and secondary sensitisation. Primary afferent
nerve fibres transmit non-noxious (Ab fibres) and
noxious stimuli (Ad and C fibres) to the dorsal horn of
the spinal cord. There the signals undergo extensive
modulation, both excitatory and inhibitory before being
relayed to higher centres in the brain.

Recently it has been demonstrated that the periosteum
and the mineralised bone are richly innervated by
primary afferents, Ad expressing neuropeptide Y
(NPY), vasoactive intestinal peptide (VIP) and neuro-
peptidergic C fibres expressing calcitonin gene related
peptide (CGRP), vallinoid receptor (VR1) and sympa-
thetic neurones (SNS).39 ¡ 44 Neuropeptides such as VIP,
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CGRP and substance P (SP) and glutamate have been
implicated in bone metabolism, and neonatal abolition of
C fibres and SNS resulted in a 21% and 45% reduction in
bone surface osteoclasts.41,45 ¡ 47

Proexcitatory factors released within the bone
Tumours invading and growing within the medullary
space of the bone interact and activate primary afferent
fibres, alter osteoblast/osteoclast balance and induce a
pronounced inflammatory infiltrate. Tumour cells have
been shown to release a host of growth factors (i.e., nerve
growth factor, NGF), cytokines (i.e., tumour necrosis
factor (TNF), interleukin (IL)-1, IL-6), chemokines,
prostanoids, endothelins, reduce the pH to below 5 in
their vicinity and directly deform primary afferents.48 ¡ 53

The paracrine interactions between tumours and periph-
eral nerves are crucial to understand the mechanisms of
peripheral nociceptor activation.

Prostanoids are proinflammatory derivatives of ara-
chidonic acid, are formed by the action of cyclo-
oxygenase (COX) and are secreted by both cancer cells
and invading immune cells. Prostanoids have been
demonstrated to activate prostanoid receptors on pri-
mary afferents and induce pain behaviours.1,54 ,55 The
inhibitory actions of NSAIDs and selective COX II
inhibitors at the COX isoforms, underlie the theoretical
basis for their use as analgesics in CIBP.26

Cytokines are small soluble proteins that activate
receptors in autocrine and paracrine actions to produce
numerous reactions and are divided into families: such as

Figure 1 Three scanning electron micrographs taken at day 7 (½/33 magni�cation), 10 (½/66 magni�cation) and 17 (½/7
magni�cation) post-MRMT-1 cancer injection. By day 7 there is no sign of osteoclast action (arrow). New bone formation,
osteoblast activation, was present at the site of the injection for both cancer and sham injection. By day 10, the trabeculae
appear ragged, indicating osteoclast activation (arrow). By day 17 profound osteoclast activation is evident, resulting in fracture
of the bone. Extensive periosteal osteoblast activation is evident.
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the TNF-receptor family or chemokine receptor family.
Cytokines are known to be involved in the generation
and maintenance of inflammatory and neuropathic pain
and have been shown to be released in cancer cell
assays.52,56 ¡ 60

In addition to their vasoconstrictor actions, endothe-
lins (ET) promote pain behaviours when applied to the
sciatic nerve, induce nociception via the endothelin
receptors in inflammatory pain and are involved in
tumour cell signal transduction, mitogenesis, endothelial
cell growth and angiogenesis and are a potential ther-
apeutic target.61 ¡ 63 In a mouse model in which osteolytic
connective tissue carcinoma was injected into and onto
the calcaneous bone, the mouse demonstrated a peak in
pain on day 10 which correlated with an increase in ET-1
secretion. Further a blockade of the ETA receptor
reduced nociceptive behaviour.64 In humans prostate
carcinoma has been shown to express high levels of
endothelins, the plasma level of which correlates with the
severity of pain.65,66

Osteoclast activation: acidosis and RANK
Osteoclasts descend from the monocyte lineage and are
terminally differentiated multinucleated cells, which act
to resorb bone from the bone surface. Osteoclast forma-
tion and activation requires macrophage colony stimulat-

ing factor (M-CSF) and the interaction between the
receptor activator for nuclear factor kB (RANK) ex-
pressed on osteoclast precursors with RANK ligand
(RANK-L) expressed on several cell types including
osteoblasts and an acid environment (pHB/6).67 ,68

The RANK¡/RANK-L interaction is crucial for nor-
mal balanced activation of osteoclasts secondary to
osteoblasts. To limit the forward feeding cycle, osteo-
blasts also secrete a cytokine, osteoprotegerin (OPG),
which binds and sequesters RANK-L,67 ,69,70 preventing
RANK and therefore osteoclast activation.71 Following
the invasion and growth of tumour cells within the bone
medulla, an imbalance in osteoclast¡/osteoblast activa-
tion is induced. Invading activated T cells and cancer cells
secrete RANK-L and may also sequester OPG.72,73 In
one study, 225 patients with myeloma were shown to have
serum OPG levels 18% lower than normal controls,
compared to raised OPG levels in Hodgkin’s/non-Hodg-
kin’s lymphoma; the former having extensive painful
metastases in contrast with the latter.74 ,75

OPG is a potentially interesting target for analgesia in
CIBP. In the mouse model of CIBP, OPG given
subcutaneously from day 5 to 17 postsarcoma infusion,
produced a significant attenuation of bone-cancer in-
duced pain and virtually eliminated bone destruction.76

Several other authors also report the efficacy of OPG,
OPG-Fc fusion protein or inhibitory RANK antibodies
to treat osteolytic metastases and reduce tumour-asso-
ciated bone pain.72 ,77 ¡ 79 In addition OPG-Fc fusion
protein has been administered to humans, postmenopau-
sal women or patients with myeloma, with minimal side-
effects and a significant reduction in markers of bone
turnover equivalent in its effect to intravenous pamidro-
nate.72

Cancers generate an acid environment both intra- and
extracellularly. An accumulation of acid metabolites,
ischaemia, apoptosis and phagocytosis induces the local
acidosis, which in turn can directly activate nociceptors
such as acid sensing ion channels (ASIC) such as VR1
(senses pHB/6), and the ASIC 3.80 ¡ 82 ASICs have been
demonstrated to colocalise with CGRP, in small diameter
primary afferents, such as those that innervate bone.83

The enhanced low pH allows resorption of bone by
osteoclasts which in turn contribute to the bone destruc-
tion (as seen in Figure 1) and direct destruction of
primary afferent fibres.35

Dorsal horn changes
Information from animal models of CIBP suggests that
the dorsal horn of the spinal cord undergoes significant
alterations. Immunocytochemical results in the mouse
osteosarcoma model indicated that the alterations in the
dorsal horn were unique and different from that seen in
inflammatory and neuropathic pain. These changes
included astrocyte hypertrophy and upregulation of

Figure 2 The temporal development of mechanical allody-
nia/hyperalgesia of the hindpaw of rats receiving intratibial
injection of MRMT-1. Rats show brisk withdrawal responses
of the ipsilateral hindpaw to stimulation with von Frey 1 g
(closed circle) and 5 g (closed diamond) signi�cantly different
(*PB/0.05) to responses of the contralateral hindpaw (1 g ¡/

open circle, 5 g ¡/ open diamond) from day 11 onwards.8 5

Inlay graph, animals exhibit an increase in ambulation-
evoked pain scores, developing from day 9 onwards and
correlating closely with the time course for development of
mechanical allodynia seen with von Frey 1 g and 5 g (these
are the median values for 16 rats). Each data point represents
the mean9/SEM for between 6 and 26 animals.85
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dynorphin.77 ,84 Evidence for central sensitisation (altera-
tions within the dorsal horn leading to a proexcitatory
state) was found in the increased expression of c-fos and
internalisation of SP-NK1 receptor complex after nox-
ious stimuli in advanced CIBP.84

In addition, in vivo electrophysiology of individual
dorsal horn neurones have indicated a profound change
and increased excitation within Lamina I and V.85 Whilst
deep wide-dynamic range neurones had significantly
increased C fibre and postdischarge responses to elec-
trical and mechanical stimuli, Lamina I neurones ex-
hibited a greater alteration which has not been reported
in either inflammation or neuropathy. Lamina I neurones
can be divided into those that respond to only noxious
stimuli (nociceptive specific, NS) or those that respond to
both innocuous and noxious stimuli (wide-dynamic
range, WDR). In normal dorsal horn the ratio of
NS:WDR is 75%:25%, however in the rat breast cancer
model of CIBP, the ratio alters to 53% NS:47% WDR. In
addition the WDR neurones show an increased response
to electrical and mechanical stimuli (Figure 3).85 This
alteration in Lamina I responses has in addition been
shown to parallel the behavioural development of
hyperalgesia and allodynia.86 Inputs into the dorsal
horn are relayed to higher centres in the brain via
numerous pathways; in turn descending pathways both

excitatory and inhibitory modify further the dorsal
horn.87

Conclusion

After decades of being ignored, CIBP is coming to the
forefront of pain research. The development of an animal
model whereby the animals remained well, with localised,
reproducible pain development which closely parallels
the human situation, has allowed elucidation of some of
the basic mechanisms that may underlie this pain state.
Clinicians managing CIBP will not be surprised by the
above results, suggesting that this is a unique pain state.
This type of pain, severe with rapid onset often with
movement, has been difficult to effectively treat with
common analgesics.

CIBP is a complex pain state, arising via activation and
ultimately destruction of the primary afferents within
bones. These can be stimulated directly by prostaglan-
dins, cytokines, protons, endothelins, growth factors,
nitrous oxide, ATP and many more mediators secreted
by cancer cells and the invading immune infiltrate.
Increased activation of osteoclasts via RANK:RANK-
L and acidosis, contributes to the gross destruction of the
bones, leading ultimately to pathological fractures. The

Figure 3 The pie charts show the change in percentage of NS and WDR neurones in Lamina I in response to the injection of
MRMT-1 cancer cells. WDR cells comprise 26% in normal and sham injected animals, however this increases to 47% post
MRMT-1 injection. The top graph shows the response of lamina I cells to noxious electrical stimuli. The input (response to the
�rst stimuli), the C �bre evoked response (to a train of 16 stimuli) and the postdischarge evoked response are all signi�cantly
increased in the MRMT-1 injected group as compared to the sham (*PB/0.05, ANOVA). The lower graph summarises the
responses of the Lamina I WDR neuronal response to increasing mechanical stimulation with Von Frey �laments. The mean in
the MRMT-1-injected rats (closed circle) was signi�cantly greater (*PB/0.05, ANOVA) than the neuronal responses of sham
operated animals (open circle) between von Frey 5 g and 75 g.85
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unique features of the clinical pain triad (tonic, incident
and spontaneous pain) in CIBP are paralleled in the
animal models, which in turn are mirrored in the unique
alterations of neurones and astrocytes within the dorsal
horn of the spinal cord.

The animal models have also been used to evaluate
novel analgesics to treat CIBP pain, such as OPG and
endothelin-1 antagonists. In addition, drugs which target
cells within the dorsal horn, such as astrocyte inhibitors
and drugs used to treat neuropathic pain such as
gabapentin may yield therapeutic benefit. The future
treatments of incident pain will no doubt be as unique as
the pain pathophysiology itself.
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