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A bad break: mechanisms and assessment of acute
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Abstract \
Pain is one of the primary indicators of a bone fracture and serves both a functional and practical role in guiding recovery. However,

fracture pain can persist long after the fracture itself has clinically healed. The neural and molecular mechanisms that drive acute pain
postfracture, and how these mechanisms are pathologically usurped to trap patients into persistent, debilitating, and often difficult to
treat, chronic pain, are not well understood. The aim of this review is to provide insight into the risk factors for pain persistence after
fracture, review the physiological and pathophysiological mechanisms of fracture pain, and critically evaluate the literature around
fracture pain assessment techniques/models. Taken together, the concepts covered herein will provide a strong foundation to

support the development of more effective treatments to better alleviate postfracture pain.
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1. Introduction

Fractures, especially those that fail to heal properly, are one of the
most common injuries worldwide, with The Lancet Global Burden
of Diseases reporting 178 million new fractures and 445 million
prevalent fractures in 2019.% Global instances of nonunion, the
failure of a broken bone to heal, are estimated between 8% and
14% with higher instances in patients with concomitant injuries,
comorbidities (aging, diabetes, obesity), and those occurring in the
lower extremity.25285° The diagnosis of either delayed fracture
healing or nonunion is made clinically after 6 to 12 months based
on the persistence of a fracture line on plain radiographs and pain
or instability with weight bearing. The growing prevalence of
osteoporosis associated with the rapidly aging global population is
expected to substantially increase the prevalence of both fractures
and nonunion over the next decade.®* % The standard treatment
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to address these scenarios of poor fracture healing is surgical
intervention, which is associated with significant medical costs and
loss of societal productivity. Comparing quality-of-life scores
among patients suffering from chronic health conditions, patients
with  nonunions scored worse than all the musculoskeletal
conditions and as the third worst of all chronic conditions, only
behind Parkinson disease and paralysis. '8+208:250

Pain is a multifaceted coordinator of the physical and biological
healing response and is defined by the International Association
for the Study of Pain (IASP) as “an unpleasant sensory and
emotional experience associated with, or resembling that
associated with, actual or potential tissue damage.”’ Reports of
the immediate pain experience after a fracture are surprisingly
variable, ranging from “little to none” to “severe” pain.'”10%220
Although patients with lower extremity fractures often present
with tenderness at the fracture site and pain during weight
bearing,2*? clinical pain scores per se are not indicative of the
presence of a fracture after injury.24:27°

Although unpleasant, pain immediately after fracture serves
a beneficial role as it discourages activity that may otherwise
propagate injury. Patients with congenital insensitivity to pain
have experienced lower extremity fractures that go unnoticed,
enabling premature weight bearing that has led to further bone
damage and subsequent deformities.®894175:207 Normally, as
lower extremity fracture healing progresses, there is a concom-
itant reduction in pain®” and an increase in weight bearing’213°
that lead to gradual improvements in gait-related parameters.2°°
In fact, this bone loading is a critical catalyst for the anabolic
phases of bone formation.'®2%9:253.266 pPain during weight
bearing beyond the normal healing window is a major clinical
indicator of incomplete or delayed healing.*”2%° In this context, if
the pain persists beyond 3 months, then it is diagnosed vaguely
as chronic pain.?** To alleviate persistent pain'®® and promote
healing,'® many patients will undergo multiple surgical interven-
tions, which are ranked among the most painful surgical
procedures a patient can undergo.®°
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Opioids and nonsteroidal anti-inflammatory drugs (NSAIDs) are
the standard of care treatment for postfracture pain.®" Non-
steroidal anti-inflammatory drugs effectively relieve musculoskel-
etal pain and work by inhibiting cyclooxygenase activity upstream
of the prostaglandins that trigger inflammation. However, several
prominent studies have found that NSAIDs can delay fracture
healing.82:2%0-2%% Despite the fact that other studies find the
evidence to be weak or contradictory,?%° in the United States, the
perceived risk has led to widespread avoidance of NSAIDs to
treat pain during fracture healing. This clinical perception has
resulted in opioids becoming the most prescribed and dispensed
pain medications used during fracture management. The number
and type of opioid prescribed varies by geographical region and
injury, but the published numbers are staggering. For example, 1
study found that among 41 different conditions associated with
acute pain, fractures had the highest opioid prescription rate in
patients with Medicaid (56.3%) and those who are privately
insured (44.8%)."®° In patients with ankle or hip fractures that
require surgery, over 60% fill prescriptions for opioids, and ~21%
of them still filed the prescription at 9 months postop.®%'34
Although the long-term effects of childhood treatment with
opioids are still unknown, recent evidence suggests that 37% to
51% of pediatric fractures treated in the emergency department
receive an opioid prescription. 42268

Although NSAID addiction is exceedingly rare,®® opioids have
garnered significant attention because of the associated risks of
substance misuse and long-term addiction, which have contrib-
uted to our current opioid epidemic.?"*4%1%2 |n recent years, there
has been a concerted effort from professional societies, such as
the IASP and the Orthopaedic Trauma Association, to produce
comprehensive guidelines and recommendations for multimodal
pain management protocols. These protocols are designed to
improve acute pain management and include adjunctive therapies
to reduce reliance on opioids.'® To date, however, whether these
protocols will transfer to the management of chronic fracture pain
has not been well studied. Taken together, current evidence-based
protocols for managing the spectrum of acute to chronic fracture
pain remain inadequate. The goal of this review article is to motivate
the development of novel therapies for managing fracture pain,
without inhibition of bone healing. This effort requires a compre-
hensive understanding of the mechanisms and pathophysiology of
the onset and persistence of pain after fracture.

2. Risk factors for chronic postfracture pain

Most often, acute pain subsides within a week or 2 of the fracture.®®
However, clinical studies have found that a substantial percentage of
patients (13.4%-90%) enter into a state of chronic pain, even in some
instances where there is radiological confirmation of fracture union
(Table 1)."157:78141.178257 Ghronjc postfracture pain can persist
and manifest as pain with loading/exercise, sensitivity to innocuous
stimuli (mechanical allodynia),?'? and/or shifting temperature sensi-
tivity (ie, thermal hyperalgesia).’"?®" Interestingly, heat sensitivity
occurs early after fracture, 8" whereas cold sensitivity predominates
at later time points.'®? The reason some fracture pain becomes
chronic remains poorly understood; however, both nonmodifiable
and modifiable risks factors have been identified. Nonmodifiable
factors include age over 65 years,®6°1189291 famaje sex,°"2°! and
intensity of acute pain.®629"2" Modifiable risks include smok-
ing, "% high body mass index/obesity,?" time to surgery, %"

of surgical procedure,®'?* and preoperative opioid use, 39201220
Lower socioeconomic status and psychosocial factors, such as high
anxiety, depression, and post-traumatic stress disorder, have also
emerged as strong predictors of chronic pain.2*®
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Despite otherwise normal fracture healing, up to 30% of tibiaand
radius fracture patients reported complex regional pain syndrome
(CRPS)."" Complex regional pain syndrome, previously called
reflex sympathetic dystrophy, which is characterized by severe
pain and inflammation accompanied by sensory, autonomic,
motor, and nutritional disturbances.®® The disease can range from
mild and self-limiting to chronic with functional impairment in daily
living.®” Complex regional pain syndrome is associated with an
abnormal host response to tissue injury and reportedly involves
multiple mechanisms. For example, the National Institute of Health
reports that over 90% of CRPS cases involve damage and
subsequent dysfunction of peripheral nerves, leading to altered
cutaneous blood flow and a variety of uncomfortable paresthe-
sia.'®” Altered sympathetic nerve activity, peripheral and central
sensitization, elevated local and systemic inflammatory cytokines,
and decreased systemic anti-inflammatory cytokines are other
proposed mechanisms involved in CRPS.8" 17"

3. Signaling pathways for fracture pain

The skeletal system is intricately innervated, playing a pivotal role
in nociception after fracture. This section describes the anatomy
and physiology of bone innervation, the pathophysiological
mechanisms underlying fracture-associated pain, and the path-
ways that may cause transition to chronic pain.

3.1. Bone innervation

Bone tissues are innervated by a combination of primary sensory
and autonomic nerves (Flg 1).22,37,60,104,117,124,161,163,233,260
The primary nociceptive sensory Ad and unmyelinated C fibers
are the most abundant nerves in bone.'®22%% Via projections to
the dorsal horn of the spinal cord, afferent fibers engage
interneurons and projection neurons that conduct nociceptive
signals to the brain, where pain perception is gener-
ated.'6:118:125:182.179.269 Tha A5 and C nerve fibers have distinct
electrophysiological and molecular characteristics. Ad afferents
transmit immediate sharp pain®2'%2%8 and conduct action
potentials at a high conduction velocity (10-20 m/s) as a result
of their thin myelination.’"16327 These fibers are defined
molecularly by the presence of tropomyosin receptor kinase A
(TrkA), the high-affinity receptor for a nerve growth factor (NGF),
and the intermediate neurofilament portion of the cytoskeleton
(neurofilament 200 kD, NF200).2%:64.65:152.193.241 Gonyersely, the
unmyelinated C fibers transmit long-lasting dull or burning
pain®%219.258 with a slow conduction velocity of 1 m/
§.12:147.168.252.279 (5 fibers can be split into 2 subpopulations,
peptidergic and nonpeptidergic.'® Peptidergic C fibers, like A3,
have TrkA receptors but are distinguished from A8 by their
synthesis of the neuropeptides substance P (SP) and calcitonin
gene—related peptide (CGRP).'2252282 These factors contribute
to not only nociception but also neurogenic inflammation and
vasodilatation,3748126:182.170.200 - gpacifically, the release of
CGRP and SP leads to an influx of proinflammatory cytokines in
the innervated area.'® Bone-innervating nonpeptidergic C fibers
can be distinguished by the binding of isolectin B4'%* and their
lack of markers commonly expressed in skin innervating counter-
parts, such as PoXs, a receptor channel, and MAS-related GPR
family member G (Mrgprd).'32 Nonpeptidergic C fibers have also
been shown to contribute to inflammatory-mediated pain after
bone fracture through purinergic signaling. '

Primary sensory nerves innervate the full thickness of the bone,
from the outer layer of the bone (the periosteum), through the dense
cortical bone, and into the inner bone marrow.#2119:152.144.185 T
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The incidence of chronic postfracture pain.

Incidence of chronic postfracture pain Type of fracture Author
13% Hip fracture with surgery Dasch et al.”"
64% Rib fracture Fabricant et al.”
19% Wrist or ankle fracture with surgery Friesgaard et al.”
51% Fragility fracture (vertebrae, hip, shoulder, wrist, Gheorghita et al®

other)

78% Lower extremity fracture Griffioen et al.*°
55% Tibial fracture with surgery Khan et al.'*!
20% Distal radius fracture MacDermid et al."®®
52% Fragility fracture (vertebrae, hip, wrist, other) Sale et al."®
90% Vertebral body fragility fracture Suzuki et al.>%*
45% Lower extremity fracture Van Wyngaarden et al.>*
60% Distal radius fracture with surgery Yoon et al.?*

periosteum is a highly bioactive thin fibrous tissue that covers most
of the bone surface and is broken with the fracture. Over 90% of A%
and C fibers are located in the inner cambium layer of the
periosteum and are organized into a mesh-like network where they
sense mechanical damage or distortion of the underlying cortical
bone.?0:182:172:233 |nterestingly, this cambium layer also contains
osteochondral progenitor cells, suggesting a potential interplay

between the nerve fibers and the stem cell niche, an hypothesis that
has yet to be fully explored.'#:52:192:241.243.247.269 Thg cortical bone
is similarly innervated by both A8 and C fibers, which pass through
Haversian and Volkmann canals alongside blood vessels. 12172
These fibers are also associated with blood vessels within the bone
marrow cavity.'®" A previous study reported that the relative density
ratio of sensory nerve fibers across the periosteum, cortical bone, to
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Figure 1. Schematic representation of the neural innervation in bone tissue. The figure highlights the pathways and types of nerve fibers involved in bone innervation,
including preganglionic and postganglionic sympathetic fibers (represented in purple and green, respectively) and primary sensory fibers (in blue). The figure illustrates
how A3 and C sensory fibers, as well as postganglionic sympathetic fibers, project to different bone regions, such as the periosteum and medullary cavity, and the
distribution of sympathetic adrenergic/cholinergic fibers. The table summarizes the relative densities of these fibers in cortical bone, periosteum, and the medullary
cavity, indicating higher densities of primary sensory fibers in the periosteum and sympathetic fibers in the medullary cavity. Created with BioRender.com.
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bone marrow cavity is 100:0.1:2.3” This value implies that the
periosteum is particularly sensitive to noxious stimuli because it is
innervated by the greatest relative number of sensory nerve fibers.

Bone is also innervated by cholinergic, acetylcholine releasing,
and adrenergic, norepinephrine or epinephrine releasing, sym-
pathetic nerve fibers.f%:9%:151:269 Thege postganglionic sympa-
thetic nerves are small, unmyelinated fibers with a slow
conduction velocity, similar to that of C fibers."'® In the
periosteum, the sympathetic nerves are far less dense compared
with primary sensory nerve fibers.'®*12"161 However, their
density in the cortical bone nutrient canals of mice was found to
be twice that of the primary sensory fibers.*® Sympathetic nerve
fibers are also closely associated with medullary and periosteal
vasculature, spiraling around cortical bone blood vessels.2% 72
Similar to primary sensory fibers, they terminate as free-nerve
endings within the bone marrow.

The cholinergic innervation is less abundant in bone tissues
compared to the adrenergic innervation,5-10:40:48.77.105.110.121.161
The cholinergic fibers synthesize acetylcholine and vasoactive
intestinal peptide, which regulate local blood flow and inflamma-
tory responses. Adrenergic neurons also regulate bone metab-
olism and remodeling by modulating osteoblast/osteoclast
activity through the release of tyrosine hydroxylase and
norepinephrine.*!-69:1%6
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3.2. Physiological and pathophysiological mechanisms
underlying fracture pain

The drivers of fracture pain, both neural and molecular, shift over
the time course of healing (Fig. 2). Early on, pain results from
acute activation of sensory neurons (nerve injury, infammatory
mediators) and may be beneficial to healing, by minimizing weight
bearing/movement on the affected bone. Later in the process,
sensitization (peripheral and central) of the nociceptive circuits
heightens pain, whereas the bone continues to heal. However,
fracture pain often continues to persist beyond the point that is
beneficial for fracture healing (Table 1), transitioning into the
pathological form of chronic pain. This section dissects 5 key
mechanisms that contribute to fracture pain: (1) activation of A8
and C-fiber activity, (2) peripheral nerve sensitization, (3) the
sprouting of sensory and sympathetic nerve fibers, (4) the onset of
central sensitization, and (5) the interpretation of pain by the brain.

3.2.1. Mechanical and inflammatory activation of Aé and
C-fibers sensory nerves

The instant, acute pain felt at the time of fracture is primarily driven
by mechanical disturbance of the A3 and C fibers.'®189 |n
isolated preparations of A8 and C fibers from fracture models, the
nerves are activated by mechanical distortion during and after the
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Figure 2. Pathophysiological mechanisms underlying fracture pain and sensitization. Mechanical distortion at the fracture site drives a complex interplay between
key neural and molecular factors during the progression of fracture pain and pain sensitization. Damaged bone, soft tissue, and vasculature release inflammatory
mediators and attractimmune cells to the site of injury. NGF dimers bind to the high affinity TrkA receptor, triggering signaling cascades through the PISK, Ras, and
PLC pathways, and influencing gene transcription and neuronal differentiation. These molecular events contribute to the heightened sensitivity to pain during bone
healing and can lead to chronic pain conditions. Further, peripheral ectopic nerve sprouting has been shown to increase osteoclast activity, while decreasing
osteoblast proliferation. Created with BioRender.com. NGF, nerve growth factor; PI3K, type | phosphatidylinositol 3-kinase; PLC, phospholipase C; TrkA,
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fracture then continue to discharge until they are repositioned
spatially to their original location.216%177:191:222 Ajthough the
precise mechanisms by which fracture-related mechanical
stimuli activate the sensory neurons are still unclear, recent
studies suggest that piezo-type mechanosensitive ion channel
component 2, a mechanically gated ion channel, and Stomatin-
like protein 3, a membrane bound scaffolding protein, are
significantly involved. 188194

The standard treatment after fracture consists of realigning the
broken bone ends and then stabilizing them using orthopaedic
hardware (plates, nails, screws, wires) and splints. This mechan-
ical stabilization contributes to immediate pain relief, likely
associated with reduced mechanical disturbance of the sensory
nerves. Specifically preserving the highly innervated periosteum,
which supports both nerve and bone repair, also relieves some of
the acute pain signals from mechanosensitive neurons.”® In-
terestingly, fracture stabilization does not relieve all acute pain.

The intense, sharp pain felt initially gets replaced by more of
a dull, aching pain sensation. This subacute pain sensation may
be driven more by the inflammatory response, which also
contributes significantly to nociceptor sensitization. Both the
innate and adaptive inflammatory response are critical compo-
nents of appropriate fracture healing. This complex and highly
coordinated inflammatory response is beyond the scope of this
article but has been recently covered in detail by multiple
comprehensive reviews.*33546:84 Briefly, the immune response
can be thought of as occurring in multiple waves initiated by
proinflammatory neutrophils, followed by invading macrophages.
More recently, the adaptive immune system has also been shown
to significantly contribute to fracture healing.32157:203:218 |n
normally healing fractures, these proinflammmatory responses
are followed by a proregenerative immune response driven largely
by anti-inflammatory macrophages and osteomacs, or tissue-
resident macrophages.”120-221

[tis likely that this transition in pain sensation is still mediated by
both A3 and C-fiber activation, because chemical ablation of
C-fiber terminals was only able to partially alleviate pain post-
fracture.'?® Both fiber types are responsive to several known
pronociceptive factors, including, prostaglandins, growth factors,
neurotransmitters, bradykinin, endothelins, and cytokines. 67265
These factors are released from damaged bone cells and
invading immune cells, which then activate the afferent pain
fibers in bone.'®%%167 |nflammation also leads to significant
tissue acidosis.?'® Acidosis of the fracture callus induces bone
resorption activity necessary for fracture healing but also
heightens the activity of the A8 and C fibers.

Finally, the activation of nonpeptidergic C fibers by glial cell
line—derived neurotrophic factor, neurturin, and artemin after
bone fracture has been shown to contribute to inflammatory-
mediated pain.'®® Sequestration of these factors using anti-
bodies reduces behavioral endpoints of pain (ie, hindlimb weight
bearing ratio) after the injection of complete Freund adjuvant into
the bone marrow. '®®

3.2.2. Peripheral nerve sensitization

Within minutes to hours after fracture, continued stimulation of
nociceptors drives peripheral pain sensitization, lowering the
threshold for activation and thereby amplifying the responses of
nociceptors to noxious and innocuous stimuli.'06:168:187.189 A
normal response to injury, peripheral pain sensitization produces
allodynia (pain in response to normally innocuous stimuli) and
hyperalgesia (an exaggerated or prolonged pain experience
compared to one’s baseline response to a noxious stimulus).'®
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Inflammation is a major driver of the sensitization process, '® partly
because of the presence of bradykinin, prostaglandin E2,
serotonin, tumor necrosis factor «, colony stimulating factors,
as well as factors that activate the protease-activated receptor 2
at the fracture site.'®2 This inflammatory milieu drives changes in
ion channels, which in turn modifies nociceptor excitability. "4 168

Although many agents are capable of sensitizing nociceptorsin
bone, the secretion of NGF after fracture plays a crucial role in
coordinating peripheral sensitization through interaction with its
high-affinity receptor, TrkA, on nociceptors. Nerve growth factor
is released from several inflammatory cells, including mast cells,
macrophages, and lymphocytes, as well as fracture callus
hypertrophic chondrocytes,®9:22:37.195:214.227.231 The hinding of
NGF to TrkA-expressing nociceptors initiates a molecular cas-
cade that drives nociceptor depolarization and hyperexcitabil-
ity,01:140.185.228 Thig cascade leads to the activation of various
intracellular signaling pathways, including the MAPK/ERK and
PI3K/Akt pathways.*® In bone, this has been shown to contribute
to the phosphorylation of various ion channels, such as the
transient receptor potential vanilloid 1 and acid-sensing ion
channel 3 ion channels, which heightens the sensitivity of the
sensory nerve fibers to local pH changes, heat, and noxious
mechanical stimuli.21%%277 Moreover, NGF induces phosphor-
ylation of bradykinin receptors and prostaglandin E2 receptors,
causing the A8 and C fibers to be more receptive to these
cytokines.®32”” The NGF-mediated increase in transcription of
various genes involved in nociception also contributes to
peripheral sensitization. Specifically, transcription of SP, CGRP,
and brain-derived neurotrophic factor were shown to increase
after the nuclear localization of NGF-TrkA complexes in clathrin-
coated signaling endosomes.*93:86:115.187.205.225.271 q\yever,
more research is needed to understand the precise mechanisms
of NGF’s contribution to early peripheral pain sensitization in
fracture.

3.2.3. Ectopic sprouting in sensory and sympathetic nerve
fibers

In addition to playing a role in peripheral pain sensitization, NGF/
TrkA signaling drives nerve sprouting within the fracture.*117:184
Recent studies suggest that innervation precedes neovasculari-
zation of the fracture tissue, with NGF expression peaking during
the proinflammatory and early endochondral phases of heal-
ing."%221% |n addition to its role in driving innervation, NGF has
a trophic function during fracture healing, driving cell migration/
proliferation and osteogenesis.?*27° Interestingly, this trophic
function may use the p75 pathway in addition to, or perhaps
instead of, the TrkA pathway.?%7270

The sprouting of nerve fibers is hypothesized to be important in
guiding the patient to protect the injured limb and avoid overuse
until the fracture has healed.'”?*® In a rat model of bone injury,
NGF and the associated nerve sprouting were found to contribute
to mechanical hyperalgesia during endochondral ossifica-
tion.>292278 Studies outside of fracture repair also support this
premise, with data showing nerve fiber sprouting correlates with
pain intensity in bone cancer pain.*"'%%1%° As the fracture
successfully heals and the callus is remodeled, the newly
sprouted nerve fibers regress,’®® and once the bone is
completely healed, the bone innervation is restored to its
prefracture architecture. Despite the growing body of evidence
that NGF/TrkA signaling is involved in nerve sprouting across
several skeletal pathologies, no mechanistic studies have been
performed to understand the molecular pathways involved with
nerve regression after fracture healing. However, during fracture


www.painjournalonline.com

e496 H. Nishimura et al. ® 166 (2025) e491-e505

healing, the resolution of inflammation and the endochondral
conversion of hypertrophic chondrocytes to osteoblasts elimi-
nates the primary sources of NGF expression, and this decreased
expression level may contribute to the regression of the newly
sprouted nerves.

If the normal healing process does not occur, the ectopic
nerves do not regress, and fracture-induced pain
persists, '297181.158.169.224,240.281 \/i55r0us nerve sprouting lead-
ing to an increased density of sympathetic and sensory nerve
fibers and the formation of neuroma-like structures near the
fracture site has been observed in mice with nonhealed
fractures.*"'% Based on these findings, anti-NGF has been
explored as a potential therapeutic to reduce pain after fracture
healing, however, with mixed outcomes. Reducing ectopic
sprouting by blocking NGF/TrkA signaling decreased hyper-
algesia and pain behaviors in animal models,®6:129202:278 gng
similar treatments have reduced pain in humans. However, the
negative outcome of these treatments was the potential to
accelerate  osteoarthritis®> 109145259 and  inhibit  bone
formation.28°

3.2.4. Central sensitization

Central sensitization is a process that refers to functional changes
in central nociceptive circuits provoked by the continued
activation of peripheral nociceptors.?527264 With central sensiti-
zation, nociceptive circuits in the dorsal horn of the spinal cord
become increasingly excitable by repeated stimulation, have
improved synaptic efficacy, and reduced inhibition, resulting in
increased activation of spinal circuits even after the stimulus has
been removed.7'105’m'123’168'223’225'229’257’272 This neuronal
adaptation has been shown to cause neuropathic and in-
flammatory pain. Electrophysiological evidence demonstrates
that increased signaling from injured nociceptive fibers in bone
increases the receptive field of neurons in the dorsal horn of the
spinal cord.'®® Importantly, central sensitization can enhance the
experience of pain in the context of bone fracture and repair.'®*

Central sensitization is driven by several complex neurobio-
logical changes in dorsal horn neurons, and these processes are
detailed in excellent recent reviews.?9272%% At a high level, current
evidence suggests that the key trigger of central sensitization is
the increase in intracellular calcium (Ca?*) beyond the normal
threshold levels. This abnormal intracellular Ca®™ is largely driven
by overactivation of the N-methyl-D-aspartate receptor, but the
calcium permeable «-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptor and other voltage-gated Ca®* channels
may also contribute to the increase. This increase of Ca®" creates
a positive feedback loop in which there is (1) further activation of
N-methyl-D-aspartate and a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptors, (2) recruitment of receptors to the
membrane, and (3) activation of protein kinase C, which
consequently reduces the inhibitory signals from gamma-
aminobutyric acid and glycine neurotransmitter release. Other
cellular and molecular mechanisms have been identified as
contributing to central sensitization and increased intracellular
Ca®", including the upregulation of endogenous opioid peptide
dynorphin,'?23:225 and microglial activation and astrocyte
hypertrophy in the spinal cord.''":223:227

In the context of fracture-induced pain, these molecular,
genetic, and cellular changes likely contribute to central
sensitization, enabling innocuous mechanical inputs to engage
nociceptive pathways (mechanical allodynia), cause a spread of
sensitivity outside of the area of injury into noninjured tissue
(secondary hyperalgesia), and increase the magnitude and
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duration of the response to repeated inputs (temporal summa-
tion).2%4 Although it is clear that various skeletal pathologies can
effectively trigger central sensitization,'®® an important area of
future study will be to specifically correlate fracture characteristics
and systemic factors with the acute and chronic pain sensitization
patterns that vary from patient to patient.

3.2.5. Modulation of postfracture pain by the brain

The perception of pain is processed within a diverse set of brain
regions that are collectively termed the “pain matrix.”2*? It is
believed that coordinated activity across the regions that
comprise the pain matrix drives the pain experience, as opposed
to the specific activation of any single region (ie, primary
somatosensory or anterior cingulate cortices).?*? In cats, there
is evidence of A8-driven activation of primary and secondary
somatosensory cortices during stimulation of bone-innervating
nerve fibers,"* but how fracture alters cortical activation, and
furthermore, how alterations in cortical circuits contributes to
chronic postfracture pain, remains unknown. In humans, there
are no studies that specifically address how ongoing fracture-
induced pain alters brain activity. In 1 particularly relevant brain
imaging study, patients with lower back pain were monitored
during the transition from the subacute to chronic phases. The
authors demonstrated that brain regions associated with the
subject’s experience of pain shifted from those traditionally
involved in pain perception (ie, the pain matrix) to those that are
largely emotionally related.®® Interestingly, patients with particular
psychosocial traits (ie, depression, pain catastrophizing) have
a greatly increased risk of chronic pain after bone frac-
ture. 85211249 This finding raises the possibility that functional
brain states before injury prime these patients for increased risk of
chronic pain, regardless of the type of injury."*®2%¢ Developing
a mechanistic understanding of how bone fracture alters brain
activity to drive chronic pain will aid the progress of much needed
treatments for patients whose chronic pain remains even after
resolution of the bone fracture, and the local mechanisms that
drive pain during healing (eg, inflammation).

4. Assessment of fracture pain: from human
to mouse

The molecular and cellular changes that occur at the fracture site,
through the spinal cord and into the brain, functionally manifest
into the experience of pain. Quantifying fracture-related pain is
more challenging than perhaps expected, but recent efforts to
address the opioid epidemic have motivated improvement in this
area. In this section, we review pain assessment techniques used
in a clinical and preclinical setting, with a summary of their pros
and cons in Table 2.

4.1. Clinical assessment of pain after fracture

Clinical assessments of fracture pain aim to capture a patient’s
immediate 22174204 or recalled®?® subjective experience of
pain. Unfortunately, there is no biomarker of pain. Rather, the
11-point (0 = no pain, 10 = worst pain imaginable) verbal
numeric rating scale'?’ or visual analog scale'®® has historically
been used and is generally a reliable and valid measure of pain
intensity.2° For patients who, for various reasons, are unable to
express their own pain levels, the Faces Pain Scale-Revised is
often used to assess fracture pain.”* Although often used in
clinical practice to assess pain changes during the fracture
healing process, it has been suggested that these scales are
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The summary of pain assessment.

Model Pros

Cons

Evoked (animal)
\on Frey test39'93'148‘181'198

Hot and cold plate®®:9%181

Hargreaves test'®?

o Useful for assessing mechanical sensitivity and
allodynia

o Can be manual or electrical

o Electrical method is less time-consuming

o Useful for assessing thermal hyperalgesia via
conductive thermal stimuli across the entire paw
o Can elicit a range of behaviors

o Allows comparison between fractured and
contralateral limb at particular plantar locations
e Focused, infrared thermal stimulus

o Manual method is time-consuming

o Requires experienced technique

 High interobserver variability

o Skin hypersensitivity not necessarily skeletal pain
surrogate

o Test sites not primary site of injury

o Skin hypersensitivity not necessarily skeletal pain
surrogate

 Primary site of pain is not within the hind paw

o Focuses on the withdraw reflex

Spontaneous (animal)
Weight bearing®175:222

o Allows for dynamic and static analysis
 Suitable for various pain types (osteoarthritis,

o Only suited for unilateral hind limb injuries
* Remains unstudied specifically in fracture-related

bone cancer, fracture)

pain

o Advanced software available for use

Gait analysig>142:220.232

Guarding behaviors and

flinching’%142:220.232 behaviors

 Detailed evaluation of behavioral changes

o Useful indicators of spontaneous nociceptive

 Rats and mice may not show significant gait
changes postfracture

e Some parameters more reliable than others

© Does not always correlate with other methods
o Time-intensive video analysis

o Lacks standardized analysis methods

o Recapitulates some behaviors seen clinically

Facial expression, nest complexity score,
etc.1 33

o Useful for evaluating spontaneous pain behavior

e Labor intensive

Clinical (human)
Numeric Rating Scale and Visual Analog
SC3|9108'127‘155’176’199
Faces Pain Scale-Revised”* 193199
pain levels

o Reliable and valid measure of pain intensity

o Useful for patients unable to express their own

o Inadequate for assessing chronic pain
o Mostly examines intensity, not quality
o Inadequate for assessing chronic pain

only suitable for measuring the acute phase and inadequate for
assessing the chronic phase.'®®

In 2004, the National Institute for Health launched a major
initiative to create a series of person-centered measures to
evaluate and monitor physical, mental, and social health in adults
and children by creating Patient-Reported Outcome Measure-
ment Information System (PROMIS) in multiple languages.®® In
the fracture setting, there has been a gradual increase in the use
of the PROMIS Pain Interference and Physical Function since
2017; however, they are still far from being incorporated as
standard of care. A recent systematic review helps collect and
summarize the prospective and retrospective use of PROMIS
measures in the orthopedic fracture population.’® This review,
along with some additional more recent publications,'* high-
lights that most studies are small cohorts of patients with specific
fracture types and that pain patterns remain understudies without
clear conclusions or validation.'®® The challenge and heteroge-
neity of studying pain in human populations supports the
integration of preclinical models as an important strategy to
study pain and screen analgesics.

4.2. Animal fracture pain models

There are a few widely used preclinical models that are useful for
probing fracture-induced pain.??® They include a cortical dril
hole, 185 osteotomy, '® and the 3-point bending fracture (Einhorn
model)'®" of the femur or tibia. Although a cortical hole model is
commonly used to evaluate fracture healing, osteotomy and
Einhorn models are more relevant to the assessment of fracture

pain in rodents.133,142,146,162,181,184,206,261,281 Osteotomies are

typically created using a saw-like device to transect the bone in an
open procedure to visualize the bone. After the osteotomy, the
bone is usually stabilized with plates, intramedullary nails, or
external fixation, '9:13%146:162,206,.261,278.281 Altarnatively, the Ein-
horn fracture model creates a closed, traumatic fracture with
concomitant muscle injury using a 3-point bending device or
guillotine mechanism.'®" The fractures are stabilized percutane-
ously through intramedullary pinning via a small incision made
above the tibial tuberosity.

Bone fracture is studied across a wide variety of animal
models, with rodents being used in the vast majority of studies
(~85%).”® Larger animals, such as sheep, dogs, and pigs, are
also used to test the efficacy of treatments that can be used in
companion animals and humans. In this regard, targeted
pharmacological manipulation of the NGF signaling pathway
(anti-NGF monoclonal antibody) is now a promising treatment for
pain relief in dogs.%?"® Although, there is no general consensus
as to which large animals should be used for investigational new
drug-enabling studies regarding safety and efficacy.

4.3. Animal pain behavior overview

The assessment of pain in nonhuman animals is considerably
limited because the animal’s subjective state cannot be directly
probed (ie, verbally) and, therefore, relies on behavioral assays to
approximate pain experiences in humans.?#° This has led to the
development of a number of quantitative methods for assessing
pain in preclinical models. These methods are designed to
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distinguish between different dimensions of the possible pain
experience of an animal,®*2%® such as evoked vs spontaneous
pain. Below we provide an overview of how these preclinical
assays are used to assess the nature of fracture-induced pain
and provide a summary in Table 2.

4.4. Evoked pain behaviors for assessing fracture pain

In response to the external application of a noxious stimulus,
animals will often produce an evoked behavior, indicative of pain,
which may include the withdrawal or shaking of, or otherwise
tending to, the stimulated body part.>* One of the most common
methods to measure evoked pain in rodents is through different
types of reflexive avoidance assays. In these assays, the hind paw
is stimulated through different mechanisms (ie, mechanical,
thermal, chemical), and the animal’s sensitivity to pain and
withdrawal reflex is measured. External stimuli can also be
applied to the site of injury or to another site in close proximity to
the site of injury, although most often stimuli are applied to the
hind paws of a rodent. However, the primary site of the pain is
localized at the fracture itself, which confounds the assessment of
fracture-induced pain by assessing evoked sensory thresholds of
the hind paw skin. Such tests of cutaneous sensitivity may be
more useful in assessing referred pain or secondary hyperalgesia
because of inflammatory or neuropathic processes that are
known to produce clinically relevant changes in cutaneous
thresholds (ie, CRPS?"").

Although none of these assays are well-established in the
fracture literature, the von Frey test is the most widely used
behavioral assay. In this assay, to determine the mechanical
nociceptive threshold, a series of thin, calibrated monofilaments
of ascending weights are applied/pressed-into to the plantar
surface of hind paw,87:96:162:181.206.236 Thg nociceptive threshold
is quantified by assessing changes in the frequency or type of
physical responses (ie, flinch, withdrawal, shake, lick) in response
to the different filaments. For example, in injury models that
produce hypersensitivity, the physical response to a particular
weight fiber will increase in comparison to baseline/preinjury
levels.®® Ideally, the administration of an analgesic reverses this
enhanced sensitivity.”® Time saving methods for identifying the
von Frey threshold include the Dixon Up/Down method®®%® or
Simplified Up/Down Method,?® which provide an estimate of the
fiber weight at which a mouse would withdraw the stimulated paw
on 50% of the trials. Although widely used, from the tester’s
perspective, von Frey measurements of mechanical sensitivity
not only are laborious and tedious but can also produce highly
variable results between individual laboratories and testers.

Thermal sensitivity testing takes on a few different forms.5* A
calibrated heat stimulus (usually in the form of radiant heat®® or
laser beam?®*) can be selectively applied to the plantar surface of
the paw, which produces a behavioral response to the
temperature similar to those produced by the von Frey monofila-
ments. As such, the heat intensity can be calibrated so that
latency to response, and its alteration by injury and analgesia,
becomes a quantifiable endpoint.® Additional thermal assays for
assessing preclinical fracture-induced pain include hot plate and
cold plate tests, where an animal is placed on a temperature
controlled plate and observed for nociceptive behaviors (ie, flinch,
withdrawal, shake, lick) and escape behaviors, such as jumping.
Quantification of pain response is performed by either measuring
the latency to the first sign of nociception and/or quantifying the
number of nociceptive behaviors over a set time interval.>*
Importantly, through careful notation of behavioral responses
during thermal sensitivity tests, it is possible to dissociate reflexive
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(ie, spinally mediated) vs affective-motivational (ie, brain-
mediated) behaviors. Behaviors such as licking or jumping fit
indicate an unpleasant sensory experience to noxious stimuli and
the motivation to alleviate or escape from the applied stimulus.25*

4.5. Spontaneous pain behaviors for assessing fracture pain

In addition to the assessment of evoked pain behaviors, the
assessment of spontaneous pain behaviors is also useful to
evaluate fracture pain in animals.®* Weight bearing and gait
assays are the most commonly analyzed spontaneous pain
behaviors in mice. However, additional behavioral and expression
assays have also been developed to complement these assays
do not require specific equipment.

Weight-bearing analysis can be divided into 2 major catego-
ries: static and dynamic. To evaluate the static weight bearing, the
animal is placed in a small container with a tilted floor so that
weight is applied to the hindlimbs. Floor sensors measure the
weight applied to each hindlimb separately, allowing comparison
of weight distribution between the 2 hindlimbs. Similarly, dynamic
weight bearing monitors weight percentages to each limb during
exercise/movement. These methods have been shown to be
effective for osteoarthritis and bone cancer pain and are also
applicable to fracture pain.”?158:164.175.222,238

Gait analysis, using devices such as CatWalk, can identify
changes in gait after fracture.?®® Extracted variables include
several parameters depending on the system, including limping,
swing speed, stride length, paw print area, paw pressure, stance
phase duration, swing phase duration, and interlimb adjustment.
Although some studies show clear changes is gait parameters
after fracture,©”?® one study found that gait did not correlate
with mechanical allodynia in experimental models of chronic
pain.”®

Another new device that shows promise in detecting pain-
related changes in weight bearing and gait is the BlackBox
system. Zhang et al.?’® recently published on new data
collection and analysis platform that automatically, quantita-
tively, and objectively measures rodent behavior in nature in an
observer-independent and unbiased manner. This technique
involves recording a mouse freely moving in the dark for an
extended period of time, continuously acquiring 2 parallel
video data streams, and automatically extracting and quanti-
fying behavioral features from these data using machine
learning techniques. They have identified changes that
capture the pain state of rodents in multiple pain models. To
date, this method has not been applied to assess pain in
a fracture model.

Spontaneous pain behavior can also be evaluated by
monitoring guarding behaviors during a specified period of time.
Guarding behaviors can include grooming, rearing, and the
number of spontaneous paw flinches on the fractured limb.
Excessive grooming has been validated and used as an indicator
of spontaneous nociceptive behavior specific to fracture pain. '
Rearing refers to the simultaneous lifting of both front paws and is
considered an exploratory behavior that occurs naturally in
healthy mice.?%® In general, animals in pain decrease the number
of spontaneous rears with loss of interest in the external
environment.2® Furthermore, because rearing involves loading
on the hindlimbs, the number of rears is thought to change with
the degree of pain and has been used to assess pain in fracture
models.'®® Finally, spontaneous paw flinches is defined as “quick
and high frequency shaking,” and increased in animal with
fracture pain.’*? In addition to these guarding behaviors, facial
expression,’®® the nest complexity score,’® explorative
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score,?®" and open-field test?°® have been explored to evaluate
spontaneous pain behavior in fractured mice.

Tests of affective motivational responses to analgesic treat-
ments can be performed using conditioned place preference
assays.>* In these tests, mice are given the choice to explore 2
distinguishable, yet otherwise equivalent chambers. Then, the
mouse is placed in one chamber and paired with drug (eg, an
analgesic) but cannot enter the opposing chamber. On a separate
exposure, the mouse is placed within the other chamber, but now
paired with a control injection, such as saline. On the final testing
session, the mouse is again allowed to freely move between 2
chambers, and if a preference for one chamber over another is
formed, they will spend more time in that chamber. In this context,
an analgesic used in a mouse that is in pain will generate
preference for the chamber paired with analgesic over the
chamber paired with saline.?'®

4.6. Future directions

As overviewed, a number of methods have been developed to
evaluate various pain behaviors in rodents. Taken together, these
assays have largely been developed in different fields and there are
a limited number of papers using any of these spontaneous pain
assays to evaluate fracture-specific pain, making broad conclusion
on pain behaviors difficult, but supporting the potential applicability
of these measurements in future studies. Further, new pain
assessment technologies are actively being developed.?'® For
example, Zhang et al.?"® recently published on new data collection
and analysis platform that automatically, quantitatively, and
objectively measures rodent behavior in nature in an observer-
independent and unbiased manner. This technique involves
recording a mouse freely moving in the dark for an extended
period of time, continuously acquiring 2 parallel video data streams,
and automatically extracting and quantifying behavioral features
from these data using machine learning techniques. They have
identified changes that capture the internal pain state of rodents in
multiple pain models. To date, this method has not been applied to
assess pain in a fracture model.

5. Conclusions

Fracture prevalence is expected to increase with the aging of society,
and this population is at a particularly high risk of poor healing and
subsequently chronic postfracture pain. In treating fractures,
effective pain management that does not interfere with healing is
critical. To this end, it is necessary to better understand the clinical
associations of pain with fracture healing progression and, in parallel,
study the molecular and cellular mechanisms of pain sensation in
preclinical settings. This review helps to summarize the current state
of knowledge on mechanisms of postfracture pain, factors
associated with persistent postfracture pain, and methods of
measuring pain in humans and mice. However, we posit that there
remain significant gaps in our understanding of fracture-related pain,
the chronification of pain, and the efficacy of established and
emerging analgesics. We hope that this article will help motivate the
inclusion of pain assays in future fracture studies to advance the field
of study and help to search for opioid alternatives for pain
management to address the current opioid crisis.

Conflict of interest statement

The authors report the following potential conflicts of interest or
sources of funding: Steadman Philippon Research Institute has
received grant funding or in-kind donations from Arthrex, DJO,

www.painjournalonline.com e499

MLB, Ossur, Siemens, Smith & Nephew, and XTRE. C. S. Bahney
discloses unpaid leadership positions for Orthopaedic Research
Society (ORS), Tissue Engineering and Regenerative Medicine
International Society (TERMIS), and the Orthopaedic Trauma
Association (OTA). CS Bahney also discloses IP royalties from lota
Biosciences, this technology is not related to the content of this
article and did not provide any research funding. Inc for US Patent
041263. The other authors have no conflicts of interest to declare.

Acknowledgements

Author contributions: H. Nishimura: conceptualization, valida-
tion, formal analysis, figures/tables, writing—original draft.
J. Layne: validation, formal analysis, writing—original and revised
manuscript, figures/tables. K. Yamaura: conceptualization,
validation, formal analysis, investigation, data curation, visualiza-
tion, writing—original draft. R. Marcucio: writing—review and
editing. K. Morioka: writing—review and editing. A. |. Basbaum:
funding acquisition, writing—review and editing. J. Weinrich:
funding acquisition, writing—review and editing. C. S. Bahney:
conceptualization, supervision, project administration, funding
acquisition, writing—review and editing.

The study was supported by National Institutes of Health (NIH)
through NIAMS RO1-AR077761 to C. S. Bahney, an R35-
NS097306 to A. I. Basbaum, and an Orthopaedic Trauma
Association Research Grant to CSB. The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the NIH or granting agencies.

Article history:

Received 27 August 2024

Received in revised form 17 March 2025
Accepted 25 March 2025

Available online 21 May 2025

References

[1] Pain terms: a list with definitions and notes on usage. Recommended by
the IASP Subcommittee on Taxonomy. PAIN 1979;6:249.
[2] Adler CP. Bone diseases: macroscopic, histological, and radiological
diagnosis of structural changes in the skeleton. Berlin: Springer Science
& Business Media, 2013.
Ai-Min W, Catherine B, Spencer LJ, Gdiom Gebreheat A, Aidin A, Eman
AG, Robert Kaba A, Vahid A, Jalal A, Malke A, Wondwossen Niguse A,
Atalel Fentahun A, Maciej B, Srikanta KB, Ali B, Tesega Tesega Mengistu
B, Srinivasa Rao B, Luis Alberto C, Jung-Chen C, Daniel Youngwhan C,
Michael TC, Rosa ASC, Xiaochen D, Lalit D, Rakhi D, Farshad F, Irina F,
Florian F, Artem Alekseevich F, Tiffany KG, Bhawna G, Juanita AH, Arvin
HM, Samer H, Simon IH, Irena MI, Milena DI, Rebecca Ql, Mikk J,
Rohollah K, Tanuj K, Taras K, Rovshan K, Ejaz Ahmad K, Maseer K,
Cameron JK, Vijay K, Kumar GA, Narinder K, Ratilal L, Savita L, Stephen
SL, Zichen L, AliM, Navid M, Ritesh GM, Tuomo JM, Bartosz M, Ted RM,
Yousef M, Abdollah MH, Ali HM, Christopher JLM, Mehdi N,
Mukhammad David N, Vinod CN, Cuong Tat N, Rajan N, Andrew TO,
Nikita O, Stanislav SO, Jagadish Rao P, Jeevan P, Hai Quang P, Marina
P, Suzanne P, Hadis P, Navid R, Amir R, Mohammad Hifz Ur R, David
Laith R, Salman R, Mohammad Reza S, Abdallah MS, Lidia SR, David
CS, Saeed S, Masood Ali S, Amin S, Rafael TS, Marcos Roberto TP,
Bach Xuan T, Ravensara ST, Pascual RV, Tommi JuhaniV, Diana Zuleika
V, Narayanaswamy V, Giang Thu V, Zhi-Jiang Z, Theo V. Gilobal,
regional, and national burden of bone fractures in 204 countries and
territories, 1990-2019: a systematic analysis from the Global Burden of
Disease Study 2019. Lancet Healthy Longevity 2021;2:6580-92.
Amaya F, Shimosato G, Nagano M, Ueda M, Hashimoto S, Tanaka Y,
Suzuki H, Tanaka M. NGF and GDNF differentially regulate TRPV1
expression that contributes to development of inflammatory thermal
hyperalgesia. Eur J Neurosci 2004;20:2303-10.
Anderson CR, Bergner A, Murphy SM. How many types of cholinergic
sympathetic neuron are there in the rat stellate ganglion? Neuroscience
2006;140:567-76.

3

[4

[5


www.painjournalonline.com

e500 H. Nishimura et al. ® 166 (2025) e491-e505

[6] Arendt-Nielsen L, Chen AC. Lasers and other thermal stimulators for
activation of skin nociceptors in humans. Neurophysiol Clin 2003;33:
259-68.

[7] Arendt-Nielsen L, Nie H, Laursen MB, Laursen BS, Madeleine P,
Simonsen OH, Graven-Nielsen T. Sensitization in patients with painful
knee osteoarthritis. PAIN 2010;149:573-81.

[8] Artico M, Bronzetti E, Felici LM, Alicino V, lonta B, Bronzetti B, Magliulo
G, Grande C, Zamai L, Pasquantonio G, De Vincentiis M. Neurotrophins
and their receptors in human lingual tonsil: an immunohistochemical
analysis. Oncol Rep 2008;20:1201-6.

[9] Asaumi K, Nakanishi T, Asahara H, Inoue H, Takigawa M. Expression of
neurotrophins and their receptors (TRK) during fracture healing. Bone
2000;26:625-33.

[10] Asmus SE, Parsons S, Landis SC. Developmental changes in the
transmitter properties of sympathetic neurons that innervate the
periosteum. J Neurosci 2000;20:1495-504.

[11] Aulenkamp JL, Malewicz NM, Brauckhoff JD, Zahn PK, Ebel M,
Schnitzler R, Clever J, GeBmann J, Bauer M, Meyer-FrieBem CH.
Chronic pain following fracture-related surgery: posttraumatic rather
than postsurgical origin  promotes chronification: a prospective
observational study with 1-year follow-up. Anesth Analg 2022;134:
974-86.

[12] Averill S, McMahon SB, Clary DO, Reichardt LF, Priestley JV.
Immunocytochemical localization of trkA receptors in chemically
identified subgroups of adult rat sensory neurons. Eur J Neurosci
1995;7:1484-94.

[13] Bahney CS, Zondervan RL, Allison P, Theologis A, Ashley JW, Ahn J,
Miclau T, Marcucio RS, Hankenson KD. Cellular biology of fracture
healing. J Orthop Res 2019;37:35-50.

[14] Bajayo A, Bar A, Denes A, Bachar M, Kram V, Attar-Namdar M, Zallone
A, Kovacs KJ, Yirmiya R, Bab |. Skeletal parasympathetic innervation
communicates central IL-1 signals regulating bone mass accrual. Proc
Natl Acad Sci U S A 2012;109:15455-60.

[15] Barnes GL, Kostenuik PJ, Gerstenfeld LC, Einhorn TA. Growth factor
regulation of fracture repair. J Bone Miner Res 1999;14:1805-15.

[16] Basbaum Al, Bautista DM, Scherrer G, Julius D. Cellular and molecular
mechanisms of pain. Cell 2009;139:267-84.

[17] Beecher HK. Relationship of significance of wound to pain experienced.
J Am Med Assoc 1956;161:1609-13.

[18] Bhandari M, Toretta P, Sprague S, Najibi S, Petrisor B, Griffith L, Guyatt
GH. Predictors of reoperation following operative management of
fractures of the tibial shaft. J Orthop Trauma 2003;17:353-61.

[19] Bigham-Sadegh A, Oryan A. Selection of animal models for pre-clinical
strategies in evaluating the fracture healing, bone graft substitutes and bone
tissue regeneration and engineering. Connect Tissue Res 2015;56:175-94.

[20] Bijur PE, Silver W, Gallagher EJ. Reliability of the visual analog scale for
measurement of acute pain. Acad Emerg Med 2001;8:1153-7.

[21] Bindu S, Mazumder S, Bandyopadhyay U. Non-steroidal anti-
inflammatory drugs (NSAIDs) and organ damage: a current
perspective. Biochem Pharmacol 2020;180:114147.

[22] Bjurholm A, Kreicbergs A, Terenius L, Goldstein M, Schultzberg M.
Neuropeptide Y-, tyrosine hydroxylase- and vasoactive intestinal
polypeptide-immunoreactive nerves in bone and surrounding tissues.
J Auton Nerv Syst 1988;25:119-25.

[23] Bonin RP, Bories C, De Koninck Y. A simplified up-down method
(SUDO) for measuring mechanical nociception in rodents using von Frey
filaments. Mol Pain 2014;10:26.

[24] Brand DA, Frazier WH, Kohlhepp WC, Shea KM, Hoefer AM, Ecker MD,
Kornguth PJ, Pais MJ, Light TR. A protocol for selecting patients with
injured extremities who need x-rays. N Engl J Med 1982;306:333-9.

[25] Brazill UM, Beeve AT, Craft CS, Ilvanusic JJ, Scheller EL. Nerves in bone:
evolving concepts in pain and anabolism. J Bone Miner Res 2019;34:
1393-406.

[26] Brinker MR, Hanus BD, Sen M, O’Connor DP. The devastating effects of
tibial nonunion on health-related quality of life. J Bone Joint Surg Am
2013;95:2170-76.

[27] Brinker MR, Loftis CM, Khoriaty JD, Dunn WR. The devastating effects
of humeral nonunion on health-related quality of life. J Shoulder Elbow
Surg 2022;31:2578-85.

[28] Brinker MR, Trivedi A, O’Connor DP. Debilitating effects of femoral nonunion
on health-related quality of life. J Orthop Trauma 2017;31:e37-42.

[29] Brodkin J, Frank D, Grippo R, Hausfater M, Gulinello M, Achterholt N,
Gutzen C. Validation and implementation of a novel high-throughput
behavioral phenotyping instrument for mice. J Neurosci Methods 2014;
224:48-57.

[30] Bromm B, Treede RD. Nerve fibre discharges, cerebral potentials and
sensations induced by CO2 laser stimulation. Hum Neurobiol 1984;3:
33-40.

PAIN®

[31] Bruehl S. An update on the pathophysiology of complex regional pain
syndrome. Anesthesiology 2010;113:713-25.

[32] Bucher CH, Schlundt C, Wulsten D, Sass FA, Wendler S, Ellinghaus A,
Thiele T, Seemann R, Willie BM, Volk HD, Duda GN, Schmidt-Bleek K.
Experience in the adaptive immunity impacts bone homeostasis,
remodeling, and healing. Front Immunol 2019;10:797.

[33] Burgan J, RahmatiM, Lee M, Saiz AM. Innate immune response to bone
fracture healing. Bone 2025;190:117327.

[34] Burge R, Dawson-Hughes B, Solomon DH, Wong JB, King A, Tosteson
A. Incidence and economic burden of osteoporosis-related fractures in
the United States, 2005-2025. J Bone Miner Res 2007;22:465-75.

[35] Capobianco CA, Hankenson KD, Knights AJ. Temporal dynamics of

immune-stromal cell interactions in fracture healing. Front Immunol

2024;15:1352819.

Cashin AG, Traeger AC, Hiibscher M, Moseley GL, di Pietro F, Parkitny

L, McAuley JH. Persistent pain after wrist or hand fracture: development

and validation of a prognostic model. J Orthop Sports Phys Ther 2019;

49:28-35.

[37] Castafieda-Corral G, Jimenez-Andrade JM, Bloom AP, Taylor RN,

Mantyh WG, Kaczmarska MJ, Ghilardi JR, Mantyh PW. The majority of

myelinated and unmyelinated sensory nerve fibers that innervate bone

express the tropomyosin receptor kinase A. Neuroscience 2011;178:

196-207.

Cella D, Yount S, Rothrock N, Gershon R, Cook K, Reeve B, Ader D,

Fries JF, Bruce B, Rose M; PROMIS Cooperative Group. The Patient-

Reported Outcomes Measurement Information System (PROMIS):

progress of an NIH Roadmap cooperative group during its first two

years. Med Care 2007;45:S3-11.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative

assessment of tactile allodynia in the rat paw. J Neurosci Methods 1994,

53:55-63.

[40] Chartier SR, Mitchell SAT, Majuta LA, Mantyh PW. The changing

sensory and sympathetic innervation of the young, adult and aging

mouse femur. Neuroscience 2018;387:178-90.

Chartier SR, Thompson ML, Longo G, Fealk MN, Majuta LA, Mantyh

PW. Exuberant sprouting of sensory and sympathetic nerve fibers in

nonhealed bone fractures and the generation and maintenance of

chronic skeletal pain. PAIN 2014;155:2323-36.

[42] Chen Y, Guo B, Ma G, Cao H. Sensory nerve regulation of bone

homeostasis: emerging therapeutic opportunities for bone-related

diseases. Ageing Res Rev 2024;99:102372.

Cherruau M, Morvan FO, Schirar A, Saffar JL. Chemical

sympathectomy-induced changes in  TH-VIP-and  CGRP-

immunoreactive fibers in the rat mandible periosteum: influence on
bone resorption. J Cell Physiol 2003;194:341-8.

Christiano AV, Pean CA, Konda SR, Egol KA. Predictors of patient

reported pain after lower extremity nonunion surgery: the nicotine effect.

lowa Orthop J 2016;36:53-8.

[45] Chuang HH, Prescott ED, Kong H, Shields S, Jordt SE, Basbaum Al,
Chao MV, Julius D. Bradykinin and nerve growth factor release the
capsaicin receptor from Ptdins(4,5)P2-mediated inhibition. Nature
2001;411:957-62.

[46] Clark D, Nakamura M, Miclau T, Marcucio R. Effects of aging on fracture
healing. Curr Osteoporos Rep 2017;15:601-8.

[47] Corrales LA, Morshed S, Bhandari M, Miclau T Il Variability in the
assessment of fracture-healing in orthopaedic trauma studies. J Bone
Joint Surg Am 2008;90:1862-8.

[48] Crandall M, Miaskowski C, Kools S, Savedra M. The pain experience of
adolescents after acute blunt traumatic injury. Pain Manag Nurs 2002;3:
104-14.

[49] Crofford LJ. Adverse effects of chronic opioid therapy for chronic
musculoskeletal pain. Nat Rev Rheumatol 2010;6:191-7.

[60] Cunningham DJ, LaRose MA, Gage MJ. The impact of mental health
and substance use on opioid demand after hip fracture surgery. J Am
Acad Orthop Surg 2021;29:e354-62.

[51] Dasch B, Endres HG, Maier C, Lungenhausen M, Smektala R,
Trampisch HJ, Pientka L. Fracture-related hip pain in elderly patients
with proximal femoral fracture after discharge from stationary treatment.
Eur J Pain 2008;12:149-56.

[52] De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP. Multipotent
mesenchymal stem cells from adult human synovial membrane.
Arthritis Rheum 2001;44:1928-42.

[63] Denk F, Bennett DL, McMahon SB. Nerve growth factor and pain
mechanisms. Annu Rev Neurosci 2017;40:307-25.

[564] Deuis JR, Dvorakova LS, Vetter |. Methods used to evaluate pain
behaviors in rodents. Front Mol Neurosci 2017;10:284.

[65] Dixon WJ. The up-and-down method for small samples. J Am Stat
Assoc 1965;60:967-78.

[36

38

139

[41

[43

[44



November 2025 e Volume 166 ¢ Number 11

[66] Dos Reis RC, Kopruszinski CM, Nones CF, Chichorro JG. Nerve growth
factor induces facial heat hyperalgesia and plays a role in trigeminal
neuropathic pain in rats. Behav Pharmacol 2016;27:528-35.

[67] Egol KA, Gruson K, Spitzer AB, Walsh M, Tejwani NC. Do successful
surgical results after operative treatment of long-bone nonunions
correlate with outcomes? Clin Orthop Relat Res 2009;467:2979-85.

[68] Einhorn TA. Enhancement of fracture-healing. J Bone Joint Surg Am
1995;77:940-56.

[69] Ekegren CL, Edwards ER, de Steiger R, Gabbe BJ. Incidence, costs and
predictors of non-union, delayed union and mal-union following long
bone fracture. Int J Environ Res Public Health 2018;15:2845.

[60] Elefteriou F. Impact of the autonomic nervous system on the skeleton.
Physiol Rev 2018;98:1083-112.

[61] Elsevier H, Cannada LK. Management of pain associated with fractures.
Curr Osteoporos Rep 2020;18:130-7.

[62] Enomoto M, Mantyh PW, Murrell J, Innes JF, Lascelles BDX. Anti-nerve
growth factor monoclonal antibodies for the control of pain in dogs and
cats. Vet Rec 2019;184:23.

[63] Eraghi AS, Khazanchin A, Hosseinzadeh N, Pahlevansabagh A. A
randomized controlled trial on Aspirin and complex regional pain
syndrome after radius fractures. Eur J Transl Myol 2020;30:8643.

[64] Erlanger J, Gasser HS. The action potential in fibers of slow conduction
in spinal roots and somatic nerves. Am J Physiol Legacy Content 1930;
92:43-82.

[65] Erlanger J, Gasser HS. Electrical signs of nervous activity. Oxford:
University of Pennsylvania Press, 1937.

[66] Espejo EF, Mir D. Structure of the rat’s behaviour in the hot plate test.
Behav Brain Res 1993;56:171-6.

[67] Fabricant L, Ham B, Mullins R, Mayberry J. Prolonged pain and disability
are common after rib fractures. Am J Surg 2013;205:511-5; discusssion
515-6.

[68] Farley P, Griffin RL, Jansen JO, Bosarge PL. Quantifying pain associated
with rib fractures. J Surg Res 2020;246:476-81.

[69] Ferdowsian H, Merskin D. Parallels in sources of trauma, pain, distress,
and suffering in humans and nonhuman animals. J Trauma Dissociation
2012;13:448-68.

[70] Fink EA, Xu J, Hibner H, Braz JM, Seemann P, Avet C, Craik V, Weikert
D, Schmidt MF, Webb CM, Tolmachova NA, Moroz YS, Huang X-P,
Kalyanaraman C, Gahbauer S, Chen G, Liu Z, Jacobson MP, Irwin JJ,
Bouvier M, Du Y, Shoichet BK, Basbaum Al, Gmeiner P. Structure-
based discovery of nonopioid analgesics acting through the «2A-
adrenergic receptor. Science 2022;377:eabn7065.

[71] Frade BB, Dias RB, Gemini Piperni S, Bonfim DC. The role of
macrophages in fracture healing: a narrative review of the recent
updates and therapeutic perspectives. Stem Cell Investig 2023;10:4.

[72] Freeman KT, Koewler NJ, Jimenez-Andrade JM, Buus RJ, Herrera MB,
Martin CD, Ghilardi JR, Kuskowski MA, Mantyh PW. A fracture pain
model in the rat: adaptation of a closed femur fracture model to study
skeletal pain. Anesthesiology 2008;108:473-83.

[73] Friesgaard KD, Gromov K, Knudsen LF, Brix M, Troelsen A, Nikolajsen L.
Persistent pain is common 1 year after ankle and wrist fracture surgery:
a register-based questionnaire study. Br J Anaesth 2016;116:655-61.

[74] Fuentes-Losada LM, Vergara-Amador E, Laverde-Cortina R. Pain
management assessment in children with limb fractures in an
emergency service. Colomb J Anesthesiol 2016;44:305-10.

[75] G H. Handbook of small animal orthopedics and fracture repair, 4th ed.
Can Vet J 2007;48:1168.

[76] Gabriel AF, Marcus MA, Walenkamp GH, Joosten EA. The CatWalk
method: assessment of mechanical allodynia in experimental chronic
pain. Behav Brain Res 2009;198:477-80.

[77] Gajda M, Litwin JA, Tabarowski Z, Zagolski O, Cichocki T, Timmermans
JP, Adriaensen D. Development of rat tibia innervation: colocalization of
autonomic nerve fiber markers with growth-associated protein 43. Cells
Tissues Organs 2010;191:489-99.

[78] Gao H, Huang J, Wei Q, He C. Advances in animal models for studying
bone fracture healing. Bioengineering (Basel) 2023;10:201.

[79] Gearing DP, Virtue ER, Gearing RP, Drew AC. A fully caninised anti-NGF
monoclonal antibody for pain relief in dogs. BMC Vet Res 2013;9:226.

[80] Gerbershagen HJ, Aduckathil S, van Wijck AJ, Peelen LM, Kalkman CJ,
Meissner W. Pain intensity on the first day after surgery: a prospective
cohort study comparing 179 surgical procedures. Anesthesiology 2013;
118:934-44.

[81] Gheorghita A, Webster F, Thielke S, Sale JEM. Long-term experiences
of pain after a fragility fracture. Osteoporos Int 2018;29:1093-104.

[82] Giannoudis PV, MacDonald DA, Matthews SJ, Smith RM, Furlong AJ,
De Boer P. Nonunion of the femoral diaphysis. The influence of reaming
and non-steroidal anti-inflammatory drugs. J Bone Joint Surg Br 2000;
82:655-8.

www.painjournalonline.com e501

[83] Godersky ME, Vercammen LK, Ventura AS, Walley AY, Saitz R.
Identification of non-steroidal anti-inflammatory drug use disorder:
a case report. Addict Behav 2017;70:61-4.

[84] Goodnough LH, Goodman SB. Relationship of aging, inflammation, and
skeletal stem cells and their effects on fracture repair. Curr Osteoporos
Rep 2022;20:320-5.

[85] Goudie ST, Broll R, Warwick C, Dixon D, Ring D, McQueen M. The
association between psychological factors and outcomes after distal
radius fracture. J Hand Surg 2022;47:190.e1-10.

[86] Gould HJ, Gould TN, England JD, Paul D, Liu ZP, Levinson SR. A
possible role for nerve growth factor in the augmentation of sodium
channels in models of chronic pain. Brain Res 2000;854:19-29.

[87] Gregory NS, Harris AL, Robinson CR, Dougherty PM, Fuchs PN, Sluka
KA. An overview of animal models of pain: disease models and outcome
measures. J Pain 2013;14:1255-69.

[88] Greider TD. Orthopedic aspects of congenital insensitivity to pain. Clin
Orthop Relat Res 1983;172:177-85.

[89] Griffioen MA, Dernetz VH, Yang GS, Griffith KA, Dorsey SG, Renn CL.
Evaluation of dynamic weight bearing for measuring nonevoked
inflammatory hyperalgesia in mice. Nurs Res 2015;64:81-7.

[90] Griffioen MA, Greenspan JD, Johantgen M, Von Rueden K, O’'Toole RV,
Dorsey SG, Renn CL. Acute pain characteristics in patients with and
without chronic pain following lower extremity injury. Pain Manag Nurs
2017;18:33-41.

[91] Griffioen MA, Greenspan JD, Johantgen M, Von Rueden K, O’'Toole RV,
Dorsey SG, Renn CL. Quantitative sensory testing and current
perception threshold testing in patients with chronic pain following
lower extremity fracture. Biol Res Nurs 2018;20:16-24.

[92] Griffiths H, Jordan S. Thinking of the future and walking back to normal:
an exploratory study of patients’ experiences during recovery from lower
limb fracture. J Adv Nurs 1998;28:1276-88.

[93] Guedon JMG, Longo G, Majuta LA, Thomspon ML, Fealk MN, Mantyh
PW. Dissociation between the relief of skeletal pain behaviors and skin
hypersensitivity in a model of bone cancer pain. PAIN 2016;157:
1239-47.

[94] Guidera KJ, Multhopp H, Ganey T, Ogden JA. Orthopaedic
manifestations in congenitally insensate patients. J Pediatr Orthop
1990;10:514-21.

[95] Guo Q, Chen N, Qian C, Qi C, Noller K, Wan M, Liu X, Zhang W, Cahan
P, Cao X. Sympathetic innervation regulates osteocyte-mediated
cortical bone resorption during lactation. Adv Sci (Weinh) 2023;10:
€2207602.

[96] Guo TZ, Shi X, Li WW, Wei T, Clark JD, Kingery WS. Passive transfer
autoimmunity in @ mouse model of complex regional pain syndrome.
PAIN 2017;158:2410-21.

[97] Harden NR, Bruehl S, Perez R, Birklein F, Marinus J, Maihofner C,
Lubenow T, Buvanendran A, Mackey S, Graciosa J, Mogilevski M,
Ramsden C, Chont M, Vatine JJ. Validation of proposed diagnostic
criteria (the “Budapest criteria”) for complex regional pain syndrome.
PAIN 2010;150:268-74.

[98] Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and sensitive
method for measuring thermal nociception in cutaneous hyperalgesia.
PAIN 1988;32:77-88.

[99] Hashmi JA, Baliki MN, Huang L, Baria AT, Torbey S, Hermann KM,
Schnitzer TJ, Apkarian AV. Shape shifting pain: chronification of back
pain shifts brain representation from nociceptive to emotional circuits.
Brain 2013;136:2751-68.

[100] Healey CD, Spiman SK, King BD, Sherrill JE I, Pelaez CA.
Asymptomatic cervical spine fractures: current guidelines can fail older
patients. J Trauma Acute Care Surg 2017;83:119-25.

[101] Hefti FF, Rosenthal A, Walicke PA, Wyatt S, Vergara G, Shelton DL,
Davies AM. Novel class of pain drugs based on antagonism of NGF.
Trends Pharmacol Sci 2006;27:85-91.

[102] Helmerhorst GT, Vranceanu AM, Vrahas M, Smith M, Ring D. Risk
factors for continued opioid use one to two months after surgery for
musculoskeletal trauma. J Bone Joint Surg Am 2014;96:495-9.

[103] Hicks CL, von Baeyer CL, Spafford PA, van Korlaar I, Goodenough B.
The Faces Pain Scale-Revised: toward a common metric in pediatric
pain measurement. PAIN 2001;93:173-83.

[104] Hill EL, Elde R. Distribution of CGRP-VIP-DBH-SP-and NPY-
immunoreactive nerves in the periosteum of the rat. Cell Tissue Res
1991,;264:469-80.

[105] Hirsch' S, lorahim A, Kramer L, Escolano-Lozano F, Schlereth T, Birklein
F. Bone trauma causes massive but reversible changes in spinal
circuitry. J Pain 2017;18:468-76.

[106] Hirth M, Rukwied R, Gromann A, Turnquist B, Weinkauf B, Francke K,
Albrecht P, Rice F, Hagglof B, Ringkamp M, Engelhardt M, Schultz C,
Schmelz M, Obreja O. Nerve growth factor induces sensitization of


www.painjournalonline.com

e502 H. Nishimura et al. ® 166 (2025) e491-e505

nociceptors without evidence for increased intraepidermal nerve fiber
density. PAIN 2013;154:2500-11.

[107] Histing T, Kristen A, Roth C, Holstein JH, Garcia P, Matthys R, Menger
MD, Pohlemann T. In vivo gait analysis in a mouse femur fracture model.
J Biomech 2010;43:3240-3.

[108] Hjermstad MJ, Fayers PM, Haugen DF, Caraceni A, Hanks GW, Loge
JH, Fainsinger R, Aass N, Kaasa S; European Palliative Care Research
Collaborative EPCRC. Studies comparing Numerical Rating Scales,
Verbal Rating Scales, and Visual Analogue Scales for assessment of
pain intensity in adults: a systematic literature review. J Pain Symptom
Manage 2011;41:1073-93.

[109] Hochberg MC, Carrino JA, Schnitzer TJ, Guermazi A, Walsh DA, White
A, Nakajo S, Fountaine RJ, Hickman A, Pixton G, Viktrup L, Brown MT,
West CR, Verburg KM. Long-term safety and efficacy of subcutaneous
tanezumab versus nonsteroidal antiinflammatory drugs for hip or knee
osteoarthritis: a randomized trial. Arthritis Rheumatol 2021;73:1167-77.

[110] Hohmann EL, Elde RP, Rysavy JA, Einzig S, Gebhard RL. Innervation of
periosteum and bone by sympathetic vasoactive intestinal peptide-
containing nerve fibers. Science 1986;232:868-71.

[111] Honore P, Rogers SD, Schwei MJ, Salak-Johnson JL, Luger NM,
Sabino MC, Clohisy DR, Mantyh PW. Murine models of inflammatory,
neuropathic and cancer pain each generates a unique set of
neurochemical changes in the spinal cord and sensory neurons.
Neuroscience 2000;98:585-98.

[112] Houben IB, Raaben M, Van Basten Batenburg M, Blokhuis TJ. Delay in
weight bearing in surgically treated tibial shaft fractures is associated
with impaired healing: a cohort analysis of 166 tibial fractures. Eur J
Orthop Surg Traumatol 2018;28:1429-36.

[113] Houwen T, de Munter L, Lansink KWW, de Jongh MAC. There are more
things in physical function and pain: a systematic review on physical,
mental and social health within the orthopedic fracture population using
PROMIS. J Patient Rep Outcomes 2022;6:34.

[114] Houwen T, Verhofstad MHJ, van Egmond PW, Enting M, Lansink KWW,
de Jongh MAC. Using PROM())S to measure health-related quality of life
in patients with a bone fracture: an observational cohort study. Injury
2024;55:111278.

[115] Howe CL, Valletta JS, Rusnak AS, Mobley WC. NGF signaling from
clathrin-coated vesicles: evidence that signaling endosomes serve as
a platform for the Ras-MAPK pathway. Neuron 2001;32:801-14.

[116] Hsu JR, Mir H, Wally MK, Seymour RB; Orthopaedic Trauma
Association Musculoskeletal Pain Task Force. Clinical practice
guidelines for pain management in acute musculoskeletal injury.
J Orthop Trauma 2019;33:158-82.

[117] Hukkanen M, Konttinen YT, Santavirta S, Paavolainen P, Gu XH,
Terenghi G, Polak JM. Rapid proliferation of calcitonin gene-related
peptide-immunoreactive nerves during healing of rat tibial fracture
suggests neural involvement in bone growth and remodelling.
Neuroscience 1993;54:969-79.

[118] Hunt SP, Mantyh PW. The molecular dynamics of pain control. Nat Rev
Neurosci 2001;2:83-91.

[119] Hurrell DJ. The nerve supply of bone. J Anat 1937;72:54-61.

[120] Iglesias-Velazquez O, Gf Tresguerres F, Tresguerres IF, Leco-Berrocal |,
Lopez-Pintor R, Baca L, Torres J. OsteoMac: a new player on the bone
biology scene. Ann Anat 2024;254:152244.

[121] Imai S, Tokunaga Y, Maeda T, Kikkawa M, Hukuda S. Calcitonin gene-
related peptide, substance P, and tyrosine hydroxylase-immunoreactive
innervation of rat bone marrows: an immunohistochemical and
ultrastructural investigation on possible efferent and afferent
mechanisms. J Orthop Res 1997;15:133-40.

[122] Inman VT, deC M Saunders JB. Referred pain from skeletal structures.
J Nerv Ment Dis 1944;99:660-7.

[123] Ivanusic JJ. The pattern of Fos expression in the spinal dorsal horn
following acute noxious mechanical stimulation of bone. Eur J Pain
2008;12:895-9.

[124] Ivanusic JJ. Size, neurochemistry, and segmental distribution of sensory
neurons innervating the rat tibia. J Comp Neurol 2009;517:276-83.

[125] Ivanusic JJ, Sahai V, Mahns DA. The cortical representation of sensory
inputs arising from bone. Brain Res 2009;1269:47-53.

[126] lyengar S, Ossipov MH, Johnson KW. The role of calcitonin gene-related
peptide in peripheral and central pain mechanisms including migraine.
PAIN 2017;158:543-59.

[127] Jensen MP, Karoly P, Braver S. The measurement of clinical pain
intensity: a comparison of six methods. PAIN 1986;27:117-26.

[128] Jimenez-Andrade JM, Bloom AP, Mantyh WG, Koewler NJ, Freeman
KT, Delong D, Ghilardi JR, Kuskowski MA, Mantyh PW. Capsaicin-
sensitive sensory nerve fibers contribute to the generation and
maintenance of skeletal fracture pain. Neuroscience 2009;162:
1244-54.

PAIN®

[129] Jimenez-Andrade JM, Bloom AP, Stake JI, Mantyh WG, Taylor RN,
Freeman KT, Ghilardi JR, Kuskowski MA, Mantyh PW. Pathological
sprouting of adult nociceptors in chronic prostate cancer-induced bone
pain. J Neurosci 2010;30:14649-56.

[130] Jimenez-Andrade JM, Ghilardi JR, Castafieda-Corral G, Kuskowski
MA, Mantyh PW. Preventive or late administration of anti-NGF therapy
attenuates tumor-induced nerve sprouting, neuroma formation, and
cancer pain. PAIN 2011;152:2564-74.

[131] Jimenez-Andrade JM, Mantyh PW. Sensory and sympathetic nerve
fibers undergo sprouting and neuroma formation in the painful arthritic
joint of geriatric mice. Arthritis Res Ther 2012;14:R101.

[132] Jimenez-Andrade JM, Mantyh WG, Bloom AP, Xu H, Ferng AS, Dussor
G, Vanderah TW, Mantyh PW. A phenotypically restricted set of primary
afferent nerve fibers innervate the bone versus skin: therapeutic
opportunity for treating skeletal pain. Bone 2010;46:306-13.

[138] Jirkof P, Durst M, Klopfleisch R, Palme R, Théne-Reineke C, Buttgereit
F, Schmidt-Bleek K, Lang A. Administration of Tramadol or
Buprenorphine via the drinking water for post-operative analgesia in
a mouse-osteotomy model. Sci Rep 2019;9:10749.

[134] Johns WSL, Ramtin S, Pedowitz DI. Evidence-based orthopaedic post-
operative opioid prescribing recommendations following foot & ankle
surgery. SurgiColl 2023;1:77648.

[135] Joslin CC, Eastaugh-Waring SJ, Hardy JR, Cunningham JL. Weight
bearing after tibial fracture as a guide to healing. Clin Biomech (Bristol)
2008;23:329-33.

[136] Joyce CR, Zutshi DW, Hrubes V, Mason RM. Comparison of fixed
interval and visual analogue scales for rating chronic pain. Eur J Clin
Pharmacol 1975;8:415-20.

[137] Julius D, Basbaum Al. Molecular mechanisms of nociception. Nature
2001;413:203-10.

[138] Kannus P, Niemi S, Palvanen M, Parkkari J, Pasanen M, Jarvinen M,
Vuori |. Continuously rising problem of osteoporotic knee fractures in
elderly women: nationwide statistics in Finland in 1970-1999 and
predictions until the year 2030. Bone 2001;29:419-23.

[139] Keene DJ, Knight R, Bruce J, Dutton SJ, Tutton E, Achten J, Costa ML.
Chronic pain with neuropathic characteristics after surgery for major
trauma to the lower limb: prevalence, predictors, and association with
pain severity, disability, and quality of life in the UK WHIST trial. Bone
Joint J 2021;103-b:1047-54.

[140] Kerr BJ, Souslova V, McMahon SB, Wood JN. A role for the TTX-
resistant sodium channel Nav 1.8 in NGF-induced hyperalgesia, but not
neuropathic pain. Neuroreport 2001;12:3077-80.

[141] Khan JS, Devereaux PJ, LeManach Y, Busse JW. Patient coping and
expectations about recovery predict the development of chronic post-surgical
pain after traumatic tibial fracture repair. Br J Anaesth 2016;117:365-70.

[142] Koewler NJ, Freeman KT, Buus RJ, Herrera MB, Jimenez-Andrade JM,
Ghilardi JR, Peters CM, Sullivan LJ, Kuskowski MA, Lewis JL, Mantyh
PW. Effects of a monoclonal antibody raised against nerve growth factor
on skeletal pain and bone healing after fracture of the C57BL/6J mouse
femur. J Bone Miner Res 2007;22:1732-42.

[143] Krakow AR, Talwar D, Mehta NN, Gandhi JS, Flynn JM. Getting the
message: the declining trend in opioid prescribing for minor orthopaedic
injuries in children and adolescents. J Bone Joint Surg Am 2022;104:
1166-71.

[144] Kuntz A, Richins CA. Innervation of the bone marrow. J Comp Neurol
1945;83:213-22.

[145] Lane NE, Schnitzer TJ, Birbara CA, Mokhtarani M, Shelton DL, Smith
MD, Brown MT. Tanezumab for the treatment of pain from osteoarthritis
of the knee. N Engl J Med 2010;363:1521-31.

[146] Lang A, Schulz A, Ellinghaus A, Schmidt-Bleek K. Osteotomy models:
the current status on pain scoring and management in small rodents.
Lab Anim 2016;50:433-41.

[147] Lawson SN, Waddell PJ. Soma neurofilament immunoreactivity is
related to cell size and fibre conduction velocity in rat primary sensory
neurons. J Physiol 1991;435:41-63.

[148] Le Bars D, Hansson PT, Plaghki L. Current animal test and models of
pain. In: Beaulieu P, Lussier D, Porreca F, Dickenso AH, eds.
Pharmacology of pain. Seattle: IASP Press, 2015. pp. 475-504.

[149] Lee MC, Tracey |. Imaging pain: a potent means for investigating pain
mechanisms in patients. Br J Anaesth 2013;111:64-72.

[150] LidJ, Kreicbergs A, Bergstrom J, Stark A, Ahmed M. Site-specific CGRP
innervation coincides with bone formation during fracture healing and
modeling: a study in rat angulated tibia. J Orthop Res 2007;25:1204-12.

[151] Li J, Zhang Z, Tang J, Hou Z, Li L, Li B. Emerging roles of nerve-bone
axis in modulating skeletal system. Med Res Rev 2024;44:1867-903.

[152] Li Z, Meyers CA, Chang L, Lee S, Li Z, Tomlinson R, Hoke A, Clemens
TL, James AW. Fracture repair requires TrkA signaling by skeletal
sensory nerves. J Clin Invest 2019;129:5137-50.



November 2025 e Volume 166 ¢ Number 11

[153] Lindsay TH, Jonas BM, Sevcik MA, Kubota K, Halvorson KG, Ghilardi
JR, Kuskowski MA, Stelow EB, Mukherjee P, Gendler SJ, Wong GY,
Mantyh PW. Pancreatic cancer pain and its correlation with changes in
tumor vasculature, macrophage infiltration, neuronal innervation, body
weight and disease progression. PAIN 2005;119:233-46.

[154] Linley JE, Rose K, Ooi L, Gamper N. Understanding inflammatory pain:
ion channels contributing to acute and chronic nociception. Pflugers
Arch 2010;459:657-69.

[155] Litcher-Kelly L, Martino SA, Broderick JE, Stone AA. A systematic review
of measures used to assess chronic musculoskeletal pain in clinical and
randomized controlled clinical trials. J Pain 2007;8:906-13.

[156] Long H, Ahmed M, Ackermann P, Stark A, Li J. Neuropeptide Y
innervation during fracture healing and remodeling. A study of angulated
tibial fractures in the rat. Acta Orthop 2010;81:639-46.

[157] Lopez EM, Leclerc K, Ramsukh M, Parente PE, Patel K, Aranda CJ,
Josephson AM, Remark LH, Kirby DJ, Buchalter DB, Hadi T, Morgani
SM, Ramkhelawon B, Leucht P. Modulating the systemic and local
adaptive immune response after fracture improves bone regeneration
during aging. Bone 2022;157:116324.

[158] LuF, Kato J, Toramaru T, Sugai M, Zhang M, Morisaki H. Objective and
quantitative evaluation of spontaneous pain-like behaviors using
dynamic weight-bearing system in mouse models of postsurgical
pain. J Pain Res 2022;15:1601-12.

[159] MacDermid JC, Roth JH, Richards RS. Pain and disability reported in
the year following a distal radius fracture: a cohort study. BMC
Musculoskelet Disord 2003;4:24.

[160] Macera A, Carulli C, Sirleo L, Innocenti M. Postoperative complications
and reoperation rates following open reduction and internal fixation of
ankle fracture. Joints 2018;6:110-5.

[161] Mach DB, Rogers SD, Sabino MC, Luger NM, Schwei MJ, Pomonis JD,
Keyser CP, Clohisy DR, Adams DJ, O’Leary P, Mantyh PW. Origins of
skeletal pain: sensory and sympathetic innervation of the mouse femur.
Neuroscience 2002;113:155-66.

[162] Magnusdottir R, Gohin S, Ter Heegde F, Hopkinson M, McNally IF,
Fisher A, Upton N, Billinton A, Chenu C. Fracture-induced pain-like
behaviours in a femoral fracture mouse model. Osteoporos Int 2021;32:
2347-59.

[163] Mahns DA, Ivanusic JJ, Sahai V, Rowe MJ. An intact peripheral nerve
preparation for monitoring the activity of single, periosteal afferent nerve
fibres. J Neurosci Methods 2006;156:140-4.

[164] Majuta LA, Longo G, Fealk MN, McCaffrey G, Mantyh PW. Orthopedic
surgery and bone fracture pain are both significantly attenuated by
sustained blockade of nerve growth factor. PAIN 2015;156:157-65.

[165] Malik-Hall M, Dina OA, Levine JD. Primary afferent nociceptor
mechanisms mediating NGF-induced mechanical hyperalgesia. Eur J
Neurosci 2005;21:3387-94.

[166] Mamet J, Baron A, Lazdunski M, Voilley N. Proinflammatory mediators,
stimulators of sensory neuron excitability via the expression of acid-
sensing ion channels. J Neurosci 2002;22:10662-70.

[167] Mantyh PW. The neurobiology of skeletal pain. Eur J Neurosci 2014;39:
508-19.

[168] Mantyh PW. Mechanisms that drive bone pain across the lifespan. Br J
Clin Pharmacol 2019;85:1103-13.

[169] Mantyh WG, Jimenez-Andrade JM, Stake JI, Bloom AP, Kaczmarska
MJ, Taylor RN, Freeman KT, Ghilardi JR, Kuskowski MA, Mantyh PW.
Blockade of nerve sprouting and neuroma formation markedly
attenuates the development of late stage cancer pain. Neuroscience
2010;171:588-98.

[170] Marcucio RS, Miclau T Il Bahney CS. A shifting paradigm:
transformation of cartilage to bone during bone repair. J Dent Res
2023;102:13-20.

[171] Marinus J, Moseley GL, Birklein F, Baron R, Maihéfner C, Kingery WS,
van Hilten JJ. Clinical features and pathophysiology of complex regional
pain syndrome. Lancet Neurol 2011;10:637-48.

[172] Martin CD, Jimenez-Andrade JM, Ghilardi JR, Mantyh PW. Organization
of a unique net-like meshwork of CGRP+ sensory fibers in the mouse
periosteum: implications for the generation and maintenance of bone
fracture pain. Neurosci Lett 2007;427:148-52.

[173] Mazar A, Herold HZ, Vardy PA. Congenital sensory neuropathy with
anhidrosis: orthopedic complication and management. Clin Orthop
Relat Res 1976(118):184-7.

[174] McVeigh LG, Perugini AJ, Fehrenbacher JC, White FA, Kacena MA.
Assessment, quantification, and management of fracture pain: from
animals to the clinic. Curr Osteoporos Rep 2020;18:460-70.

[175] Medhurst SJ, Walker K, Bowes M, Kidd BL, Glatt M, Muller M,
Hattenberger M, Vaxelaire J, O’Reilly T, Wotherspoon G, Winter J,
Green J, Urban L. A rat model of bone cancer pain. PAIN 2002;96:
129-40.

www.painjournalonline.com e503

[176] Melzack R, Torgerson WS. On the language of pain. Anesthesiology
1971;34:50-9.

[177] Mercadante S. Malignant bone pain: pathophysiology and treatment.
PAIN 1997;69:1-18.

[178] Meyhoff CS, Thomsen CH, Rasmussen LS, Nielsen PR. High incidence
of chronic pain following surgery for pelvic fracture. Clin J Pain 2006;22:
167-72.

[179] Middleton SJ, Barry AM, Comini M, Li Y, Ray PR, Shiers S,
Themistocleous AC, Uhelski ML, Yang X, Dougherty PM, Price TJ,
Bennett DL. Studying human nociceptors: from fundamentals to clinic.
Brain 2021;144:1312-35.

[180] Mikosz CA, Zhang K, Haegerich T, Xu L, Losby JL, Greenspan A,
Baldwin G, Dowell D. Indication-specific opioid prescribing for US
patients with Medicaid or private insurance, 2017. JAMA Netw Open
2020;3:€204514.

[181] Minville V, Laffosse JM, Fourcade O, Girolami JP, Tack |. Mouse model
of fracture pain. Anesthesiology 2008;108:467-72.

[182] Minville V, Mouledous L, Jaafar A, Couture R, Brouchet A, Frances B,
Tack |, Girolami JP. Tibial post fracture pain is reduced in kinin receptors
deficient mice and blunted by kinin receptor antagonists. J Transl Med
2019;17:346.

[183] Miskolczy D. Uber die Nervenendigungen der Knochenhaut. Z Anat
Entwicklungsgesch 1926;81:638-40.

[184] Mitchell SAT, Majuta LA, Mantyh PW. New insights in understanding
and treating bone fracture pain. Curr Osteoporos Rep 2018;16:325-32.

[185] Monfoulet L, Rabier B, Chassande O, Fricain JC. Drilled hole defects in
mouse femur as models of intramembranous cortical and cancellous
bone regeneration. Calcif Tissue Int 2010;86:72-81.

[186] Morgan M, Nazemian V, Thai J, Lin I, Northfield S, Ivanusic JJ. BDNF
sensitizes bone and joint afferent neurons at different stages of MIA-
induced osteoarthritis. Bone 2024;189:117260.

[187] Morgan M, Nencini S, Thai J, Ivanusic JJ. TRPV1 activation alters the
function of A3 and C fiber sensory neurons that innervate bone. Bone
2019;123:168-75.

[188] Morgan M, Thai J, Nencini S, Xu J, lvanusic JJ. Stomatin-like protein 3
modulates the responses of A3, but not C fiber bone afferent neurons to
noxious mechanical stimulation in an animal model of acute
experimental bone pain. Mol Pain 2023;19:17448069231222407.

[189] Morgan M, Thai J, Trinh P, Habib M, Effendi KN, Ivanusic JJ. ASIC3
inhibition modulates inflammation-induced changes in the activity and
sensitivity of A3 and C fiber sensory neurons that innervate bone. Mol
Pain 2020;16:1744806920975950.

[190] Morris R, Pallister I, Trickett RW. Measuring outcomes following tibial
fracture. Injury 2019;50:521-33.

[191] Mundy GR. Bone remodelling and its disorders. Boca Raton: CRC
Press, 1999.

[192] Muramatsu K, Bishop AT. Cell repopulation in vascularized bone grafts.
J Orthop Res 2002;20:772-8.

[198] Nencini S, Ivanusic JJ. The physiology of bone pain. How much do we
really know? Front Physiol 2016;7:157.

[194] Nencini S, Morgan M, Thai J, Jobling Al, Mazzone SB, Ivanusic JJ.
Piezo2 knockdown inhibits noxious mechanical stimulation and NGF-
induced sensitization in A-delta bone afferent neurons. Front Physiol
2021;12:644929.

[195] Nencini S, Ringuet M, Kim DH, Chen YJ, Greenhill C, Ivanusic JJ.
Mechanisms of nerve growth factor signaling in bone nociceptors and in
an animal model of inflammatory bone pain. Mol Pain 2017;13:
1744806917697011.

[196] Nencini S, Ringuet M, Kim DH, Greenhill C, Ivanusic JJ. GDNF,
neurturin, and artemin activate and sensitize bone afferent neurons and
contribute to inflammatory bone pain. J Neurosci 2018;38:4899-911.

[197] NINDS. Complex regional pain syndrome. Bethesda: National Institute
of Neurological Disorders and Stroke, 2024.

[198] Nirogi R, Goura V, Shanmuganathan D, Jayarajan P, Abraham R.
Comparison of manual and automated filaments for evaluation of
neuropathic pain behavior in rats. J Pharmacol Toxicol Methods 2012;
66:8-13.

[199] Noback P, Cuellar D, Lombardi J, Swart E, Rosenwasser M. Evaluating
pain in orthopedic patients: can the visual analog scale be used as
a long-term outcome instrument. J Pain Relief 2015;4:2.

[200] Noguchi K, Kawai Y, Fukuoka T, Senba E, Miki K. Substance P induced
by peripheral nerve injury in primary afferent sensory neurons and its
effect on dorsal column nucleus neurons. J Neurosci 1995;15:7633-43.

[201] Noori A, Sprague S, Bzovsky S, Schemitsch EH, Poolman RW, Frihagen
F, Axelrod D, Heels-Ansdell D, Bhandari M, Busse JW; HEALTH
Investigators. Predictors of long-term pain after hip arthroplasty in
patients with femoral neck fractures: a cohort study. J Orthop Trauma
2020;34:S55-63.


www.painjournalonline.com

e504  H. Nishimura et al. ® 166 (2025) e491-e505

[202] Nwosu LN, Mapp PI, Chapman V, Walsh DA. Blocking the tropomyosin
receptor kinase A (TrkA) receptor inhibits pain behaviour in two rat
models of osteoarthritis. Ann Rheum Dis 2016;75:1246-54.

[203] Ono T, Okamoto K, Nakashima T, Nitta T, Hori S, Iwakura Y, Takayanagi
H. IL-17-producing 8 T cells enhance bone regeneration. Nat Commun
2016;7:10928.

[204] Orbach H, Rozen N, Rinat B, Rubin G. Hematoma block for distal radius
fractures: prospective, randomized comparison of two different volumes
of lidocaine. J Int Med Res 2018;46:4535-8.

[205] Patapoutian A, Reichardt LF. Trk receptors: mediators of neurotrophin
action. Curr Opin Neurobiol 2001;11:272-80.

[206] Peng J, Xiao S, Xie J, Fu W. Bulleyaconitine A reduces fracture-induced
pain and promotes fracture healing in mice. Front Pharmacol 2023;14:
1046514.

[207] Phatarakijnirund V, Mumm S, McAlister WH, Novack DV, Wenkert D,
Clements KL, Whyte MP. Congenital insensitivity to pain: fracturing
without apparent skeletal pathobiology caused by an autosomal
dominant, second mutation in SCN11A encoding voltage-gated
sodium channel 1.9. Bone 2016;84:289-98.

[208] Pivonka P, Dunstan CR. Role of mathematical modeling in bone fracture
healing. Bonekey Rep 2012;1:221.

[209] Pountos |, Georgouli T, Calori GM, Giannoudis PV. Do nonsteroidal anti-
infammatory drugs affect bone healing? A critical analysis.
ScientificWorldJournal 2012;2012:606404.

[210] Price DD. Selective activation of A-delta and C nociceptive afferents by
different parameters of nociceptive heat stimulation: a tool for analysis of
central mechanisms of pain. PAIN 1996;68:1-3.

[211] Radinovic K, Milan Z, Markovic-Denic L, Dubljanin-Raspopovic E,
Jovanovic B, Bumbasirevic V. Predictors of severe pain in the immediate
postoperative period in elderly patients following hip fracture surgery.
Injury 2014;45:1246-50.

[212] Radulescu A, White FA, Chenu C. What did we learn about fracture pain
from animal models? J Pain Res 2022;15:2845-56.

[213] Reeh PW, Steen KH. Tissue acidosis in nociception and pain. Prog Brain
Res 1996;113:143-51.

[214] Rivera KO, Russo F, Boileau RM, Tomlinson RE, Miclau T, Marcucio RS,
Desai TA, Bahney CS. Local injections of beta-NGF accelerates
endochondral fracture repair by promoting cartilage to bone
conversion. Sci Rep 2020;10:22241.

[215] Sadler KE, Langer SN, Menzel AD, Moehring F, Erb AN, Brandow AM,
Stucky CL. Gabapentin alleviates chronic spontaneous pain and acute
hypoxia-related pain in a mouse model of sickle cell disease. Br J
Haematol 2019;187:246-60.

[216] Sadler KE, Mogil JS, Stucky CL. Innovations and advances in modelling
and measuring pain in animals. Nat Rev Neurosci 2022;23:70-85.

[217] Sahbaie P, Li WW, Guo TZ, Shi XY, Kingery WS, Clark JD. Autonomic
regulation of nociceptive and immunologic changes in a mouse model of
complex regional pain syndrome. J Pain 2022;23:472-86.

[218] Saiz AM, Rahmati M, Gresham RCH, Baldini TD, Burgan J, Lee MA,
Osipov B, Christiansen BA, Khassawna TE, Wieland DCF, Marinho AL,
Blanchet C, Czachor M, Working ZM, Bahney CS, Leach JK.
Polytrauma impairs fracture healing accompanied by increased
persistence of innate inflammatory stimuli and reduced adaptive
response. J Orthop Res 2025;43:603-16.

[219] Sale JEM, Frankel L, Thielke S, Funnell L. Pain and fracture-related
limitations persist 6 months after a fragility fracture. Rheumatol Int 2017;
37:1317-22.

[220] Santy J, Mackintosh C. A phenomenological study of pain following
fractured shaft of femur. J Clin Nurs 2001;10:521-7.

[221] Schlundt C, Fischer H, Bucher CH, Rendenbach C, Duda GN, Schmidt-
Bleek K. The multifaceted roles of macrophages in bone regeneration:
a story of polarization, activation and time. Acta Biomater 2021;133:
46-57.

[222] Schétt E, Berge OG, Angeby-Méller K, Hammarstrém G, Dalsgaard CJ,
Brodin E. Weight bearing as an objective measure of arthritic pain in the
rat. J Pharmacol Toxicol Methods 1994;31:79-83.

[223] Schwei MJ, Honore P, Rogers SD, Salak-Johnson JL, Finke MP,
Ramnaraine ML, Clohisy DR, Mantyh PW. Neurochemical and cellular
reorganization of the spinal cord in a murine model of bone cancer pain.
J Neurosci 1999;19:10886-97.

[224] Selvaraj D, Gangadharan V, Michalski CW, Kurejova M, Stosser S,
Srivastava K, Schweizerhof M, Waltenberger J, Ferrara N, Heppenstall
P, Shibuya M, Augustin HG, Kuner R. A functional role for VEGFR1
expressed in peripheral sensory neurons in cancer pain. Cancer Cell
2015;27:780-96.

[225] Sevcik MA, Ghilardi JR, Peters CM, Lindsay TH, Halvorson KG, Jonas
BM, Kubota K, Kuskowski MA, Boustany L, Shelton DL, Mantyh PW.
Anti-NGF therapy profoundly reduces bone cancer pain and the

PAIN®

accompanying increase in markers of peripheral and central
sensitization. PAIN 2005;115:128-41.

[226] Shen H, Gardner AM, Vyas J, Ishida R, Tawfik VL. Modeling complex
orthopedic trauma in rodents: bone, muscle and nerve injury and
healing. Front Pharmacol 2020;11:620485.

[227] Shen W, HuXM, Liu YN, HanY, Chen LP, Wang CC, Song C. CXCL12in
astrocytes contributes to bone cancer pain through CXCR4-mediated
neuronal sensitization and glial activation in rat spinal cord.
J Neuroinflammation 2014;11:75.

[228] Shu X, Mendell LM. Acute sensitization by NGF of the response of small-
diameter sensory neurons to capsaicin. J Neurophysiol 2001;86:
2931-8.

[229] Sikandar S, West SJ, McMahon SB, Bennett DL, Dickenson AH.
Sensory processing of deep tissue nociception in the rat spinal cord and
thalamic ventrobasal complex. Physiol Rep 2017;5:e13323.

[230] Simon AM, O’Connor JP. Dose and time-dependent effects of
cyclooxygenase-2 inhibition on fracture-healing. J Bone Joint Surg
Am 2007;89:500-11.

[231] Skaper SD, Pollock M, Facci L. Mast cells differentially express and
release active high molecular weight neurotrophins. Brain Res Mol Brain
Res 2001;97:177-85.

[232] Sluka KA, Westlund KN. Behavioral and immunohistochemical changes
in an experimental arthritis model in rats. PAIN 1993;55:367-77.

[233] Steverink JG, Oostinga D, van Tol FR, van Rien MHP, Mackaaij C,
Verlinde-Schellekens S, Oosterman BJ, Van Wijck AUM, Roeling TAP,
Verlaan JJ.  Sensory innervation of human bone: an
immunohistochemical study to further understand bone pain. J Pain
2021;22:1385-95.

[234] Suzuki N, Ogikubo O, Hansson T. The course of the acute vertebral
body fragility fracture: its effect on pain, disability and quality of life during
12 months. Eur Spine J 2008;17:1380-90.

[235] Tanaka S, Young JW, Halberstadt AL, Masten VL, Geyer MA. Four
factors underlying mouse behavior in an open field. Behav Brain Res
2012;233:55-61.

[236] Tawfik VL, Huck NA, Baca QJ, Ganio EA, Haight ES, Culos A, Ghaemi S,
Phongpreecha T, Angst MS, Clark JD, Aghaeepour N, Gaudilliere B.
Systematic immunophenotyping reveals sex-specific responses after
painful injury in mice. Front Immunol 2020;11:1652.

[237] Tay WH, de Steiger R, Richardson M, Gruen R, Balogh ZJ. Health
outcomes of delayed union and nonunion of femoral and tibial shaft
fractures. Injury 2014;45:1653-8.

[238] Tétreault P, Dansereau MA, Doré-Savard L, Beaudet N, Sarret P. Weight
bearing evaluation in inflammatory, neuropathic and cancer chronic pain
in freely moving rats. Physiol Behav 2011;104:495-502.

[239] Thompson Z, Miclau T, Hu D, Helms JA. A model for
intramembranous ossification during fracture healing. J Orthop
Res 2002;20:1091-8.

[240] Tolofari SK, Richardson SM, Freemont AJ, Hoyland JA. Expression of
semaphorin 3A and its receptors in the human intervertebral disc:
potential role in regulating neural ingrowth in the degenerate
intervertebral disc. Arthritis Res Ther 2010;12:R1.

[241] Tomlinson RE, LiZ, Zhang Q, Goh BC, Li Z, Thorek DLJ, Rajbhandari L,
Brushart TM, Minichiello L, Zhou F, Venkatesan A, Clemens TL. NGF-
TrkA signaling by sensory nerves coordinates the vascularization and
ossification of developing endochondral bone. Cell Rep 2016;16:
2723-35.

[242] Tracey I, Mantyh PW. The cerebral signature for pain perception and its
modulation. Neuron 2007;55:377-91.

[243] Tran Van PT, Vignery A, Baron R. Cellular kinetics of the bone
remodeling sequence in the rat. Anat Rec 1982;202:445-51.

[244] Treede RD, Rief W, Barke A, Aziz Q, Bennett M, Benoliel R, Cohen M,
Evers S, Finnerup NB, First MB, Giamberardino MA, Kaasa S, Korwisi B,
Kosek E, Lavand’homme P, Nicholas M, Perrot S, Scholz J, Schug S,
Smith BH, Svensson P, Vliaeyen JWS, Wang SJ. Chronic pain as
a symptom or a disease: the IASP Classification of Chronic Pain for the
International Classification of Diseases (ICD-11). PAIN 2019;160:19-27.

[245] Tsitsilonis S, Lindner T, Haas NP, Hahn FM, Marnitz T, Wichlas F.
Diagnosing fractures: pain intensity and subjective functional
impairment are unreliable markers for initial assessment of possible
extremity fractures. Eur J Emerg Med 2016;23:155-8.

[246] Turner PV, Pang DS, Lofgren JL. A review of pain assessment methods
in laboratory rodents. Comp Med 2019;69:451-67.

[247] Ueno T, Kagawa T, Mizukawa N, Nakamura H, Sugahara T, Yamamoto
T. Cellular origin of endochondral ossification from grafted periosteum.
Anat Rec 2001;264:348-57.

[248] van Griensven H, Schmid A, Trendafilova T, Low M. Central sensitization
in musculoskeletal pain: lost in translation? J Orthop Sports Phys Ther
2020;50:592-6.



November 2025 e Volume 166 ¢ Number 11

[249] Van Wyngaarden JJ, Archer KR, Pennings JS, Matuszewski PE,
Noehren B. Psychosocial predictors of chronic pain 12 months after
surgical fixation for lower extremity fracture: a prospective study. Phys
Ther 2022;102:pzac101.

[250] Vincken L, van der Broeck L, Geurts J, Qiu Shao SS, Poeze M, Blokhuis
TJ. The effect of post-traumatic long bone non-unions on health-related
quality of life. Injury 2023;54:110929.

[251] Walsh DA, McWilliams DF, Turley MJ, Dixon MR, Franses RE, Mapp PI,
Wilson D. Angiogenesis and nerve growth factor at the osteochondral
junction in rheumatoid arthritis and osteoarthritis. Rheumatology
(Oxford) 2010;49:1852-61.

[252] Walsh GS, Krol KM, Kawaja MD. Absence of the p75 neurotrophin
receptor alters the pattern of sympathosensory sprouting in the
trigeminal ganglia of mice overexpressing nerve growth factor.
J Neurosci 1999;19:258-73.

[253] Warmerdam E, Orth M, Pohlemann T, Ganse B. Gait analysis to monitor
fracture healing of the lower leg. Bioengineering (Basel) 2023;10:255.

[254] Weinrich JA, Liu CD, Jewell ME, Andolina CR, Bernstein MX, Benitez J,
Rodriguez-Rosado S, Braz JM, Maze M, Nemenov MI, Basbaum Al.
Paradoxical increases in anterior cingulate cortex activity during nitrous
oxide-induced analgesia reveal a signature of pain affect. bioRxiv 2023.
doi:10.1101/2023.04.03.534475

[255] Wheatley BM, Nappo KE, Christensen DL, Holman AM, Brooks DI,
Potter BK. Effect of NSAIDs on bone healing rates: a meta-analysis.
J Am Acad Orthop Surg 2019;27:e330-6.

[256] Wiech K, Tracey I. The influence of negative emotions on pain:
behavioral effects and neural mechanisms. Neuroimage 2009;47:
987-94.

[257] Wiliams MC, Ivanusic JJ. Evidence for the involvement of the
spinoparabrachial pathway, but not the spinothalamic tract or post-
synaptic dorsal column, in acute bone nociception. Neurosci Lett 2008;
443:246-50.

[258] Wilis WD Jr. The pain system. The neural basis of nociceptive
transmission in the mammalian nervous system. Pain Headache 1985;
8:1-346.

[259] Wise BL, Seidel MF, Lane NE. The evolution of nerve growth factor
inhibition in clinical medicine. Nat Rev Rheumatol 2021;17:34-46.

[260] Wojtys EM, Beaman DN, Glover RA, Janda D. Innervation of the human
knee joint by substance-P fibers. Arthroscopy 1990;6:254-63.

[261] Wolter A, Bucher CH, Kurmies S, Schreiner V, Konietschke F,
Hohlbaum K, Klopfleisch R, Léhning M, Thdne-Reineke C, Buttgereit
F, Huwyler J, Jirkof P, Rapp AE, Lang A. A buprenorphine depot
formulation provides effective sustained post-surgical analgesia for 72 h
in mouse femoral fracture models. Sci Rep 2023;13:3824.

[262] Woolf CJ. Evidence for a central component of post-injury pain
hypersensitivity. Nature 1983;306:686-8.

[263] Woolf CJ. Central sensitization: implications for the diagnosis and
treatment of pain. PAIN 2011;152:52-15.

[264] Woolf CJ. Pain amplification: a perspective on the how, why, when, and
where of central sensitization. J Appl Biobehav Res 2018;23:e12124.

[265] Woolf CJ, Ma Q. Nociceptors: noxious stimulus detectors. Neuron
2007;55:353-64.

[266] Working ZM, Peterson D, Lawson M, O’Hara K, Coghlan R, Provencher
MT, Friess DM, Johnstone B, Miclau T Il Bahney CS. Collagen X
longitudinal fracture biomarker suggests staged fixation in tibial plateau
fractures delays rate of endochondral repair. J Orthop Trauma 2022;36:
S32-9.

www.painjournalonline.com e505

[267] Wu Z, Yang Y, Wang M. Silencing p75NTR regulates osteogenic
differentiation and angiogenesis of BMSCs to enhance bone healing in
fractured rats. J Orthop Surg Res 2024;19:192.

[268] Wynia EH, Lowing DM, Pan EJ, Schrock JW. Shifting practice in
pediatric prescription opioid use in the emergency department for
fractures. Am J Emerg Med 2022;59:141-5.

[269] Xiao Y, Han C, Wang Y, Zhang X, Bao R, Li Y, Chen H, Hu B, Liu S.
Interoceptive regulation of skeletal tissue homeostasis and repair. Bone
Res 2023;11:48.

[270] Xu J, LiZ, Tower RJ, Negri S, Wang Y, Meyers CA, Sono T, Qin Q, LU A,
Xing X, McCarthy EF, Clemens TL, James AW. NGF-p75 signaling
coordinates skeletal cell migration during bone repair. Sci Adv 2022;8:
eabl5716.

[271] Xue Q, Jong B, Chen T, Schumacher MA. Transcription of rat TRPV1
utilizes a dual promoter system that is positively regulated by nerve
growth factor. J Neurochem 2007;101:212-22.

[272] Yanagisawa Y, Furue H, Kawamata T, Uta D, Yamamoto J, Furuse S,
Katafuchi T, Imoto K, Iwamoto Y, Yoshimura M. Bone cancer induces
a unique central sensitization through synaptic changes in a wide area of
the spinal cord. Mol Pain 2010;6:38.

[273] YasuiM, ShiraishiY, Ozaki N, Hayashi K, Hori K, Ichiyanagi M, Sugiura Y.
Nerve growth factor and associated nerve sprouting contribute to local
mechanical hyperalgesia in a rat model of bone injury. Eur J Pain 2012;
16:953-65.

[274] Yoon AP, Wang C, Speth KA, Wang L, Chung KC; WRIST Group.
Modifiable factors associated with chronic pain 1 year after operative
management of distal radius fractures: a secondary analysis of
a randomized clinical trial. JAMA Netw Open 2020;3:62028929.

[275] Yu YY, Bahney C, Hu D, Marcucio RS, Miclau T Ill. Creating rigidly
stabilized fractures for assessing intramembranous ossification,
distraction osteogenesis, or healing of critical sized defects. J Vis Exp
2012;62:3552.

[276] Zanchi C, Giangreco M, Ronfani L, Germani C, Giorgi R, Calligaris L,
Norbedo S, Liccari G, Cozzi G, Barbi E. Pain intensity and risk of bone
fracture in children with minor extremity injuries. Pediatr Emerg Care
2020;36:e677-81.

[277] Zhang X, Huang J, McNaughton PA. NGF rapidly increases membrane
expression of TRPV1 heat-gated ion channels. EMBO J 2005;24:
4211-23.

[278] Zhang Z, Roberson DP, Kotoda M, Boivin B, Bohnslav JP, Gonzélez-
Cano R, Yarmolinsky DA, Turnes BL, Wimalasena NK, Neufeld SQ,
Barrett LB, Quintdo NLM, Fattori V, Taub DG, Wiltschko AB, Andrews NA,
Harvey CD, Datta SR, Woolf CJ. Automated preclinical detection of
mechanical pain hypersensitivity and analgesia. PAIN 2022;163:2326-36.

[279] Zhao J, Levy D. The sensory innervation of the calvarial periosteum is
nociceptive and contributes to headache-like behavior. PAIN 2014;155:
1392-400.

[280] Zhao L, Lai Y, Jiao H, Huang J. Nerve growth factor receptor limits
inflammation to promote remodeling and repair of osteoarthritic joints.
Nat Commun 2024;15:3225.

[281] ZhaoY, Zhang H, Li N, Li J, Zhang L. Chronic pain after bone fracture:
current insights into molecular mechanisms and therapeutic strategies.
Brain Sci 2022;12:1056.

[282] Zhu Z, Jiang Y, Li Z, Du Y, Chen Q, Guo Q, Ban Y, Gong P. Sensory
neuron transient receptor potential vanilloid-1 channel regulates
angiogenesis through CGRP in vivo. Front Bioeng Biotechnol 2024;
12:1338504.


www.painjournalonline.com

