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Abstract: The nature of the transition from acute to chronic pain still eludes explanation, but

chronic pain resulting from surgery provides a natural experiment that invites clinical epidemiological

investigation and basic scientific inquiry into the mechanisms of this transition. The primary purpose

of this article is to review current knowledge and hypotheses on the transition from acute to persis-

tent postsurgical pain, summarizing literature on clinical epidemiological studies of persistent post-

surgical pain development, as well as basic neurophysiological studies targeting mechanisms in the

periphery, spinal cord, and brain. The second purpose of this article is to integrate theory, informa-

tion, and causal reasoning in these areas. Conceptual mapping reveals 5 classes of hypotheses per-

taining to pain. These propose that chronic pain results from: 1) persistent noxious signaling in the

periphery; 2) enduring maladaptive neuroplastic changes at the spinal dorsal horn and/or higher cen-

tral nervous system structures reflecting a multiplicity of factors, including peripherally released neu-

rotrophic factors and interactions between neurons and microglia; 3) compromised inhibitory

modulation of noxious signaling in medullary-spinal pathways; 4) descending facilitatory modula-

tion; and 5) maladaptive brain remodeling in function, structure, and connectivity. The third purpose

of this article is to identify barriers to progress and review opportunities for advancing the field. This

review reveals a need for a concerted, strategic effort toward integrating clinical epidemiology, basic

science research, and current theory about pain mechanisms to hasten progress toward understand-

ing, managing, and preventing persistent postsurgical pain.

Perspective: The development of chronic pain after surgery is a major clinical problem that pro-

vides an opportunity to study the transition from acute to chronic pain at epidemiologic and basic

science levels. Strategic, coordinated, multidisciplinary research efforts targeting mechanisms of

pain chronification can to help minimize or eliminate persistent postsurgical pain.
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hronic pain is a pressing medical and socioeco-
nomic problem in theUnited States. Approximately
100 million adults are living with some form of

chronic pain. Consequently, the number of Americans
with chronic pain exceeds the total of Americans
suffering from cancer, diabetes, and heart disease com-
bined. The cost to American society for all forms of
chronic pain is approximately $635 billion a year.120
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This includes expense for medical treatment and also lost
work productivity.
In response to the 2010 Patient Protection and Afford-

able Care Act, the Institute of Medicine prepared a
report titled ‘‘Relieving Chronic Pain in America: A Blue-
print for Transforming Prevention, Care, Education, and
Research.’’ This report called for a strategically guided
cultural transformation in how American society and
medicine deals with the problem of chronic pain. Key
steps in this transformation are recognizing chronic
pain in its various forms, identifying the mechanisms of
chronic pain development, and formulating steps for
its prevention.
The first step in identifying the mechanisms of chronic

pain development is to investigate the acute pain from
which it arises. Examination of injuries that generate
acute pain, and the acute pain process itself, may reveal
potential risk factors for the development of chronic
pain. Similarly, demographic, medical, and psychosocial
patient characteristics are plausible risk factors for pain
chronicity. Identified risk factors can provide clues about
possible underlying mechanisms of pain chronification.
An integration of studies that define the nature of
chronic pain development in a specific patient popula-
tion with research directed at potential mechanisms rep-
resents a sound strategic basis for engaging the problem
of chronic pain.
Implementation of this strategy requires large scale,

comprehensive studies of painful conditions that prog-
ress from acute to chronic pain. Postoperative pain is
an excellent place to begin such work because acute
postoperative pain occurs with high frequency and in
controlled conditions. From the viewpoint of epidemi-
ology, it represents a natural experiment that addresses
the transition of acute pain to chronic pain.
This article has 3 primary goals. The first is to review

current knowledge and hypotheses on the transition
from acute to persistent pain after surgery. To this end,
we briefly summarize literature in the following areas:
1) clinical epidemiology studies of persistent postsurgical
pain (PPSP) development; 2) basic neurobiological
studies targeting mechanisms in the periphery; 3) basic
neurobiological studies targeting mechanisms at the spi-
nal cord and cerebral targets of spinal projection; 4)
studies of descending pathways involved in inhibitory
and facilitatory modulation of noxious signaling at the
spinal cord; and 5) functional and structural brain imag-
ing studies that examine changes in higher brain struc-
tures and functions associated with pain chronification.
We attempt to provide a conceptual map of research in
this emerging field.
The second goal is to integrate the information and

causal reasoning in areas of relevant literature.
Numerous models now exist in basic neurobiolgy and
in the area of neuroimmune interactions, and they guide
research at all levels of the neuraxis. We have tried to
identify conceptual elements behind the various models,
bring them forward, and assemble a relatively coherent
picture of the collective thinking behind the work.
The third goal is to identify barriers to progress in the

field, including the absence of work in certain key areas.
A review of opportunities for advancing the field com-
plements the assessment of barriers and shortcomings.
Finally, we evaluate the potential value of building lines
of communication across researchers working at
different levels of the neuraxis and coordinating work
in clinical epidemiology with basic science research.
The literature review in this article is selective rather

than exhaustive. Because the primary goal is to provide
a conceptual map of the field, we have focused on the
areas of investigation and the reasoning behind the
work rather than on the body of knowledge accumu-
lated to date. A thorough review of each of the areas
included in this cross-disciplinary article would prove
infeasible for a single article. Our broad objectives are
to characterize the emergence of this important but
diversified field of research, to articulate the Zeitgeist
that surrounds it, to identify barriers to progress, and
to point out opportunities for advancing progress in
this line of research.
Definitions
The field has reached only partial consensus on key

definitions. Therefore, we provide here definitions for
the fundamental phenomena that his article addresses.
Other definitions appear in context as needed.
Pain
The International Association for the Study of Pain

(IASP) defines pain as ‘‘.an unpleasant sensory and
emotional experience associatedwith actual or potential
tissue damage, or described in terms of such damage.’’
Psychophysiologically, in addition to its subjective, or
phenomenal, aspect, pain involves underlying physio-
logical processes that involve sensory and autonomic
nervous systems, circulating catecholamines and other
stress-response hormones, and immune system responses
to the autonomic and hormonal signaling.61 Clinically,
pain states may be either acute or chronic.
Acute Pain
Acute pain is an unpleasant, complex, dynamic psycho-

physiological response to tissue trauma and related
acute inflammatory processes. Normally, acute pain is
self-limiting and confined to a given period of time. It
arises in response to tissue injury, disease, or inflamma-
tion. Acute pain serves a protective biological function
thatminimizes behaviors that incur risk and fosters tissue
healing. Although in a primitive environment, acute
pain promotes survival, in medical settings such as recov-
ery from surgery, the physiological processes that accom-
pany acute pain, if uncontrolled, can exert deleterious
influences on health. Although the severity of acute
postoperative pain is important, the rate at which acute
pain resolves is also one of its key features.60
Chronic Pain
Pain has become chronic when it lasts beyond the heal-

ing of injured tissue and the related inflammatory pro-
cesses. Many chronic pain conditions last indefinitely. A
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chronic pain syndrome is a constellation of chronic pain
symptoms that do not respond to the medical model of
care. A chronic pain syndrome affects the patient
adversely by inducing depressed mood, fatigue,
reducing activity and libido, promoting physical decon-
ditioning, and leading to disability out of proportion
to documented impairment and pathophysiology. There
are many chronic pain syndromes, and some may result
from more than 1 etiology.

PPSP
Fortuitously, a large-scale natural experiment is avail-

able to help us engage the problem of chronic pain. Elec-
tive surgeries are acutely painful events that can lead to
chronic pain. Patients undergo surgery for a wide range
of conditions, and an estimated 10 to 50% of them
develop PPSP.160,172,219,339 Therefore, PPSP, a major
problem in its own right, provides a natural experiment
for the investigation of how chronic pain develops
from acute pain.
PPSP encompasses a family of chronic pain syn-

dromes that originated with surgical trauma. In some
cases, the subjective features of PPSP may bear little
resemblance to the acute postoperative pain from
which it stems but relate nonetheless to the surgery
(eg, phantom limb pain). Acute postoperative pain
normally resolves within 2 to 10 days after surgery.
Merskey and Bogduk,243 in the IASP’s classification sys-
tem for chronic pain syndromes, describe PPSP as ‘‘a
persistent pain state apparent two or more months’
postoperatively that cannot be explained by other
causes.’’ Some contend that this definition is overly
simplistic and is purely arbitrary, but the criterion of
2-month duration provides a practical basis for
defining the onset of chronicity.171 Presumably, pe-
ripheral and central neuroplastic changes can take
place and sustain pain that should disappear with heal-
ing. Macrae219 proposed a 4-point definition of PPSP.
Postoperative pain qualifies as chronic if: 1) the pain
has emerged as a consequence of surgery, 2) its dura-
tion is at least 2 months, 3) no other explanation exists
for the pain, and 4) the pain is not a continuation of a
preexisting chronic pain condition for which the sur-
gery was performed. The IASP established a task force
charged with developing a classification for chronic
pain that would fit within the upcoming 11th revision
of the World Health Organization’s international clas-
sification of diseases.360 The task force identified 7 di-
agnoses for chronic pain including among them
‘‘chronic postsurgical and posttraumatic pain.’’ This is
a pain that develops after a surgical procedure or tis-
sue injury and persists for $3 months.
Research on Persistent Postoperative Pain

Scope of the Problem
In 2004, 187.2 to 281.2 million patients underwent sur-

gery worldwide. This translates to approximately 1 sur-
gery per every 25 persons.403 In 2010 in the United
States, more than 51 million inpatient surgeries took
place.366 A classic survey12 revealed that approximately
80%of randomly selected postsurgical patients reported
having experienced acute postoperative pain. Of these,
86% had moderate, severe, or extreme pain, with more
patients experiencing pain after discharge than before.
Although most postoperative pain disappears with

healing, surgery leaves a surprising number of patients
with PPSP. The magnitude of the PPSP problem is sub-
stantial.79,85 Johansen and colleagues conducted a
large-scale survey of the general population in Nor-
way.160 In the preceding 3 years, 24% of respondents
had undergone 1 or more surgical procedures. Of these,
40.4% reported chronic pain in the area of the surgery
and 18.3% had moderate or severe chronic pain. Kehlet
et al estimated that overall the incidence of chronic pain
after surgery ranged from10 to 50%with 2 to 10%of pa-
tients enduring severe chronic pain.172 If this holds for
the 48 million annual inpatient surgeries in the United
States, chronic postsurgical pain will develop each year
in 4.8 to 24 million patients, and it will be severe in
960,000 to 4.8 million cases.
Numerous studies have examined the incidence of

PPSP related to specific surgeries. Phantom limb pain
after amputation is perhaps the most readily recog-
nized and best described persistent postsurgical
chronic pain syndrome.265 Reported incidence of
chronic phantom limb pain varies from 30 to 81%.281

PPSP after breast cancer surgery is also a major clinical
problem, with reported incidences ranging from 25 to
60%. In a large, nationwide study, 47% of women
experienced chronic pain after breast surgery, and of
these, 13% reported that it was severe.119,292 At least
5.9% of patients experienced chronic pain after
Cesarean section,264 and after vasectomy chronic pain
occurs in up to 15% of men.18 Studies of PPSP 4 months
after inguinal hernia surgery estimate that pain per-
sists in 39.5% of patients.295,296 Studies of post-
thoracotomy pain revealed that it becomes chronic in
25 to 60% of cases.290 Other procedures studied for
chronic pain after surgery include laparoscopic chole-
cystectomy,34 hysterectomy,41 and radical prostatec-
tomy.125 Reviews of PPSP in these and other
procedures appear in Katz and Seltzer171 and Kehlet
et al.172
Research Approaches
Research on the acute postoperative pain to PPSP

transition falls into 2 domains or paradigms: 1) clinical
epidemiology, and 2) basic mechanisms. Clinical epide-
miology seeks to identify patient features and medical
variables that are risk factors for the development of
chronic pain after surgery.126 These studies can reveal
mechanisms if they are prospective and identify the
timing of certain influences. Basic research encom-
passes studies on potential mechanisms in the periph-
ery and maladaptive neuroplastic changes in spinal
cord and brain function and structure that are associ-
ated with effects on pain. These studies depend on
appropriate assessments of pain intensity and/or pain
sensitivity.
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Clinical Epidemiology of Postsurgical
Pain
Clinical epidemiology is the application of the science

of epidemiology in a clinical setting. Its focus is a specific,
medically defined population. The clinical epidemiolo-
gist attempts to determine who is at risk for a particular
problem, in this case PPSP, and a goal has been to opti-
mize postoperative pain control. This line of inquiry has
done little to reveal mechanisms of pain chronification
because of limitations associated with infrequent data
acquisition via questionnaire, variations in anesthetic
regimens, and sparse information on pain persistence
for different kinds of pain. However, collection of pain
report data over months or years after surgery permits
approximate estimations of chronic pain persistence
curves and influences on them. The chronic pain persis-
tence curve concept, as we use it here, is a simple adapta-
tion of the conventional survival curve. It depicts the
proportion of patients reporting pain across multiple
points of time after a specific event such as a particular
type of surgery. Three key features of the chronic pain
persistence curve are pain intensity, duration to an end
point (0 pain or a plateau), and rate of change in inci-
dence.
Here, we summarize results and insights from clinical

studies of an intensively investigated surgical procedure.
Unlike mega reviews that address limited questions on
data combined from investigations that meet stringent
methodological criteria, we consider studies individually
with the goal of identifying factors that consistently in-
fluence chronic pain despite variations in experimental
paradigms.

Thoracotomy

Chronic postoperative pain is common among patients
who have undergone surgery accessing the heart, lungs,
or esophagus. Rib retraction injures somatic and visceral
tissues and traumatizes intercostal nerves. Fundamental
research questions in this area address the intensity and
maximal duration of pain after thoracotomy. In most
studies of chronic post thoracotomy pain, the primary
measure is the percent of patients who report pain
when queried at set time points extending for months
or years after surgery. The estimated pain persistence
curve for thoracotomy is a gradual decline from a univer-
sal pain presence within the first week to 1 year, when
the average incidence across 5 studies80,169,221,283,290

was 55.6% (range = 52–61%), to 7 years, when 21% of
600 respondents reported pain.221 The overall rate of
decline over 7 years was 17% per year.
Generalized chronic pain persistence curves are decep-

tive in some respects, because of numerous factors that
can increase individual variation. Research to date re-
veals the following:
� The proportion of patients reporting pain over an
extended period of time is greater for younger pa-
tients129,221,267,290,347 and women.128,129,267 Other
risk factors for pain chronicity include: pain intensity
in the first postoperative week128,129,169,172,196,283,284

and the extent of surgery.284,290,347
� The method and duration of early postoperative
pain management can determine the incidence
and intensity of chronic postoperative
pain.129,163,325,353

� Postsurgical pain for individual patients can onset
early or late, can be continuous or intermittent,
and can fluctuate up or down over time.128

� The spatial distribution of pain, including allodynia
and hyperalgesia in relation to the incision, can
vary over time.342

� Different types of postoperative pain may have
distinct chronic pain persistence curves.135,221

Pain Trajectories

Averaging chronic pain persistence curves across all
surgical patients does not represent important differ-
ences between individuals. For example, one thoracot-
omy study describes 2 patient populations, each with
distinctly different chronic pain persistence curves.
Mean pain ratings (0–10) increased from 2.8 to 3.5 over
postoperative weeks 4 to 48 for patients who developed
chronic pain, compared with a decrease of 2.2 to 0 over
the same period for patients who did not report pain
at 48 weeks.129 An approach that accounts for such dif-
ferences is necessary. For example, a popular hypothesis
is that neuropathic pain is responsible for long-
duration pain trajectories.27,127,135,169,172 Investigations
that have compared neuropathic with non-neuropathic
pain have reported that neuropathic pain is more severe,
requires more analgesic medication, and interferes with
daily activities to a greater extent.27,135,221,347 However,
the mechanism for chronic neuropathic pain is not
certain and may or may not be attributable only to
nerve injury, which likely occurs during all
thoracotomies.135,308,347 Also, clear evidence has not
yet emerged that neuropathic pain resolves more
slowly or less frequently than non-neuropathic pain after
thoracotomy, in part because characterizing chronic pain
as neuropathic after it has developed proves difficult.
Some investigators attempt to do this by identifying
the unique subjective qualities of neuropathic pain,
and work is under way to develop and fully validate
neuropathic pain questionnaires.157,364 In a sample of
204 patients who received thoracotomies, 42% of
patients reported pain at nearly 2 postoperative years,
23% of those with pain qualified as definitely
neuropathic, 30% with pain qualified as possibly
neuropathic (meeting some but not all criteria), and
47% were definitely not neuropathic.347 Thus, this study
included at least 3 varieties of chronic pain, possibly with
different pain trajectories.
Prevention of Chronic Surgical Pain
An apparent long-term effect of pain control in the

first week after thoracotomy suggests a possible
approach to preventing chronic postsurgical pain.
Because acute pain intensity is a risk factor for chronicity,
clinical investigators have attempted to control acute
postoperative pain aggressively. Typically, this involves
the administration of a systemic opioid and a
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nonsteroidal anti-inflammatory drug, along with deliv-
ery of a local anesthetic to peripheral afferents supplying
the surgical field (eg, epidural or paravertebral injection
for thoracotomy). Critical factors in the efficacy of this
approach to preventing chronic pain appear to be the
amount and duration of local anesthetic treatment. A
systematic review examining the use of regional anes-
thesia to prevent PPSP reported that epidural anesthesia
can prevent the development of PPSP in approximately 1
of every 4 to 5 patients.11

Examples of chronic pain prevention by analgesic
medication during thoracotomy and subsequent hours
or days are: 1) patients who received epidural morphine
and ropivacaine for 48 postoperative hours had a
reduced incidence of pain at 3 and 4 postoperative
months, compared with patients who received intrave-
nous (i.v.) fentanyl for 48 hours217; 2) paravertebral inter-
costal nerve block with nonsteroidal anti-inflammatory
drug administration prevented chronic pain beyond
2 months314; 3) epidural bupivacaine and morphine
self-administration for 72 hours significantly reduced
chronic allodynia and improved performance of daily ac-
tivities at 6 and 12 months, compared with subjects who
received cryoanalgesia of intercostal nerves163; 4) at six
postoperative months, the incidence of chronic pain
was 45% for patients who received epidural bupivacaine
and morphine during surgery and for 48 subsequent
hours, compared with an incidence of 78% for patients
who received i.v. morphine325; and 5) in a survey of
pain intensity rather than incidence, subjects received
epidural ropivacaine andmorphine infusion for 48 hours
postsurgically and i.v. ketamine or saline for 72 postoper-
ative hours. Significantly lowermean pain intensities at 1
and 3 months, but not at 6 months, were obtained for
subjects receiving ketamine.353 The inclusion of keta-
mine provided a test for the hypothesis that central sensi-
tization is a factor in development of chronic
postoperative pain. A systematic review examining the
efficacy of systematic drugs for the prevention of PPSP
reported 14 randomized controlled trials using keta-
mine.58 Meta-analysis revealed a modest reduction in
the incidence of chronic pain after surgery. However,
most of the trials had small samples sizes, thus increasing
the risk of overestimation of effect.
Attenuation of chronic post-thoracotomy pain by

aggressive early analgesic medication is consistent with
identification of early pain intensity as a risk factor for
chronic pain, and it suggests that the development
and/or maintenance of chronic pain depends on a sensi-
tizing influence of the high pain intensity that occurs
early after surgery. Neuropathic pain draws suspicion as
a sensitizing influence because of its typically
high-intensity. These observations call for thorough pro-
spective investigations of the time course of acute neuro-
pathic and non-neuropathic pain attenuation after
administration of specific analgesic protocols, compared
with conventional pain management. Such studies
would require documentation of the effectiveness of
analgesic treatment of chronic postoperative pain for
individual subjects characterized as neuropathic or
non-neuropathic. In a study of total knee arthroplasty
patients, daily treatment for 2 weeks with pregabalin
(300 mg) reduced pain and opioid consumption immedi-
ately during hospitalization comparedwith placebo con-
trol participants.50 It also improved range of motion in
the first 30 days of rehabilitation. At 3 and 6 months
postoperatively, patients who received pregabalin had
a lower incidence of neuropathic pain than did placebo
control participants.
Surgical Neuropathy
Pain is neuropathicwhen it stems fromaprimary lesion

or dysfunction in the nervous system.335,336 Many
clinicians and investigators hold that neuropathy is a
major cause of PPSP,141,160,171 resulting from iatrogenic
damage to sensory nerves. Some degree of nerve injury
is inevitable with surgery.39

Nerve trauma during surgery mostly involves partial
damage to peripheral axons through blunt trauma,
including crush, stretching, perineural inflammation,
compression, and scar formation, with entrapment of
sensory fibers and/or neuroma formation. Regional anes-
thesia techniques can also damage peripheral nerves,
producing neurogenic postoperative pain.46,193,413 In
general, partial damage to sensory axons during
surgery leads to spontaneous activity and a lowered
threshold for activation, along with increased
responses to a normal stimulus. Hyperesthesia can be
attributed to increased sensitivity of uninterrupted but
injured axons that develop increased densities of
abnormal sodium channels, and this condition sets the
stage for spontaneous ectopic discharges. An
iatrogenically damaged nerve can develop ectopic
neuronal pacemakers at various sites along its length.
Also, expression of receptors along its axons can be
altered, which makes it more sensitive to algogenic
substances, and it may even respond to substances to
which it is normally unresponsive.401 The inflammatory
response associated with surgery can alter gene expres-
sion at the dorsal root ganglion, and this increases syn-
thesis of peripheral receptors that sensitize the
nociceptors.
During surgery nerve transection is unavoidable. A

fully severed or axotomized nerve typically undergoes
Wallerian degeneration.94 Regenerating nerves can pro-
duce traumatic neuromas at their severed ends due to
unregulated nerve degeneration, often near a scar.116

These bulbous swellings are made up of abnormal
sprouting axons that can respond to catecholamines.
Neuromas can accumulate abnormal sodium channels
that contribute to their sensitivity and activation. Simi-
larly, dorsal root ganglion neurons produce ectopic dis-
charges that can generate pain as well as paresthesias.
Assessment of neuropathy in PPSP is challenging, and

the literature to date lacks uniformity in reporting the
prevalence and sensory characteristics of PPSP.141 Quali-
tative features of neuropathic pain arising from periph-
eral sensory nerve injury include sensations of prickling,
tingling, burning, pins and needles, or electrical shock-
like sensations. True neuropathic pain after surgery
should have an anatomical as well as a temporal
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relationship to the surgery and manifest associated sen-
sory disturbances with features that correspond to
criteria used in neuropathic pain-specific questionnaires.
Johansen et al160 queried survey respondents about sen-
sory abnormalities associated with the site of past sur-
gery and reported them to be strongly associated with
the severity of PPSP.
Overview of Risk Factors
The risk factors identified for chronic pain after thora-

cotomy, as reviewed previously, plus those listed in this
section, have been confirmed in numerous studies of a
variety of surgical procedures, strongly reinforcing their
validity. Risk factors for PPSP can be either surgery-
specific or patient-specific. Surgery-specific factors
further break down into preoperative, intraoperative,
and postoperative factors, depending on their relation-
ship to the surgical procedure. A combination of
surgery-specific and patient-specific factors offers the
best risk assessment.1

Preoperative Factors

These are patient-specific factors that comprise exist-
ing conditions or traits that the patient brings into the
surgical setting. Preoperative factors can be constitu-
tional such as gender, age, and genetic predisposition,
or psychological such as depression and a tendency to
catastrophize. Medical history variables such as preexist-
ing pain or comorbidities are also preoperative factors.
Preexisting pain. Patients may have pain related to

the pathology that the surgery is addressing, or the
pain may stem from unrelated chronic pain conditions.
For example, a patient with a painful arthritic knee
might undergo surgery for hernia repair. Regardless of
the origin of the preexisting chronic pain, it predisposes
patients to a slower rate of postoperative pain resolu-
tion. Radical prostatectomy patients with preoperative
chronic pain reported more severe acute postoperative
pain, which could subsequently progress to PPSP.125 The
severity of preoperative pain has emerged in many
studies as a factor contributing to the development of
persistent postoperative pain.1,171,195,263,265,417

Fibromyalgia syndrome (FMS) also increases risk for
PPSP. Increasing score on a fibromyalgia questionnaire
is associated with increasing PPSP risk after lower
extremity arthroplasty.47

Demographic factors. Basic demographic factors have
proven useful for establishing risk for PPSP. Over the
past decade, clinical as well as epidemiologic findings
indicate that women are at increased risk of developing
chronic pain conditions, and they report high levels of
acute procedural pain.55,107,233 Increasing age reduces
the risk of chronic pain in breast surgeries, hernia
repairs, and laparoscopic cholecystectomy.34,219,295,337,356

A progressive loss of cerebral cholinergic neurons with
age may be related to the reduced reactivity to pain
with age.387

Psychosocial factors. A systematic review of psychoso-
cial predictors of PPSP revealed that psychological
vulnerability, particularly depression, and traits such as
neuroticism and anxiety are equally important postsur-
gical factors, increasing the risk of PPSP.144,172 Some
patients have a tendency to regard an aversive or
challenging situation as if it were utterly disastrous.
This tendency, termed catastrophizing, is a risk factor
for the development of PPSP, and it also predicts the
severity of acute postoperative pain.278,280,352

Preoperative neuroticism emerged as an independent
risk factor for early postoperative pain after
laparoscopic cholecystectomy in a multivariate analysis
model.34 Reviews of psychological and psychosocial fac-
tors as predictors of postoperative pain intensity and
PPSP are available elsewhere.171,265

Presurgical pain sensitivity and pain modulation.
Patients who come to the surgical encounter with
abnormal sensitivity to painful events seem to be at
greater risk for PPSP.277,407 For example,
postherniotomy patients who had a high pain response
to a standardized heat stimulus preoperatively had
greater risk for PPSP.1

Preoperative sensory testing of elective surgery pa-
tients can help identify individuals who are at risk for
PPSP.97,410,423 Quantitative sensory testing methods can
evaluate the integrity of large and small fiber function,
including allodynia and hyperalgesia. Preoperative
hyperalgesia and poor inhibitory modulation appear to
increase vulnerability for subsequent chronic pain. Low,
or inefficient, conditioned pain modulation (CPM;
described in the Conditioned Pain Modulation section)
is a risk factor for chronic pain in general and for the
development of chronic pain after surgery.370,422

Pain genetics. Several reports provide a review of
findings on the genetics of pain susceptibil-
ity.108,171,175,252,361 Pain genetics is a young, rapidly
developing field. It promises to account for trait
variance in chronic pain states as well as vulnerability
to developing chronic pain. Individual differences are
high in almost all chronic pain syndromes. Strong
interindividual variation characterizes the sensitivity of
pain-free volunteers to experimental pain stimuli, the
rates at which patients develop chronic pain after un-
dergoing common surgical procedures, the severity of
the chronic pain syndromes patients report, and the pain
relief patients report in response to standard analgesic
interventions such as opioid medications. Such marked
individual differences may derive from genetic variation
in pain sensitivity, differences in endogenous pain
modulation, varied environment influences, or gene by
environment interactions, including epigenetics. This
line of inquiry in the PPSP domain attempts to identify
who is most at risk for developing chronic pain after
surgery, and it indicates that postoperative pain should
be managed on a case by case basis rather than a stan-
dard ward protocol. The long-range goals of such
research include improved diagnosis of PPSP conditions
and, ultimately, gene therapy.
Max and Stewart234 identified 2 types of pain genetics

investigations. The first attempts to identify polymor-
phisms that alter vulnerability for developing a structural
lesion that causes pain, such as a herniated disk. They
labeled such polymorphisms as disease genes related to
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painful conditions. The second type of study seeks to
identify polymorphisms that code for molecules that
affect the neural processing that underlies chronic
pain. For example, many patients undergoing surgery
suffer nerve injury, but only a few develop chronic
neuropathic pain as a result. This line of research en-
deavors to identify which polymorphisms increase
vulnerability to chronic pain and, conversely, which are
protective. One hypothesis is that chronic pain is more
likely to emerge in surgical patients whose genetic
makeup causes them to have higher than normal pain
sensitivity or an exaggerated pain response.89 Other hy-
potheses target genetically determinedmolecular mech-
anisms in the periphery or in the central nervous system
(CNS) that could sustain sensitized transduction or trans-
mission of noxious signals. Still others pursue polymor-
phisms that could cause the failure of key inhibitory
processes that modulate the transmission of noxious
signaling. A problem common to these and related
studies is determining and quantifying the pain trait
that defines chronic postsurgical pain.171 Chronic pain
syndromes have many features, and different polymor-
phisms may well determine different features. The lack
of consensus on what constitutes a multivariate pheno-
type for PPSP is a major barrier to progress in this field.
Katz and Seltzer171 point out that, although there are

numerous links between different polymorphisms and
features of various chronic pain syndromes, there is, as
yet no identified genetic basis for the risk of developing
chronic pain after surgery. Mogil252 provides a compre-
hensive reviewof the current state of knowledge inMen-
delian genetics related to pain. The scope of this review
included acute pain, inflammatory pain, back pain,
musculoskeletal pain, neuropathic pain, cancer pain,
visceral pain, experimental pain, widespread pain, and
idiopathic (functional) pain. Mogil clearly articulates
the dilemma that investigators face: ‘‘.if one does find
a gene variant with broad effects on chronic pain, is it
more likely that the gene participates in pain physiology
per se, or in the physiology of psychological modulators
of pain (eg, anxiety, depression, anger, or catastrophiz-
ing)?’’ This conundrum underscores the importance of
rigorously defining a multivariate phenotype for PPSP.
Much of the enthusiasm for progress in pain genetics

derives from the hope that new discoveries will lead to
new drug development. Mogil252 concludes that the
challenge of work in this area is enormous because the
extent of the problem is much larger than initially antic-
ipated. ‘‘At the present time, I am not optimistic about
pain geneticists explaining enough trait variance in clin-
ical pain states or analgesic response to serve as a guide
to individualized pain therapy any time soon.’’
Pain epigenetics. Epigenetics is the study of heritable

changes in gene expression caused by mechanisms other
than changes in the underlying DNA sequence, namely
DNA methylation and histone modification that bring
about chromatin remodeling. Epigenetics explains how
heritable phenotypes can occur in response to changes
in gene expression that the environment has caused
without concomitant alteration in the DNA sequence.
The fundamental principle is that experience, whether
one’s own or that of one’s progenitors, can turn off or
turn on the expression of specific genes through chro-
matin remodeling. Thus, epigenetics bridges the once
presumed separate influences of genes and environ-
ment. Notably, in addition to explaining the influence
of traumatic childhood experience on adult pain sensi-
tivity, this field accounts for how the effects of parents’
experiences pass down to the child and to subsequent
generations. Conceivably, the acute to chronic pain tran-
sition might depend on the priming influences of
changes in chromatin structure.
To date, the inchoate field of pain epigenetics has

yielded only amodest volumeof pain-relevant literature.
There is, however, a substantial literature on epigenetic
regulation of memory and neuroplasticity, which is rele-
vant to pain processing.83 Epigenetic mechanisms may
silence the expression of pro- or antinociceptive genes,
and they may modulate the pharmacology of analgesic
drugs.91 Denk and McMahon88 posited that epigenetic
mechanisms contribute to the development of chronic
pain states in 3 main areas: 1) regulation of peripheral
inflammation, 2) gene expression in nociceptive process-
ing, and 3) neuroplasticity and cortical pain processing.
This field is promising but very challenging, because
epigenetic changes related to chronic pain syndromes
probably involve multiple genes, and epigenetic influ-
ences may be uneven across cell types. Major advances
await the development of additional technology. A fasci-
nating aspect of this work is that it bridges the tradi-
tional mind-body problem of how early childhood
experience and trauma can set the stage for chronic
pain development. Unlike genetic determinants,
epigenetic influences are potentially reversible through
psychotherapy, pharmacotherapy, and other environ-
mental influences.

Intraoperative Factors

Intraoperative factors are surgery-specific. An early
article by Crombie and colleagues77 identified surgical
trauma and nerve injury asmajor risk factors in the devel-
opment of chronic pain, and later studies support these
observations.1,411 Several other intraoperative factors
have attracted the attention of researchers. These
include anesthetic technique,34,41,64,264,291 extent of
surgery,290,292 and anatomical site, especially ear, nose,
and throat surgery.340 Additional intraoperative factors
associated with the development of PPSP include
increased duration of surgery, whether the surgery takes
place in a low- versus high-volume surgical unit; and
whether the operation is open versus laparoscopic in
approach.171

Postoperative Factors

Strong correlation exists between the severity of acute
postoperative pain and its transition to PPSP.162,290,292

More severe acute postoperative pain increases the
likelihood of chronic pain development. Accordingly,
the quality of effective perioperative pain control is
related to the development of PPSP.408 Also, postopera-
tive treatments related to a preoperative condition can



Table 1. Risk Factors for the Development of
Chronic Postoperative Pain

Risk Factors

Preoperative

Demographic factors

Gender

Age

Preexisting pain

Response to experimental pain assessment

Pain genetics

Pain epigenetics

Psychosocial factors

Depression

Anxiety

Neuroticism

Catastrophizing

Poor coping strategies

Low sense of control

Poor social support

Illness preoccupation

Negative expectations

Stress

Intraoperative

Anesthetic technique

Extent of surgery

Anatomical site of surgery

Duration of surgery

Low- or high-volume surgical unit

Open versus laparoscopic surgical technique

Hernia repair technique

Pericostal versus intracostal stitches
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be expected to enhance PPSP.337 For example, radio-
therapy treatments can extend for months after the pro-
cedure. Radiation to the axilla may cause brachial
plexopathy and consequent neuropathic pain. Andersen
et al9 examined the development of chronic pain in
women who had undergone breast cancer surgery and
identified radiation therapy as a risk factor for more
intense chronic pain 2 months after surgery. Poleshuck
et al292 replicated this observation.
Quality of postoperative painmanagement appears to

influence pain chronicity.255 In a study of orthopedic sur-
gery patients, intervention patients receiving physical
therapy andmore aggressive analgesic treatment during
hospitalization had less pain and better function than
control participants, who received standard care. At
6 months postsurgery the intervention patients reported
less pain with walking and were less likely to use anal-
gesic medications.
Postdischarge pain management is an understudied

postoperative factor. It is common practice to ignore
postoperative pain management after surgical patients
leave the hospital. Apfelbaum et al12 reported that pa-
tients experienced more postoperative pain after going
home. Joshi and Ogunnaike162 reviewed literature that
showed the following: 1) Many studies report increased
incidence of pain at home, 2) Pain is one of themost com-
mon causes for readmission after outpatient surgery, 3)
Pain delays return to daily living functions, and 4) Pain
is the most frequent reason for postsurgical patients to
contact their general practitioner after discharge from
a hospital. Few studies have addressed postoperative
pain in patients discharged from the hospital, although
this could prove informative for the question of how
acute postoperative pain becomes chronic.
Chapman et al59 tracked postoperative pain for 6 days

after elective surgery, creating a postoperative pain tra-
jectory for each patient. The pain trajectory is a linear
fit of pain intensity across time with 2 features: 1) the
intercept or initial level of postoperative pain, and 2)
the slope or rate of change in pain over days. Of the
502 patients studied, 63% showed the expected pattern
of gradual pain resolution over days after surgery, but
25% of the sample showed a flat trajectory over 6 days
with no meaningful change in the intensity of the pain
they reported initially. The remaining 12% of the pa-
tients reported steadily increasing pain over 6 days.
Thus, approximately 37% of the patients went home af-
ter discharge with pain that was not resolving or was
worsening. The postoperative pain trajectory quantifies
not only the level of each patient’s postoperative pain
but also the rate at which the patient resolves that
pain. This approach provides a potentially valuable tool
for studying risk associated with postoperative pain
management in patients who could go on to develop
chronic pain.
Intraoperative nerve damage or a surgical approach that risks nerve

damage

Postoperative

Severity of acute postoperative pain

Perioperative pain management

Radiotherapy associated with breast cancer surgery
Summary of Risk Factors

A fundamental underlying assumption in clinical
epidemiology research is that risk accumulates; as a given
patient facing surgery accrues more and more risk
factors, his or her risk of developing PPSP increases addi-
tively.1 Some investigators have sought to form preoper-
ative prediction rules that will allow them to identify
who is at high risk for the development of chronic pain
before the surgery takes place.166

Table 1 provides a list of preoperative, intraoperative,
and postoperative risk factors associated with the inci-
dence or severity of chronic postsurgical pain. Some of
these are generic in nature, applying to all procedures,
whereas others are specific to certain types of surgeries,
and they apply to some patients but not others.153,296,339

The existing literature on PPSP presents replications of
significant risk factor effects across numerous studies of
many surgical procedures. However, a better
appreciation of risks would exist if PPSP studies had
followed the pain trajectories of individual patients,
providing estimates of pain intensity or probability
over time when a given risk is a factor. On the basis of
currently available probabilities that a variety of risks
can influence chronic pain, there is no consensus
concerning recommended clinical approaches when
certain risks or combinations of risks are present for
individual surgical patients.
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Candidate Mechanisms for Pain
Chronification
Presumably, all patients who develop chronic postsur-

gical pain initially experience acute surgical pain. Poten-
tial mechanisms exist at peripheral as well as central
levels for the transition from acute to chronic pain.22

Most investigators concerned with central mechanisms
target neuroplastic changes at the dorsal horn of the spi-
nal cord, but recently investigations have focused on
higher brain structures, including changes in white mat-
ter connectivity or the volume of neural networks acti-
vated by pain or affective reactions to pain. Another
approach targets the loss or dysregulation of endoge-
nous pain modulation. Whether pain chronification in-
volves a relatively sudden change in state—that is, a
distinct transition—or a gradual change in pathophysi-
ology remains uncertain.200 If the former, then when
this occurs is of critical importance. If the progression
to chronicity is gradual, then the trajectory of this pro-
gression and the time at which it is complete are of para-
mount importance.
Models of Increased Nociceptive
Sensitivity
Surgical models of tissue injury in laboratory animals

are available, with or without nerve injury, that closely
mimic human pain-generating injuries. Investigations
using animal models avoid the complexities associated
with psychosocial factors, personality variables, comor-
bidities, and genetic variation, allowing investigators
to focus clearly on basic mechanisms. Animal models
are excellent for studying peripheral pathophysiology
related to neurotrophins, prostaglandins, kinins, and
neuroinflammation after tissue or nerve injuries of
various sorts. They are well suited for studying inhibi-
tory and facilitatory modulation. Animal laboratory
models offer the advantages of statistically adequate
sample sizes, precise control of surgical trauma, exten-
sive repeated measurement, and quantification of cen-
tral neuroplastic changes associated with chronic
hyperalgesia.
Animal models permit rigorous testing of hypotheses

about mechanisms for pain chronification that would
be infeasible or impossible in humans. It should be
possible to define normal recovery from surgical tissue
injury and contrast this with the persistence of enhanced
pain sensitivity in animals subjected to additional factors
such as specific nerve injuries. Laboratory animal models
should provide insights into the question ofwhy some in-
dividuals have no PPSP, some have persistent PPSP that
eventually resolves, and others develop PPSP of indefi-
nite duration after tissue or nerve injury. However, valid
answers to these questions will not be forthcoming if
basic scientists continue to use the methods of behav-
ioral testing that have dominated laboratory animal in-
vestigations intended to reveal effects of experimental
treatments on pain.
Most laboratory animal studies of nociception have

evaluated spinal flexion/withdrawal reflexes, despite
the inability of reflex tests to assess pain sensitivity.
Because multiple reviews address the inherent failings
of reflex tests to reveal pain,372-374,379,381,382,386 we
need not do that in this article. Put simply, reflex tests
assess spinal processing of nociceptive input to spinal
interneurons within reflex circuits that output directly
to motoneurons to evoke responses that occur before
or long after pain sensations occur, depending on the
stimulus.386 Spinal circuits subserving flexion/withdrawal
reflexes are not components of spinothalamocortical
projection systems for nociceptive input but are integral
to motor systems that control balance and locomo-
tion.44,96,132,155,238,310 Of critical importance, reflex tests
produce results that are often incompatible with the
pain sensitivity of humans, in contrast to comparable
results obtained with operant escape and human
psychophysical tests of pain sensitivity.232,386 Valid
animal models of pain must mimic human pain
conditions and also must be as similar as possible to
human tests of pain sensitivity. The psychophysical
methods used for human pain testing rely on conscious
perception and reporting of pain, not on reflex
responding. Therefore, the optimal strategy for
evaluation of pain in laboratory animals is to train
them to escape nociceptive stimulation consciously.
Learning to evaluate evoked sensations and respond
accordingly brings into play the entirety of the
peripheral to cerebral cortical systems that participate
in the encoding of perceived pain and the emotional
and motivational reactions that elaborate and act on
pain.
Because few animal laboratory pain studies have used

escape procedures, we often are left to discuss neurobio-
logical findings obtained with procedures presumed to
produce acute or chronic pain in laboratory animals
but with little or no behavioral evidence for abnormal
pain sensitivity.
Peripheral Mechanisms of Chronic Pain
Nociceptors are free nerve endings that detect tissue

trauma and generate signals that transmit this informa-
tion to the spinal cord, with relays to the brainstem
and subsequently the cerebrum. There are 2 classes of
nociceptors, each with subtypes defined according to
their sensory functions.388 C-fiber polymodal nociceptors
are unmyelinated, slowly conducting fibers with free
nerve endings that respond to mechanical, thermal and
chemical stimuli. A-d nociceptors are rapidly conducting,
medium diameter, myelinated fibers that respond tome-
chanothermal but not chemical stimuli, and they have
larger receptive fields than C-fibers. Although unimodal
nociceptors exist, most are polymodal. A sensitized poly-
modal (eg, mechanical and thermal) nociceptor exhibits
a lower threshold for activation in all of its modalities.
Neuropathic pain can be attributed to abnormal activity
among nociceptors.319
Inflammation
Surgical trauma initiates a wound repair process char-

acterized by 3 overlapping phases: inflammation,
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proliferation, and tissue remodeling.207 The protective
inflammatory response is a major part of the innate im-
mune reaction to bodily injury, and it is a necessary
step in bringing about wound repair and restoration of
function. The familiar cardinal signs of inflammation
are pain, redness, swelling, heat, and loss of function.
The pain associated with the acute inflammatory reac-
tion results largely from the release of proinflammatory
peptides substance P, calcitonin gene-related peptide,
and neurokinin A from C-fibers in the area of injury.
These are messenger substances in the nervous system
that participate in neuroplasticity.61,305 For example,
after inflammatory injury, A-b-fibers that normally
transduce touch and proprioception can be induced to
synthesize receptors that normally exist in C-fiber
polymodal nociceptors. This occasions a phenotype
shift in which A-b-fibers take on C-fiber characteristics
and activate nociceptive spinal neurons that are
similarly sensitized by inflammation.260 This is a periph-
eral mechanism behind allodynia, or touch-induced
pain.
Damaged cells release bradykinin (BK), potassium ions,

hydrogen ions, nerve growth factor (NGF), and adeno-
sine triphosphate (ATP). At the same time, chemotaxis
draws in leukocytes, mast cells, eosinophils, and macro-
phages that release proinflammatory cytokines and
NGF at the site of injury.305 The presence of the proin-
flammatory cytokines, interleukin 1-b and tumor necro-
sis factor a, increase NGF expression and affect nearby
afferents. Fibroblasts, keratinocytes, and Schwann cells
also produce NGF. Collectively, these processes produce
an inflammatory ‘‘soup’’ that also contains prostaglan-
dins, histamine, nitric oxide, and serotonin.22,93

Moreover, sympathetic nerve terminals participate in
the process of peripheral sensitization by releasing
norepinephrine and prostanoids.154,282 Eventually
sympathetic efferents become able to activate
nociceptive fibers through a-adrenoceptors.394

Acute surgical wounds can be severely painful and hy-
peralgesic, but normally this pain should resolve steadily
with wound healing. The acute inflammatory response
duration varies with the wound and the patient and
may last from 24 hours to approximately 2 weeks. How-
ever, chronic inflammation can persist indefinitely
without the cardinal signs of acute inflammation. Li
et al207 state that this can occurwhen necrotic tissue seals
a wound, pathogen contamination occurs, or a foreign
material exists at the site. Chronic inflammation often ac-
companies a failed wound repair process. Persisting low-
grade inflammation after surgery can, in principle, cause
PPSP.
Neurotrophic Factors
After surgery, NGF becomes an important part of the

inflammatory soup. NGF belongs to a neurotrophic fac-
tor subset, neurotrophins, that promote the growth of
neurons and the regrowing of damaged neurons. Neuro-
trophic factors bind to various tropomyosin-related ki-
nase (Trk) receptors, and TrkA preferentially binds NGF.
Most A-d and C-fibers express TrkA receptors, making
these nociceptive fibers sensitive to NGF. The actions of
NGF on TrkA receptors upregulate, stimulate, and main-
tain sodium channels in injured nerves, prolonging the
period of increased wound sensitivity. England et al
observed that pain levels from neuromas correlate posi-
tively with the density of sodium channels.104 Also, NGF
plays a crucial role in the development of chronic wound
pain,130,299,418 as indicated by blockade of sodium
channels, which produces pain relief in neuropathic as
well as in inflammatory pain states.
In addition to acting on C-fiber nociceptors through

TrkA receptors to produce hypersensitivity, NGF is synthe-
sized by satellite glial cells in dorsal root ganglia, supply-
ing it to sensory neurons when initial NGF levels decline
because of healing.333 Also, trauma to a nerve can induce
NGF expression, with growth (sprouting) of TrkA-
positive nociceptive fibers.223 Levels of NGF are elevated
in many acute and chronic pain conditions, and NGF has
become a therapeutic target for pain control.401 Mantyh
and colleagues223 stated that ‘‘.the NGF-TrkA axis ap-
pears to play a pivotal role in the early, intermediate,
and long-term generation and maintenance of several
types of acute and chronic pain.’’ Another neurotrophin,
brain-derived neurotrophic factor (BDNF) plays a role in
activity-dependent synaptic plasticity related to learning
and memory, peripherally as well as centrally.306 BDNF
binds to the tyrosine kinase receptor B (TrkB).
Nociceptor-derived BDNF-TrkB signaling appears to
play a significant role in inflammatory pain but not
neuropathic pain.429

Kinins
The kinins, including BK, are a family of polypeptides

produced at the site of tissue damage or inflamma-
tion.285,392 They contribute to the regulation of pain
and hyperalgesia after surgical insult by activating 1 of
2 G-protein coupled receptors: kinin B1 and kinin B2.
BK is a well studied inflammatory mediator that
increases noxious signaling and vascular responses and
upregulates B1 in response to injury. The B1 receptor is
upregulated within 3 hours after oral surgery in
humans, and B1 plays a role in sustaining inflammation
in chronic pain states.140 Moreover, proinflammatory cy-
tokines appear to upregulate B1 expression. This sug-
gests that patients who come to surgery with a
preexisting inflammatory condition may be at risk for
an exaggerated B1-mediated postsurgical inflammatory
response and peripheral sensitization. In light of the
mechanisms described previously, this could initiate a
chain of central sensitizing events that culminate in
chronic pain.

Immune Mechanisms and Peripheral
Nerves
The interaction between the nervous and immune sys-

tems is an essential element for the development and
perpetuation of pain.10,61,84,305,348 In the past decade,
the role of the immune system in generating
sensitization at the dorsal horn of the spinal cord has
attracted a great deal of attention. Also, nociceptors
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control the behavior of circulating immune cells through
the release of proinflammatory peptides.
Ren and Dubner305 provide a thorough review of the

interactions of immune cells and nociceptors. The onset
of an inflammatory response causes granulated resident
mast cells located close to primary afferent terminals to
degranulate, releasing BK, histamine, and other prod-
ucts that foster vasodilation.202 Mast cells help sensitize
nociceptors and, although the major responsible sub-
stances are still uncertain, BK is the prime suspect. Circu-
lating macrophages, after chemotaxis, increase at the
site of tissue trauma and supply proinflammatory cyto-
kines to the chemical surround of nociceptors. Neutro-
phil leukocytes also migrate to the wound, passing
through the vascular endothelium to accumulate at the
site of injury. Finally, components of the complement sys-
tem contribute to sensitization of nociceptors.305

Nociceptors have their cell bodies in the dorsal root
ganglion or the trigeminal ganglion, and small glial cells
(SGCs) surround these cell bodies. The SGCs connect by
gap junctions to the neural cells and support them by
supplying nutrients and other products. Resident macro-
phages in this vicinity also move in if the nerve sustains
damage. Although there is no gap junction coupling in
the absence of injury and noxious signaling, induced
inflammation increases gap junction coupling. The inter-
action of the SGCs and the neurons during noxious
signaling boosts neuronal excitability and nociceptive
input, and this can spread, resulting in pain outside of
the involved dermatome. The model becomes more
complicated as we consider nociceptor sensitizing posi-
tive feedback loops and the accumulation of pro- and
anti-inflammatory cytokines. The nociception-
generated interactions between SGCs and neurons can
fail to resolve itself and transition from acute to chronic
noxious signaling, by unknownmechanisms. The periph-
eral immune and nervous system interactions involving
the dorsal root ganglia and the SGCs merit examination
in the search for mechanisms of acute to chronic pain
transition.
Peripheral Neuropathic Pain
Approximately 2.4% of all nerve injuries result in

neuropathic pain that is sustained over time. Pain from
peripheral neuropathy clearly is caused by insult to a
nerve sufficient to form a neuroma or otherwise induce
damaged axons to chronically generate action poten-
tials. The abnormal discharge is mechanistically critical,
as indicated by application of local anesthetic to the
damaged portion of the nerve, which eliminates neuro-
pathic pain.15,131,186,311 Other means of chronically
silencing spontaneous activity among injured axons,
without eliminating normal transmission and the
associated sensory and motor functions of a nerve,
have not been developed. Additional nociceptor and
CNS plasticity could be addressed. Responses to nerve
injury include alterations in structure, neurotransmitter
changes, and variations in molecular transduction
mechanisms.388 However, resolution of abnormal activity
among nociceptors at the site of nerve injury should
prevent or reverse changes in dorsal root ganglia, the
spinal cord, and brain that contribute to the mainte-
nance of neuropathic pain.348
Models of Nerve Injury Pain

Unilateral constriction of a peripheral nerve (CCI) pro-
duces edema, ischemia, and axonal damage with chang-
ing patterns of degeneration and regeneration of the
constricted nerve.136 Early histological examinations of
ligated nerves have reported a distal loss of largemyelin-
ated afferents24,164 and disruptions of A-d and C
afferents.24,70,122,136,164 Coincident with anatomical
changes distal to nerve injury, abnormal discharge
among afferents occurs proximal to the injury,
including spontaneous activity.164

Animal models of chronic neuropathic pain typically
observe spontaneous behaviors (eg, guarding the
affected limb17 or decreased thresholds or latencies for
reflex responses to stimulation within or near the inner-
vation territory of an injured nerve.29 The effect of CCI on
innate reflex behaviors lasts approximately 40 days
before returning to control levels, summarized by Vierck
et al.373 The temporary effects of CCI may be a methodo-
logical artifact of comparing ipsilateral and contralateral
responses after unilateral injury. This experimental strat-
egy brings the lateralized organization of spinal reflex
organization into play. In addition, interruption of mo-
tor axons produces a visible motor deficit and abnormal
posture of the ipsilateral foot, eliminating experimenter
blinding. Most important, weakness and spontaneous
behaviors involving the injured limb do not reflect
altered sensations,257 and they resolve at approximately
the same time as the return of reflex sensitivity to normal
levels.178 The temporary ipsilateral hyper-reflexia for
cold and heat stimulation after unilateral CCI30 does
not correspond to effects of nerve injury on pain sensi-
tivity for humans.
Bilateral nerve injury eliminates the influences of

lateral asymmetry on behavioral tests of nociceptive
sensitivity, and the use of operant tests bypasses the de-
ficiencies of reflex testing.381 In investigations using op-
erant escape from painful thermal stimulation, bilateral
CCI of the sciatic nerves and bilateral L5 spinal nerve liga-
tion have resulted in hyperalgesia for cold stimulation
that is stable for 80 to 100 days.376,425 Increased
operant escape from nociceptive cold stimulation after
bilateral nerve damage is consistent with symptoms of
neuropathic pain in humans.131,152,161,198

Four models of reflex hypersensitivity produce
different patterns of axonal injury, compared with loose
constriction of the sciatic nerve (CCI). Sciatic cryoneurol-
ysis87,222,391 is amodel ofwhole nerve injury that involves
some recovery of axonal damagewith regeneration over
time, similar to CCI. CCI and sciatic cryoneurolysis can
produce autotomy,30,87 which is an ethical concern and
can result in sacrifice of some animals before abnormal
nociceptive sensitivity would become chronic. Partial
nerve injury (ligating a portion of the sciatic nerve),324

sciatic nerve injury (sparing the sural branch of the sciatic
nerve),84 and spinal nerve ligation (ligation of the L5 and
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L6 spinal nerves)257 model partial transection of a nerve’s
input to the CNSwith little or no regeneration over time.
Effects of partial nerve injury and sciatic nerve injury on
operant escape from nociceptive stimulation are
needed.
Regardless of the injury method chosen, investigators

must use valid measures of pain sensitivity, and it will
be important to compare them with the time course of
abnormal input to the CNS from the injured nerve.150,164

A key determination for long-term studies of chronic
pain is whether the central effects of nerve injury
become independent of peripheral driving over time.
Unilateral nerve injuries provide optimal models because
such injuries are the preponderant cause of neuropathic
pain in humans. However, contralateral stimulation
cannot serve as a viable control because of reports of
mirror image hyperalgesia/pain for humans.161,192,198,298

Also, sham surgery can produce long-term hyperalge-
sia376 necessitating an experimental focus on long-term
changes in the escape performance of individual animals
after nerve injury, with comparisons of neurobiological
effects for animals with and without evidence of
hyperalgesia/allodynia.198

Fig 1 summarizes the major hypotheses about the ori-
gins of pain chronicity in the periphery. These mecha-
nisms are not mutually exclusive. In some cases,
inflammatory processes may interact with nerve injury.
Central Mechanisms
The CNS does not simply receive and relay noxious sig-

nals from the periphery to the brain. It engages in
bottom-up as well as top-down modulation of noxious
signals from the periphery by either enhancing or
Figure 1. Potentialmechanisms for the development of chronic pos
lymphocytes, monocytes, and macrophages. Abbreviation: NE, nore
dampening transmission through multiple mechanisms.
Fig 2 provides an overview of research approaches ad-
dressing potential central mechanisms for the develop-
ment of chronic pain after surgery.
Ascending Noxious Signal Modulation

Central Sensitization

Enhanced central transmission of noxious signaling
and miscoding of normally non-noxious signals to
noxious signals constitute central sensitization. Woolf416

defines the term central sensitization as ‘‘a set of phe-
nomena that involve amplification of noxious signaling
within the central nervous system to elicit dynamic tactile
allodynia, secondary punctate or pressure hyperalgesia,
aftersensations, and enhanced temporal summation.’’
Theoretically, chronic pain after surgery could result
from central sensitization.
Injury such as surgical insult activates C-fiber andA-dfi-

ber nociceptors with ensuing release of glutamate, the
major excitatory neurotransmitter in the CNS, at their
central terminals. Glutamate acts on 2 classes of recep-
tors to influence noxious signal transmission: ligand-
gated ionotropic glutamate (iGlu) receptors and
G-protein coupled metabotropic glutamate (mGlu) re-
ceptors. Long-lasting changes in synaptic excitability
result when glutamate activates the following iGlu re-
ceptors: N-methyl-D-aspartic acid (NMDA), a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid, and kainic
acid.63,246,272 Repeated nociceptive messaging from the
periphery strengthens the synaptic connections
between nociceptive afferents and the spinal cord
neurons that engage in noxious signaling, and the
toperative pain in the periphery. Leukocytes include neutrophils,
pinephrine.



Figure 2. Mechanisms under study for the development of chronic postoperative pain at the spinal cord. The mechanisms are not
independent, but they represent hypotheses that investigators usually study independently.
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result is hyperalgesia. Accordingly, Mendell and Wall240

observed that repetitive stimulation of C-fibers at a con-
stant stimulus intensity caused activation of spinal dorsal
horn neurons to increase progressively in magnitude as
well as in duration. This change, termed wind-up, gener-
ates hyperexcitability in wide dynamic range neurons of
the spinal cord and increases the receptive fields of these
neurons.
Because in vivo recording from dorsal horn neurons in

humans ethically is impossible, investigators must use
other methods to demonstrate a phenomenon similar
to wind-up in humans. In normal human subjects, deliv-
ery of repetitive, noxious stimulation at a constant inten-
sity produces a phenomenon closely resembling
wind-up, called slow temporal summation. For example,
an investigatormight deliver brief heat pulses to the skin
at the rate of 1 pulse per 2 to 5 seconds and track changes
in sensation according to pain intensity ratings.188,378

Slow temporal summation of pain has become a part
of the quantitative sensory testing battery for
evaluation of central sensitization in chronic pain
patients, particularly those with neuropathic
pain.98,286,309,343 However, slow temporal summation
depends on activation of C nociceptors, which can be
abnormally sensitive in chronic pain patients. It is
misleading to regard temporal summation as a
mechanism for chronic pain if it is entirely dependent
on peripheral sensitization, but discrimination between
peripheral and central sensitization is difficult.
Temporal summation of pain reflects an NMDA-

sensitive wind-up of spinal414 and cortical359 neuronal
activation. It depends on the intensity of cutaneous stim-
ulation, occurs within a narrow range of slow fre-
quencies, and decays rapidly when the rate of
stimulation decreases.378 To show that temporal summa-
tion is enhanced in association with chronic pain,
it should be established at a higher rate (slope) for a
frequency and intensity of stimulation. However, the
criterion of an enhanced rate of pain increase in associa-
tion with chronic pain has rarely been met. Rather,
increased pain ratings of the first stimulus in a repetitive
series are commonly observed for patients with chronic
pain, compared with normal control participants.345

This effect represents allodynia, and it is often followed
by normal temporal summation of pain magnitudes for
subsequent stimuli in a series.
When established, temporal summation can be main-

tained at a slower-than-normal stimulation rate for
pain patients, compared with normal subjects.346 This ef-
fect likely represents more prolonged central discharge
in response to individual stimuli, without enhanced tem-
poral summation. Thus, repetitive stimulation in a wind-
up paradigm reveals abnormalities of pain perception
that do not represent enhanced temporal summation.
Accordingly, patients in investigations of chronic pain
are not more sensitive than normal subjects to attenua-
tion of temporal summation by the potent NMDA
antagonist dextromethorphan.345 Stringent tests of
NMDA-sensitive temporal summation rates have not
been conducted for other pain conditions. For example,
it is critical to establish that subjects rate only second
pain, but some methods of nociceptive stimulation,
such as ramp-and-hold heat from a contact thermode,
activate A-d and C nociceptors.383

Multiple subtypes of mGlu receptors play important
roles in learning, memory, and emotion as well as pain.
They exist presynaptically on primary afferents,246 post-
synaptically in the spinal cord, and also supraspinally.
Glutamate activation of mGlu receptors initiates slower
but more persistent modulatory neurotransmission
than iGlu activation occasions. Several subtypes of
mGlu receptors contribute to the development and
maintenance of long-lasting nociceptive sensitization.
Astrocytes and microglia (discussed in the Glia section)
also express mGlu receptors.40 Because of their greater
role in modulating pain, as contrasted with NMDA and
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a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid,
mGlu receptors may be more likely to play a role in
chronic pain.63

Long-term potentiation. Stimulating 2 neurons syn-
chronously produces a long-lasting enhancement in
signal transmission between them, strengthening the
synaptic connection. Synaptic strength varies according
to neurotransmitter release or uptake. This synaptic
strengthening is long-term potentiation (LTP), and it is a
well studied mechanism of memory and learning, espe-
cially at the hippocampus. LTP is a cellular mechanism of
central sensitization and could be a cause of intense
acute postoperative pain.159,180,313,317 Noxious
stimulation with a pattern that induces LTP in animals
causes hyperalgesia in humans, and LTP may explain
many forms of hyperalgesia in patients. Conventional
theory holds that LTP should decline naturally over
time, and pain conditions resulting from it should
resolve spontaneously. However, Ruscheweyh and
colleagues propose that decreased endogenous
antinociceptive processing might maintain it.313 Pfau
et al287 reported that a subset of subjects experiencing
LTP demonstrated abnormally long times to recovery,
suggesting that LTP could be a factor in the development
of persisting pain.
Long-term depression. Long-term depression (LTD) is

an opponent process to LTP. It is an activity-dependent
reduction in the strength of a synapse, or synaptic
weakening.37,179 Although less well studied than LTP, it
appears to occur in response to repetitive weak and/or
low-frequency stimulation. LTP as well as LTD take
place at glutamatergic synapses and therefore can
modify the excitatory aspects of noxious signal trans-
mission. However, LTP and LTD can also affect inhibitory
synapses.220 Therefore, although specific conditions that
favor these opponent processes for noxious signal
transmission are still lacking, the literature suggests that
activity-dependent neuroplasticity can either strengthen
or weaken synapses that are either excitatory or inhibi-
tory within the dorsal horn of the spinal cord.
Neuroimmune Interactions
A number of investigators have focused on interac-

tions of the immune and CNS during the postinjury in-
flammatory cascade.118,138,225,305,307,334,398,406 After
tissue injury, circulating bone marrow-derived immune
cells follow chemical signals to the wound, but the
blood-brain barrier prevents them from entering the
CNS. Instead, microglia residing within the CNS take on
the role of immune surveillance.5
Glia
Glial cells exist throughout the CNS, and there are 3

main types: microglia, astrocytes, and oligodendrocytes.
Microglia are essentially resident macrophages and as
such provide the first line of immune defense in the
CNS. They routinely exist in a ramified or resting form
but activate into a phagocytic state in response to chem-
ical stimulation. Activated microglia can migrate, engulf
offendingmaterial, secrete proinflammatory substances,
and proliferate. They are the main source of inflamma-
tory mediators in the CNS.362 If activated, microglia do
not return to a ramified state but instead remain
‘‘primed’’261; they may contribute to the acute to chronic
pain transition by perpetuating central sensitization.
Astrocytes are star-shaped glial cells that envelope syn-

apses, and they generate extensive networks with them-
selves. Astrocytes secrete or absorb neurotransmitters,
helpmaintain the blood-brain barrier, and providemeta-
bolic support to neurons, among other functions. They
may interact with mast cells in generating an inflamma-
tory response that contributes to central sensitization.334

Astrocytes also activate in response to systemic inflam-
mation or nerve injury, but they normally become active
after microglial activation and sustain their activated
state for a longer duration. Astrocyte production of che-
mokines and proinflammatory cytokines increases exci-
tation and decreases inhibition of nociceptive traffic in
spinal cord pathways, thus sustaining neuroinflamma-
tion. A number of investigators have implicated micro-
glia and astrocytes, the promotors and sustainers of
neuroinflammation, in the development of chronic
pain after acute injury.118,300,320,334,362

Work targeting the interactions of the nervous and im-
mune systems suggests that central sensitization does
not depend solely on glutamate-mediated synaptic plas-
ticity at the synapse between the primary afferent termi-
nals and the second-order neurons. Clearly, glial cells and
other immune cells contribute inflammatory mediators
that include proinflammatory cytokines, chemokines,
prostaglandins, histamine, nitric oxide, and growth fac-
tors. These products facilitate excitatory nociceptive
transmission in dorsal horn neurons.
Chemokines
A chemokine is a type of small cytokine that functions

primarily as a chemoattractant to guide migrating or
patrolling monocytes. Whereas some have homeostatic
functions, others are proinflammatory and play a sensi-
tizing role in neuroimmune interactions.118 In addition
to attracting circulating monocytes, these substances
can act on glial cells and also neurons. The chemokine
fractalkine, cleaved from neurons after neural injury at
the periphery, can activate microglia that, in turn,
initiate an inflammatory cascade. The chemokine C-Cmo-
tif, ligand 2 (CCL2) is involved in glia-to-neuron signaling
after nerve injury.2 CCL2 induces central sensitization by
increasing the activity of NMDA receptors.
Toll-Like Receptors
When neural structures undergo injury, stressed or

necrotic cells release danger-associated molecular pat-
terns or ‘‘alarmins,’’146,228 and these activate Toll-like re-
ceptors (TLRs). TLRs are pattern recognition receptors of
the immune system that sense the presence of injury and
respond by producing signals that neurons and other im-
mune cells can receive.212,247,261,355,399 TLR4 in turn
activates glial cells through a proinflammatory
signaling cascade. Nicotra et al261 suggest that TLR4 up-
regulation may be a marker for primed microglia, a
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potential central sensitization mechanism, for the transi-
tion from acute to chronic pain.

Functional Significance of Central
Inflammatory Regulation
The effect of central inflammatory reactions on

chronic pain resulting from peripheral tissue and/or
nerve injury is highly suggestive but is unknown. The
substantial literature that describes central glial and in-
flammatory reactions to nerve injury400 has used spinal
reflexmeasures of nociceptive sensitivity. Also, the reflex
effects and central inflammatory correlates of nerve
injury have been described only at several postoperative
weeks. Difficulties with this approach are: 1) when
abnormal pain sensitivity and/or spontaneous pain re-
sults from nerve injury, it typically is chronic; 2) spinal re-
flex effects of nerve injury can normalize within
2 months, reflecting neuroplastic adaptations of spinal
reflex circuits that do not represent changes in supraspi-
nal encoding of pain,376 3) reflex sensitivity does not
represent pain sensitivity,386 and 4) analysis of central
glial and inflammatory reactions has used group compar-
isons of nerve injury versus sham surgery, but chronic
pain does not develop for all recipients of nerve injury.
Therefore, the remarkably thorough and informative
literature on spinal glial and inflammatory adaptations
to nerve injury has not shown relevance to chronic
pain. If spinal glial and inflammatory reactions abate
acutely after nerve injury, and if they do not persist
beyond this period for subjects with chronic pain, then
they are relevant to spinal reorganization of reflex con-
trol but not to chronic pain.

Gamma-Aminobutyric Acid and Glycine
Gamma-aminobutyric acid (GABA) and glycine are the

main inhibitory neurotransmitters in the CNS, including
the spinal cord.427 These interneurons provide an inhibi-
tory counterbalance to glutamatergic excitatory pro-
cesses. For example, electrical stimulation of a
peripheral nerve (eg, transcutaneous electrical nerve
stimulation) activates GABAergic and glycinergic neu-
rons, inhibiting spinal input from unmyelinated nocicep-
tors and ameliorating clinical pain. Examples of
transcutaneous electrical nerve stimulation efficacy are
a short-term attenuation of: experimental pain,65 post-
operative pain during movement,302 the spontaneous,
ongoing pain of multiple sclerosis,318 and surgical
pain.35 However, peripheral nerve damage with tonic
abnormal discharge can result in a loss of GABAergic
and glycinergic inhibition,427 and a sustained loss of
inhibitory neurotransmission could be a mechanism of
chronic pain.428

Recordings from spinal, lamina I neurons have shown
that peripheral nerve injury renders nociceptive-specific
(NS) neurons abnormally sensitive to brushing or punc-
tate tactile stimulation of Ab afferents (allodynia). There
is an increased sensitivity to nociceptive stimulation,
afterdischarge, and abnormal spontaneous activity.173

The relevance of these findings for neuropathic pain
is enhanced considerably by recordings from spinal
neurons backfired using intrathalamic stimulation.201

After nerve injury, a new class of spinothalamic neuron
appears, in addition to the normal complement of
wide dynamic range neurons and a reduced distribution
of NS-spinothalamic neurons without sensitivity to
touch. The new subgroup of spinothalamic neurons ex-
hibits levels of spontaneous discharge not normally
seen, along with sensitivity to non-nociceptive stimula-
tion and enhanced responses to nociceptive stimulation.
Each of these effects on spinothalamic neuronal
discharge occurs during weakened inhibition by disrup-
tion of spinal chloride transport or after pharmacological
antagonismofGABAA or glycine receptors.75,173,201 Thus,
disinhibition from GABAA and glycine interneurons can
account for the effects of nerve injury on NS-
spinothalamic projection neurons. Accordingly, blocking
GABAergic inhibition increases pain and allodynia.183

Inhibition of NS spinal neurons by activation of GABAA

or glycine receptors on spinal interneurons depends on a
hyperpolarizing influx of chloride ions that is counter-
acted by a depolarizing efflux of bicarbonate. Normally,
chloride is maintained at a low level within the interneu-
rons by a chloride potassium symporter 5 (KCC2) co-
transporter that links Cl� and K1 efflux. However, if
chloride accumulates intracellularly, as a consequence
of a high rate of afferent input to the GABAA/glycine in-
terneurons, or if KCC2 extrusion of Cl� fails, disinhibition
of NS neurons results.297 Furthermore, nerve injury upre-
gulates protein kinase C (PKC)g in the superficial dorsal
horn,224 and PKCg enhances central sensitization by
removing the Mg1 block of NMDA receptor channels.62

A local PKCg/NMDA-dependent circuit normally is in-
hibited by glycine interneurons but is disinhibited after
glycine dysfunction from nerve injury or application of
the glycine antagonist strychnine. Accordingly, selective
antagonism of PKCg or NMDA prevents activation of NS
neurons by low-threshold tactile stimulation after spinal
application of strychnine.248

GABA disinhibition contributes to development of al-
lodynia by mechanisms similar to those of glycine. Nerve
injury reducesmarkers of GABA cells glutamic acid decar-
boxylate 67 (GAD67) and parvalbumin in the medullary
dorsal horn,90 and this increases responsivity of medul-
lary dorsal horn neurons to low-threshold tactile stimula-
tion.229 Similarly, administration of the GABAA

antagonist bicuculline releases responsivity of superficial
spinal neurons to Ab afferent input.19 Reduction of
GABA degradation by administration of the GABA trans-
aminase inhibitor vigabatrin (increasing GABA availabil-
ity) restores the expression of GABA cell markers and
decreases PKCg expression in the medullary dorsal
horn.90 Thus, nerve injury induces GABA and glycine
disinhibition, with activation of PKC interneurons, re-
sulting in allodynia. In the absence of contradictory evi-
dence, it appears that GABAA/glycine disinhibition and
allodynia depend on chronic abnormal discharge from
an injured nerve.
Blocking conduction of Ab afferents from glabrous

skin can eliminate allodynia for humans with neuro-
pathic pain.52 However, neuropathic allodynia is not
limited to glabrous skin and is not always attenuated
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by blocking conduction in Ab afferents.69 Hairy (but not
glabrous) skin is supplied by C afferents that respond to
slow stroking or brushing of the skin,209,323 which can be
a potent stimulus for neuropathic allodynia.222,304,316 C-
tactile afferents innervate the superficial dorsal
horn,316 with subsequent projection to the thalamus
and then the insula.7,36,76,322 Normally, slow brush
stimulation of C-tactile afferents evokes sensations of
pleasure,209 but in conditions of GABA and glycine disin-
hibition (eg, nerve injury), lamina I NS neurons are con-
verted into wide dynamic range neurons.76 Thus, slow
brush stimulation exacerbates neuropathic pain by a
mechanism that provides access of C-tactile afferents to
a nociceptive projection pathway.
Spinal lamina I (NS) neurons that are excited by C noci-

ceptors are inhibited/disinhibited first by nociceptive
input to GABAergic interneurons in the superficial dorsal
horn and then again within the primary somatosensory
cortex (SI). Normally, areas 3b/1 and 3a within the SI are
mutually inhibitory via intracortical connections that
terminate on GABAA interneurons. Cytoarchitectural
areas 3b/1 receive medial lemniscal and lateral spinotha-
lamic inputoriginating fromAb (touch) andA-d (pain and
temperature) afferents, and cytoarchitectural area 3a re-
ceives spinothalamic input originating from C afferents
(pain and temperature).385 However, cerebral cortical
GABAA inhibition is activity-dependent, on the basis of
chloride transport,204 as described previously for the con-
version of spinal inhibition to disinhibition. If C afferent
drive to area 3a is strong and prolonged so that KCC2-
mediated outward transport is insufficient to maintain
Cl� homeostasis, GABA-mediated hyperpolarization (in-
hibition) switches to depolarization (excitation). In terms
of intracortical dynamics within SI, strong nociceptor
drive to areas 3b/1 can disinhibit responses in area 3a to
thermal stimulation of unmyelinated afferents.
At low and/or high levels of the CNS, negative feed-

back circuits reduce the intensity of tactile and pain sen-
sations in response to brief stimulation. However,
inhibitory modulation by GABA and glycine is time-
limited, with important implications for chronic pain; it
is activity-dependent and can switch to facilitation, re-
sulting in allodynia, hyperalgesia, and spontaneous
pain. The CNS does not protect against an abnormal pro-
longation of pain.
Mu Opioids
Mu opioid receptors are present throughout the neu-

raxis, and systemic administration of mu opioid agonists
such as morphine affects attention, pain sensitivity, and
autonomic control over body temperature, defecation,
and respiration. Mu opioid inhibition of pain is indubi-
table and has earned a reputation for morphine as the
prototypical analgesic agent. The clinical effectiveness
of morphine conflicts with much of the laboratory ani-
mal literature on mechanisms of morphine action. Very
high systemic doses (often 5–10 mg/kg) are required to
produce hyporeflexia. Nociceptive reflexes, as tested
behaviorally, require input from Ab or A-d afferents,
and morphine attenuates input from myelinated
nociceptors only at doses that produce a profound seda-
tion.73,424 In contrast, escape by rats ormonkeys and pain
for humans in response to C nociceptor input is
powerfully attenuated by low doses in the therapeutic
range for humans (<.5 mg/kg).74,377,424 By inference,
clinical pain conditions that benefit from mu opioid
therapy must involve considerable input from C
nociceptors.
A critical issue concerning opioid therapy pertains to

the chronicity of pain. Mu opioid administration is un-
doubtedly effective for acute pain that arises from acti-
vation of C nociceptors, but sustained use of these
compounds for control of chronic pain is highly ques-
tionable, albeit common. If mu opioid use by chronic
pain patients is to be continued, the extent to which
these compounds are efficacious over time must be
determined, with consideration of numerous and com-
plex actions throughout the nervous system and adverse
effects, including an increased sensitivity to pain.14,145,237
Descending Control Over Spinal
Nociceptive Transmission

Descending Inhibitory Modulation

Spinal nociceptive systems operate in conditions of
continuous descending inhibition that normally con-
strains the excitability of dorsal horn neurons involved
in nociceptive transmission.95,197 Presumably, variations
in the potency of descending inhibition can determine
individual differences in sensitivity to noxious events.
Loss of tonic descending inhibition may cause the
hyperalgesia and allodynia which are features of many
chronic pain states.427

The periaqueductal gray (PAG) and the nucleus raphe
magnus emerged early on as key midbrain structures in
opioid-related endogenous pain modulation. Electrical
stimulation of the PAG in animals inhibits spinal nocicep-
tive processing, and microinjection of opioids disinhibits
inhibitory neurons in the PAG, accentuating descending
antinociception.23 The descending inhibitory pathways
involved in these phenomena involve spinal serotonin
as well as a2 adrenoceptors, implicating serotonin and
noradrenaline in endogenous pain modulation as well
as endogenous opioids.51,419,420 Other structures
implicated in endogenous pain modulation are the
noradrenergic locus coeruleus, the parabrachial
nucleus, the lateral reticular nucleus, nucleus
paragigantocelluaris, and the solitary nucleus. Also,
recent evidence links endocannabinoids to endogenous
analgesia.92,148,269,276 Descending endogenous
modulation probably assists survival by helping assure
that severe pain during an emergency will not impede
fight or flight.
Cognitive and emotional processes influence descend-

ing modulation of noxious signaling. Ossipov et al273

usefully linked bulbospinal pain modulation pathways
to higher brain centers, including interactions between
prefrontal cortex and the amygdala that play a major
role in cognition, anxiety, and negative emotion. Corti-
cofugal projections to the PAG and hypothalamus are
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well known,271 but until recently their importance has
been unclear. Brain imaging studies of human subjects
confirm the existence of links from higher brain struc-
tures involved in emotion and cognition to descending
modulatory pathways. Stein et al350 have shown that in-
dividual placebo analgesia is associated with increased
mean fractional anisotropy (white matter integrity) in
the right dorsolateral prefrontal cortex, left rostral ante-
rior cingulate cortex (ACC), and the PAG. The same group
has shown that placebo analgesia involves endogenous
opioid circuitry and is naloxone-reversible.99

Descending Facilitatory Modulation

After decades of regarding descending control of spi-
nal nociceptive processing as inhibitory, neurophysiolog-
ical recordings from the nucleus raphe magnus in the
rostral ventral medulla (RVM) have revealed inhibitory
as well as facilitatory influences.106 Recent findings reveal
that the RVM descending serotonergic pathway is not
solely inhibitory.6,301,358,402 It can enable facilitatory
modulation of noxious signaling in response to
pronociceptive RVM (on-cell) activation. In facilitatory
mode, the RVM descending serotonergic pathway
increases neuronal excitability at the spinal dorsal horn
by upregulating glutamate receptors, and this, in turn,
heightens behavioral hypersensitivity. Evidence from
neuropathic as well as inflammatory pain models
supports the existence of descending facilitation via
pathways from the RVM to the spinal cord dorsal horn.
This mechanism most likely contributes to pain
chronification in clinical conditions involving persistent
inflammation such as osteoarthritis or when the pain is
neuropathic in origin. Descending facilitatory
mechanisms function as secondary contributors to
injury-related hyperalgesia.124,369 The nocebo effect, an
exacerbation of pain in someone holding negative
beliefs or expectations, uses higher cortical (eg,
prefrontal) control over descending pathways from the
RVM to facilitate nociceptive processing.
The BDNF-TrkB signaling system may enhance and/or

sustain descending facilitation. BDNF-TrkB is widely ex-
pressed throughout the CNS, including the descending
pathways that link the PAG, the RVM, and the spinal
cord. After injury, this signaling systemactivates rapidly.306

BDNF-containing neurons in the PAG project to the RVM
where they release BDNF, and this contributes to facilita-
tion of noxious signal transmission. Guo et al137 showed
that microinjection of BDNF into the RVM induced de-
scending nociceptive facilitation, mediated by NMDA re-
ceptors. Peripheral inflammation enhanced the process.
Neuron-glia-cytokine interactions may also play a role in
descending facilitation related to nerve injury via the che-
mokine CCL2 and its receptor, CCR2, in RVM astrocytes.
RVM-related facilitation occurs when inflammation is pre-
sent, and neurokinin 1 receptors are involved.42

Balance of Descending Inhibition and
Facilitation

The prefrontal and ACC and the amygdala, with
projections to the PAG, coordinate inhibitory and
facilitatory influences of the RVM on spinal nociceptive
processing.185,250,274 Expectations act through this system
to influence the magnitude of pain, accounting for
nocebo facilitation and placebo inhibition of pain
intensity in response to suggestion.16,187,326 Also, the
PAG serves as a comparator of nociceptive signals from
the periphery121 against expectations that have been
generated on the basis of previous nociceptive input to
the prefrontal cortex via the insula.312 Accordingly, antici-
pation affects pain intensity bidirectionally when
experimentally-induced thermal pain sets upexpectancies
of increasing and decreasing stimulus intensities.415

In a psychophysical paradigmwith alternating series of
ascending and descending intensities that reverse when
pain ratings reach a set point, changes in direction are
not immediately matched by a reversal in pain ratings.
After the last stimulus in ascending series, subjects
continue to sense increasing pain according to expecta-
tions, although stimulus intensity is decreasing. After de-
scending series, decreasing pain is sensed until the
discrepancy between expectation and sensation inten-
sity is substantial. Exaggerated oscillations in pain ratings
occur normally, but aging magnifies them.258,384 The
warning effect of the ascending series is increased, and
the safety signal during the descending series is
enhanced. This increase in pain variability likely results
from engagement of descending systems for
facilitation and inhibition, and it shows that testing for
only facilitation or inhibition can be misleading.
Bidirectional enhancement of pain intensity ratings
represents an endogenous mechanism for oscillations
in pain intensity that individuals with chronic pain
often report.259
Conditioned Pain Modulation
Research on diffuse noxious inhibitory control (DNIC)

has extended the model of descending inhibition. DNIC
refers to a spinal-medullary-spinal mechanism by which
harmless but noxious stimuli (such as heat, high pressure,
or electrical stimulation), may inhibit the responsiveness
of dorsal horn wide dynamic range neurons to noxious
stimulation delivered at a separate location. Lesions of
the RVM or the PAG do not block DNIC. DNIC integration
appears to occur at the level of the dorsal reticular nu-
cleus, which projects to the spinal cord. The dorsal retic-
ularnucleus also receivesprojections fromcortical sites.273

The ‘‘pain inhibits pain’’ model, when applied to hu-
mans, is termed CPM.206 CPM, a psychophysical marker
of endogenous analgesia, is impaired in many chronic
pain states, and speculation exists that reduced CPM in
surgical patients awaiting surgerymay predict the transi-
tion of acute to PPSP. Lewis et al206 conducted a system-
atic review using meta-analysis to determine whether
CPM is dysfunctional in patient populations with chronic
pain and concluded that this is the case. The effectiveness
of conditioning stimulation in CPM is termed efficiency.
Yarnitsky et al423 assessed CPM efficiency before surgery
and followed patients at 6 and 12 months after surgery.
CPMefficiency predicted lower levels of PPSP, although it
could not predict acute postoperative pain intensity.
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Psychophysical pain evaluation typically pairs CPM
with temporal summation, because the 2 reflect oppo-
nent processes. In some cases involving healthy subjects,
the inhibitory influence of CPM appears to attenuate the
excitatory influence of temporal summation.344 A combi-
nation of intact temporal summation and inefficient or
absent CPM, a pronociceptive state,422 would presum-
ably predispose a patient to develop chronic pain after
a surgical or other trauma that generates acute pain.
Fig 2 summarizes the major hypothesized spinal mech-

anisms of PPSP. As is the case with peripheral mecha-
nisms, they are not mutually exclusive.
Brain Mechanisms
One can argue that chronification of pain after surgery

takes place at the periphery and through interactions of
peripheral and spinal cord processes, but the extent to
which sustained input from an injury is crucial to the
development and maintenance of chronic pain remains
to be determined. This issue needs resolution. Ultimately,
pain, whether acute or chronic, is a complex subjective
experience that engages the brain. Hence, it is a mistake
to regard the brain as an unaffected, passive recipient of
noxious signaling generated and modulated at lower
levels of the nervous system. For example, sensory,
emotional, and cognitive processes involving interac-
tions acrossmesencephalic, limbic, and cortical structures
take place before pain emerges as a conscious experience
for the patient. Accordingly, clinical epidemiologic
studies indicate that factors such as psychological stress,
catastrophizing, and brain illness such as depression are
risk factors for chronic pain. Also, the presence of preop-
erative pain (pain memory) increases the incidence of
PPSP20 and influences the referred sensations experi-
enced.170
Stress-Induced Analgesia or
Hyperalgesia?
The stress response provoked by tissue trauma

activates the locus coeruleus noradrenergic system, the
sympathoadrenomedullary axis, and the hypothalamo-
pituitary-adrenocortical (HPA) axis.61,228 When
activated by hormonal and neural signals of injury, the
hypothalamic periventricular nucleus of the HPA
induces release of the precursor polypeptide pro-
opiomelanocortin at the anterior pituitary. Pro-
opiomelanocortin cleaves into several active peptides,
including the endogenous opioid peptide neurotrans-
mitter b-endorphin, which exerts analgesic effects by
binding at m receptors. Viewed broadly, the 3 classical
endogenous peptides related to modulation of noxious
signaling are b-endorphin, the met- and leu-
enkephalins, and the dynorphins. They modulate
noxious signaling by acting, respectively, on m, d, or k

opioid receptors, all of which have multiple subtypes.149

An understanding of the differential effects of m, d, or k
opioid agonists on pain sensitivity in laboratory animals
has been negated by the use of reflex measures of noci-
ceptive sensitivity.
Endogenous opioid peptides dampen neuronal excit-
ability by inhibiting voltage-gated Ca21 channels and/
or opening K1 channels. Endogenous opioidmodulation
can occur in the periphery,149,205,349 but it takes place
principally at the dorsal horn of the spinal cord, the
mesencephalic PAG, and the RVM. Endogenous
inhibition of noxious signaling is activated as part of
the injury-induced stress response, where significant
threat (fear) exists. In these situations, antinociception
can come on suddenly,49 fostering survival in emergency
situations. Stress-induced hypoalgesia is likely time-
limited to the duration and immediate aftermath of
intense stress. At such times, behavioral pain sensitivity
is difficult to evaluate, because it would be strongly
influenced by distraction.
Stress-induced analgesia has been claimed to follow an

acute stressful experience for an undetermined period of
time. This impression has been artificially established by
numerous laboratory animal demonstrations of nocicep-
tive reflex attenuation after psychological stress.38 How-
ever, reflex modulation does not represent (often differs
from) painmodulation.When operant escape from noci-
ceptive thermal stimulation is tested after acute psycho-
logical stress, hyperalgesia for thermal stimulation is
observed.176,177,227 Thus, the effect of a brief stress
experience appears to transition from hypo- to
hyperalgesia over an undefined but short period of
time (minutes).

Chronic Stress and Chronic Pain

The prefrontal and ACC cortex construct emotions
of fear and anxiety from traumatic events and
their memories.45,185,194,250,256,331 The prefrontal
cortex, ACC, amygdala, hippocampus, insula, and
hypothalamus manage psychological stress, with
activation of the HPA and the sympathetic nervous
system.117,147,181,185,203,251,315,332,354,430 Of particular
relevance to development of pain trajectories,
repetitive activation of the central stress circuitry by
memories of traumatic events can establish
posttraumatic stress disorder, which often is
associated with pain.43,151,250,256,321,331,395,421

Not only can chronic fear and anxiety be sufficient to
create a pain condition, as shown by posttraumatic stress
disorder, but these emotions are elicited by pain, which is
a powerful stressor.194,380 Muscular pain is particularly
susceptible to enhancement by chronic nociceptive
input to the central stress circuitry, with tonic activation
of the sympathetic nervous system.109,275,371,375 Stress is
an important consideration for understanding chronic
pain trajectories and a change in the character of pain
over time (eg, pain from a local inflammatory injury to
generalized muscular pain).

Sympathetic Dysregulation and Peripheral
Ischemia

Stress activates the sympathetic nervous system, pro-
ducing tonic peripheral vasoconstriction, which results
in muscular ischemia when chronic, with pain and hyper-
algesia.21,28,31,32,102,103,158,199,218,241,367,368,412 Ischemia is
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a potent generator of muscle pain,242 particularly for
women, who are prone to experience excessive sympa-
thetic vasoconstriction of peripheral vascula-
ture53,71,72,105,226 and are especially susceptible to the
deep muscular pain of fibromyalgia.214

FMS is characterized by pain that is widely distributed
within deep tissues and is commonly associated with a
more localized pain condition such as temporomandib-
ular/myofascial,289 whiplash,48 repetitive strain,210 head-
ache,25 interstitial cystitis,68 irritable bowel syndrome,409

backpain,199or inflammatorypain.211Theseandother sour-
ces of psychological stress, can result in FMS pain when
chronic.30,31,82,102,110,158,199,218,230,231,268,275,371,375,393,426

Detection of stress-induced, widespread, ischemic pain
can be accomplished with sustained or repetitive
muscular compression or intramuscular electrical stimu-
lation or infusion of hypertonic saline. These procedures
evoke greater and more sustained pain for FMS patients
comparedwithpain-free subjects.26,191,245,341,344 Thus, it
could be instructive to track the transition from acute to
chronic postoperative pain with psychophysical
evaluation of pain intensity during and after sustained
or repetitive muscular stimulation.
FMS pain often coexpresses with symptoms other

than pain. For example, pain can be accompanied by
chronic fatigue syndrome (CFS) or not, and CFS can exist
without FMS. These conditions share abnormal expres-
sion of peripheral receptors (acid-sensing ion channel 3,
purinergic P2X and nociceptive vanilloid receptor 1
receptors) responsive to a cocktail ofmusclemetabolites
(protons, lactate, and ATP).8 This is revealed by a defin-
itive experiment.293 Infusion of a small amount of pro-
tons, lactate, and ATP into the interstitial fluid of a
thumb muscle of human subjects (at a concentration
present during moderate to intense aerobic exercise)
evokes a sensation of fatigue. Pain results from infusion
of concentrations of the metabolite mixture present
during ischemia. This and related experiments reveal
peripheral mechanisms for CFS and FMS.
Fibromyalgia is a complex, multisystem disorder that

differs between individuals.363 A variety of central mech-
anisms have been proposed to account for the different
symptoms of FMS, but it is likely that central correlates of
FMS pain are secondary consequences of autonomic dys-
regulation and abnormal peripheral input from ischemic
muscles. Thus, it seems prudent to thoroughly explore
therapeutic options for attenuation of stress and tonic
peripheral vasoconstriction as potentially prime mecha-
nisms for FMS pain and for chronic postoperative
muscular pain.371
Central Neuroplasticity and Neuropathic
Pain
An indeterminate incidence and extent of nerve injury

makes it difficult to identify a mechanism for PPSP after
surgery. PPSP is not always associated with nonpainful
phantom sensations, which occur reliably after limb
amputation and are presumed to result from
deafferentation-induced spontaneous central activ-
ity.239,266 Even after limb amputation, which invariably
transects major nerve trunks, neuropathic pain does
not always develop; reports of phantom pain range
from 51 to 85%.112,143,262 However, heightened
sensitivity of and/or abnormal discharge from the
stump region appears to be a mechanistic factor for
triggering of neuropathic pain.54,168,189,266,327,328,330

Excitatory influences on stump neuromas (eg,
noradrenalin) induce phantom pain,56,57,168,327 and the
intensity of phantom pain is related positively to pain
in the stump or residual limb.279,329,330 Phantom limb
pain often is associated with some phasic event (eg,
movement of a limb or its phantom, pressure on the
intact portion of the limb or adjacent regions,
stimulation of the stump, or spontaneous stump
pain143). Accordingly, anesthesia of the stump has been
shown to eliminate current phantom limb pain in some
subjects (3 of 6).33

In addition to peripheral factors, some forms of cen-
tral neuroplasticity that vary between individuals likely
contribute to neuropathic PPSP. For example, new
cortical connections (eg, sprouts from innervated to
deafferented cells in SI)244,294 may be responsible for
referral of pain to a deafferented
region.3,4,78,101,133,139,303 When these connections
have formed, stimulation of the stump or the
residual limb could synchronize and increase the
activity of newly connected, previously deafferented
cortical cells, with referral of pain to their original
receptive fields.254,330 In this respect, particularly
important observations after amputation are that the
magnitude of phantom limb pain is directly related
to the amount of cortical reorganization,
substantially increasing the number of neurons that,
when activated by stimulation of intact receptive
fields, could refer sensations to the amputated
portion of a limb.100,114,134,167,213 Similarly, there is a
strong correlation between the amount of cortical
organization after amputation and the percentage of
body sites that refer sensations to a phantom limb
during painful stimulation.134,184

The formation of new cortical connections after nerve
transection is use-dependent, changing over time de-
pending on patterns of input.139,184 For example,
functional changes in cortical receptive fields similar to
those seen after nerve section occur for normal
monkeys after conditioned (active) receipt of
structured tactile stimulation of several digits
throughout test days.156 Conversely, disuse (or deaffer-
entation) results in a reduction in cortical representation
in proportion to minimal (or lost) input.404,405 Thus,
cortical reorganization occurs after limb amputation,
and its influence on pain depends on some
combination of active use of intact structures (eg, the
residual limb), abnormal sensory input from the stump,
and the extent of deafferentation. The use-dependency
of cortical organization underlies demonstrations that
chronic postoperative phantom limb pain can be allevi-
ated by training procedures that dictate patterns of
cortical plasticity.
Phantom limb pain decreases after training to control

a mechanical hand from contractions of arm muscles
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accessed at amputation stumps404 or after feedback-
guided sensory training to discriminate between
different locations or frequencies of nonpainful electri-
cal stimulation.113 Cortical reorganization is noted for
trained patients, but not for control participants, on
the basis of neuroelectric source imaging of responses
to tactile stimulation of the lip. Also, strong reinforce-
ment for the functional efficacy of training with intent
to reorganize spatial cortical maps has been provided
by studies of patients with motoric loss after strokes. Re-
straint of the unimpaired arm and rehabilitative training
of the impaired arm results in remission of motor deficits
and recovery of normal cortical organization, as shown
by focused magnetic stimulation.208

Investigations that have shown functional recovery
and cortical reorganization after nerve injury clearly
demonstrate that central neuroplasticity can be
misguided by deafferentation, resulting in chronic pain
and adding a cerebral cortical mechanism to a peripheral
one. Directing new cortical connections by training has
shown therapeutic potential and should be investigated
until fully understood. Does cortical reorganizationwork
because connections from entirely afferented to deaffer-
ented cells drop out? What is the optimum training
regimen and the necessary maintenance schedule?
Pain-Specific Brain Activation Patterns
The hypothesis that pain chronification involves mal-

adaptive brain neuroplasticity raises the question of
whether gross changes in brain morphology or connec-
tivity (other than reinnervation of deafferented cells)
occur over time in association with PPSP. Observing
neocortical, limbic, and mesencephalic structures associ-
ated with the processing of noxious stimulation or with
the reported experience of pain in humans has become
straightforward. More than 2 decades of work on brain
imaging and pain are behind us, and the literature con-
tains more than 1,000 reports and reviews. Many
examine brain responses to a noxious stimulus using
functional magnetic resonance imaging (MRI), which
measures blood oxygen levels, or arterial spin labeling
perfusion MRI, to assess brain responses to a painful
perceptual experience, or functional MRI, to study func-
tional connectivity (temporal correlations) among brain
areas. Structural MRI studies examine the volume and
thickness of cortical gray matter as well as midbrain
gray matter, and there are also studies of white matter
integrity and possible brain neuroinflammation, on the
basis of diffusion tensor imaging, as well as studies of
white matter connectivity among brain areas. Apkarian
et al13 and Davis and Moayedi81 provide excellent re-
views of this area.
Identifying pain chronification within the brain is

straightforward if cortical activation during pain is spe-
cific to certain brain structures. Early neurophysiological
pain research relied heavily on line-labeling approaches
that traced the transmission of noxious signals from the
periphery to the thalamus and somatosensory cortices.
However, identification of polymodal nociceptors and
findings that wide dynamic range neurons respond to
innocuous as well as noxious stimuli support the impor-
tance of signal transmission patterns. Thus, the speci-
ficity of cortical projections is complicated by patterns
of activity in specific regions. Some investigators subtract
activation patterns associated with non-noxious stimuli
from those associated with similar noxious stimuli in an
attempt to identify a single structure or set of structures
that respond differentially to noxious signaling. None-
theless, others contend that distinct patterns of brain
activation are specific to subjective experience and re-
ports of pain rather than to the nature of the stimuli-
generating activation. This approach makes sense for
studies of chronic pain states in which the link between
a peripheral stimulus and a central response is abnormal
or absent altogether.
Cortical processing of pain involves at least the activa-

tion of limbic and frontocortical areas as well as somato-
sensory cortex. Cognitive experiences modify pain and
add affective components to its representation in the
brain. Thus, the term, ‘‘pain matrix’’ appears frequently
in the literature.115 Loosely, it refers to a set of structures
that activate in response to noxious stimulation and the
related intensity and unpleasantness of pain. A typical
report236 describes the painmatrix as comprising primary
and secondary somatosensory cortices, specific areas
within the insula, ACC, amygdala, and prefrontal
cortices, along with the thalamus, but there are varia-
tions. Identification of a structure or pattern of activa-
tion across structures that is specific to pain is the holy
grail of the field.
Wager and colleagues390 deliveredwarmand painfully

hot stimuli to the forearms of healthy subjects undergo-
ing functional MRI scans in an attempt to find a neural
signature in brain activity unique to pain. They suc-
ceeded in identifying patterns of brain activation that
distinguished pain from warmth with 93% accuracy.
Administration of remifentanil selectively affected the
pain but not the warmth response pattern. This demon-
stration of a neurologic signature for pain is a major
advance in identifying a unique brain response to pain,
but the study of response to a heat stimulus in normal
volunteers is very different than the study of chronic
pain in patients. Ultimately, this approach may lead to
the discovery of an objective biomarker of clinical pain.
Imaging Chronic Versus Acute Pain
Functional brain imaging has yet to engage the prob-

lem of acute to chronic pain transition in surgical pa-
tients. However, it has shown that the patterns of brain
activation associated with chronic pain differ from those
that characterize acute pain, suggesting that chronic
pain is the product of higher-order maladaptive CNS
plasticity.142 Neuroinflammation, essentially the same
processes described previously, may be the root cause
of brain structural changes.81 Volumetric MRI studies
indicate that chronic pain patients tend to have
decreased gray matter volume in structures related to
chronic pain activation.235 Gray matter may age abnor-
mally for pain patients.249 Emerging findings in several
areas indicate that chronic pain conditions are associated
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with abnormal connections in white matter tracts.81 Re-
lief of chronic pain is generally associated with normali-
zation of brain activation and structural patterns.
Potentially, this area of research can identify brain activ-
ity and structural changes associated with the processing
of noxious signals, activity reflecting antinociceptive
processes, the balance of the two and, in principle, any
existing pronociceptive imbalance in brain function
and structure that occurs as acute pain transitions to
chronic pain.

Qualifying Concerns

Pain is not unique in altering brain structure. Several
psychiatric conditions are associated with abnormal
gray matter volume and white matter alterations. Pa-
tients with major depressive disorder show substantial
gray matter volume reductions and white matter abnor-
malities,190,357,397,431 whereas panic disorder patients
show increased cortical gray matter volume365 and
increased midbrain gray matter volume including the
PAG.86 Also, gray matter volumetric abnormalities tend
to exist in patients who have a helplessness trait, defined
according to the Pain Catastrophizing Scale.81 Thus,
altered brain structure in patients who have developed
PPSP, if observed, could reflect comorbidities as well as
the chronic pain state. These considerations also suggest
that gray and white matter abnormalities associated
with preexisting pain or with psychopathology may
identify factors for the development of PPSP in patients
enduring acute pain. Although still inceptive, the
emerging body of research on gray matter volume and
white matter integrity in patients with psychiatric disor-
ders suggests that patients with these conditions who
come to surgery may have maladaptive brain alterations
in structure and function that put them at risk for
abnormal processing and failed resolution of acute post-
operative pain.
Fig 3 depicts hypotheses about how changes in brain

function and structure might sustain PPSP. These alter-
ations depend on abnormal noxious signaling in the pe-
riphery and/or abnormal processing and transmission of
noxious signaling at and above the spinal cord.
Emotional and mood disorders probably contribute to
abnormalities in brain properties associated with pain.
Figure 3. Potential mechanisms for persistence
Normal Versus Postinjury Somatosensory
Processing

Mammalian sensory systems have evolved and devel-
oped for attention to and processing of phasic events.
Somatosensory receptors fail to respond to sustained
stimulation unless there are temporal variations in
stimulus contact or magnitude. Adaptation and
habituation reduce the sensitivity of peripheral recep-
tors and their central projections to constant or
repetitive stimulation.182,225,253,396 Thus, chronic pain
is associated with abnormally extended neuronal
activity.165,189,216,270,389 Similarly, endogenous
inhibitory modulation of nociceptive input is
designed for attenuation of acute pain, as evidenced
by failed chronic administration of exogenous opiates
and by reversal of GABA and glycine inhibition to
facilitation with prolonged painful stimulation.
Additionally, throughout the CNS, opponent control
systems (eg, facilitation/inhibition, sympathetic/
parasympathetic) achieve set point balance by back-
and-forth (phasic) adjustments. Chronic sympathetic
dominance is problematic, and chronic pain probably
would not develop if endogenous inhibition of noci-
ception could be sustained indefinitely at a level that
can occur phasically. To the extent that neuroplastic
adaptations to neural injury have evolved, they
enhance sensation (restoring lost or impaired vision,
hearing, or touch), and these otherwise adaptive pro-
cesses can magnify pain. Inhibition can be reduced
and/or facilitation increased, accounting for enhanced
responses to phasic stimulation (allodynia and hyperal-
gesia).
Conceptual Map of Research Approaches
The potential causes of PPSP are not mutually exclu-

sive, and they differ mostly because they focus on
different levels of the neuraxis. Each approach has its
champions who assert that their lines of inquiry will yield
the key to understanding and ultimately preventing
the development of PPSP. Fig 4 provides a schematic
representation of these hypothetical mechanisms, de-
picting them, somewhat artificially, as 5 independent
of chronic postoperative pain in the brain.



Figure 4. Five families of hypotheses accounting for the transi-
tion of acute postoperative pain to chronic postoperative pain
(PPSP). Hypothesis 1 holds that PPSP results from persistent
noxious signaling (C) from the periphery, as might occur with
iatrogenic nerve injury or chronic inflammation. Hypothesis 2,
the central sensitization hypothesis, focuses on the dorsal horn
of the spinal cord. Persisting noxious signaling (A) may cause
excitatory neuroplastic changes in noxious signal transmission
(B) at the dorsal horn that persist after (A) disappears. Hypothe-
sis 3 addresses endogenous bulbospinal inhibitory modulation
of noxious signaling. Noxious signaling (D) initiates this process,
but for various reasons descending inhibitory modulation be-
comes compromised or lost (E). PPSP results from the loss of de-
scending inhibition of noxious signaling. Hypothesis 4 attributes
the development of PPSP to the establishment of descending
endogenous facilitation of noxious signaling over time. Persist-
ing noxious signaling (F) eventually causes enhanced bulbospi-
nal neurotransmission of noxious messages (G). Finally,
Hypothesis 5 proposes that PPSP occurs because noxious
signaling (H) has brought about maladaptive brain remodeling
in function, structure and connectivity (I). The brain has become
optimally reorganized over time to generate and sustain PPSP,
even when (H) has disappeared.
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approaches, each with its own basic assumption(s). Of
course, some combination of the 5, or all of them
together, could be at work in a single case.
The first approach hypothesizes that PPSP originates

with, and is sustained by, pathophysiology in the periph-
ery. Although central changes may occur in response to
peripheral pathophysiology andmodulate a painful con-
dition, the fundamental mechanism is a peripheral
driver. As noted previously, many investigators assume
that peripheral nerve injury or inflammation or the com-
bination of these factors can generate repetitive bursts
of primary afferent activity that initiate activity-
dependent plastic changes in glutamatergic neurotrans-
mission in dorsal horn neurons, including LTP, and
ultimately these changes lead to a chronic pain condi-
tion. Pathophysiology in the periphery can take many
forms: preexisting or unresolved inflammation, nerve
injury, neurotrophin dysregulation, kinin dysregulation,
and abnormal glial cell contributions to peripheral neu-
roinflammation and sensitization. The nociceptive
drivers in the periphery are not mutually exclusive as po-
tential mechanisms. For example, inflammation may fos-
ter NGF dysregulation and adhesion formation that
causes nerve injury, and kinins play a role in sustaining
tissue inflammation.
In Fig 4, pathway C represents this approach. Examples

include nerve damage, the formation of scar tissue that
compresses, entraps, or irritates nociceptive fibers, adhe-
sive capsulitis, and painful keloid formation. In Fig 4,
pathways AB and FG may exacerbate the severity of the
pain and alter its features, but the root problem is
pathway C. The PPSP depends on the driver in the periph-
ery and removal of that driver terminates the chronic
pain.
The second approach presumes that PPSP results from

maladaptive central neuroplasticity that occurs because
of excessive noxious signaling in the periphery or nerve
injury that causes abnormal, persistent nociceptive firing
patterns. This approach differs from the first in that it as-
sumes maladaptive neuroplastic central changes can
become permanent and exist indefinitely in the absence
of noxious signaling in the periphery. Thus, inflamma-
tion and related healing processes may eventually
resolve but leave behind dysregulated modulation pro-
cesses at the dorsal horn of the spinal cord or above
that produce and enhance noxious signal transmission.
In addition to LTP and synaptic strengthening, central
neuroinflammation processes involving glial cells and
TLRs could play a role in sustaining the maladaptive cen-
tral neuroplasticity that results in PPSP. In Fig 4, the sec-
ond approach follows the AB pathway. Over time, as
tissues heal, A may disappear, leaving B as the sole mech-
anism driving PPSP. The key to preventing or alleviating
PPSP is the control of maladaptive neuroplastic changes.
A test of the independence of B with chronicity is the
same as for the first approach—removal of the periph-
eral driver.
The third approach asserts that PPSP develops because

of compromised or lost inhibitory modulation of
noxious signaling in medullary-spinal pathways. The
literature currently provides one body of information
on stress-related modulation that engages endogenous
opioids and another body of information on CPM.
Whether these systems are independent inhibitory
mechanisms or different aspects of a single process is
at issue. Either way, this approach postulates that PPSP
and other chronic pain states develop because patients
have compromised or lost their endogenous mecha-
nisms for modulating noxious signaling. The mecha-
nisms behind the dysregulation of endogenous
modulation remain largely a mystery, but evidence sug-
gests that the use of exogenous opioids for chronic pain
can make patients hyperalgesic.66 Many investigators
assert that this occurs because exogenous opioids
resemble b-endorphin and confuse negative feedback
loops in the hypothalamo-pituitary-axis and else-
where,215 but the role of endogenous opioids is contro-
versial. Chu et al67 showed that opioid-induced
hyperalgesia after remifentanil hypoalgesia did not
change with naloxone administration, indicating that
the endogenous opioid system did not determine
opioid-induced hyperalgesia. In Fig 4, the DE pathway
represents this approach. The inhibitory influence at E
appears to be weakened. However, a psychophysical



Chapman and Vierck The Journal of Pain 359.e23
demonstration of increased pain sensitivity cannot
distinguish between mechanisms of reduced inhibition
or enhanced facilitation (sensitization).
The fourth approach posits that PPSP is the product of

descending facilitatory modulation. Recent evidence
reveals that under certain conditions RVM modulation
of noxious signaling can convert from inhibitory to
facilitatory. This process involves spinal serotonergic
and noradrenergic pathways that normally play a role
in tonic inhibitory modulation, or it could result from
a reversal of GABA/glycine inhibition to sensitization.
A shift from inhibitory to facilitatory modulation in
these bidirectional pathways may come about with
nerve injury or in response to inflammation. In Fig 4,
the FG pathway represents facilitatory modulation,
essentially a reversal of the DE pathway. It follows that
such a shift in the bidirectional modulation pathway in-
volves on the one hand a loss of tonic inhibition of
noxious signaling (third approach) and on the other
hand a facilitation of noxious signaling (fourth
approach). Thus, this is a possible mechanism for the
conversion of acute postoperative pain to PPSP, particu-
larly in cases in which nerve damage has occurred. For
this approach, the fundamental mechanism of PPSP is
facilitatory modulation.
The fifth approach holds that acute pain becomes

chronic because over time changes occur in brain func-
tion, including structural volume and functional connec-
tivity. Various chronic pain syndromes manifest such
changes.142 The MRI and other imaging literature shows
that chronic pain is associated with altered patterns in
brain processing of noxious signaling and losses in brain
gray matter volume. Concomitantly, abnormal connec-
tions occur in white matter tracts.13,81 These
abnormalities in the brain, the organ of perception,
suggest that maladaptive brain changes in structure
and function occur in response to a peripheral or
lower-level central driver so that the brain over time be-
comes optimally organized to generate and sustain the
experience of pain. If the original driver disappears, the
brain changes may remain, leaving the patient with a
brain remodeled to generate pain indefinitely, or they
may normalize. Phantom limb pain is perhaps the best
example of this concept. However, 3 observations (dis-
cussed previously) constrain this hypothesis: 1) a specific
pattern of brain activation for pain still eludes us, 2)
similar brain remodeling changes occur with depression
and other chronic conditions, and 3) removal of the pe-
ripheral driver for the pain can often reverse changes
in the brain. In Fig 4, pathway HI represents maladaptive
structural and functional changes in the brain, or brain
remodeling.
Finally, the purpose of Fig 4 is simply to map broadly

the thinking in the literature about the possible mecha-
nisms behind PPSP. Many combinations of these ap-
proaches are possible. The time frame for the processes
depicted extends from 2 months to approximately
1 year. Fig 4 calls attention to the need for strategic plan-
ning and integration of approaches in the pursuit of
causes of PPSP.
Barriers to Progress and Opportunities

Clinical Epidemiology

Definition of Persistent Postoperative Pain

With a few exceptions, investigators have sought to
predict the simple presence of a pain condition or its
severity at various times after surgery. For example, Jo-
hansen et al160 used numerical rating scale responses to
determine the percentage of PPSP respondents with
no, mild, moderate, or severe pain. Unidimensional ap-
proaches such as this are limiting. Chronic pain has other
key features that include affective distress, interference
with sleep, interference with daily activities, and effect
on quality of life. Qualitative descriptors of the pain
and abnormal sensations in the area of the surgical
wound are important because they provide information
about the likelihood of unhealed nerve injury. Further-
more, not all PPSP is constant. Some pain conditions
are silent until the patient engages in certain types of ac-
tivities; some pains emerge at night, and others come on
spontaneously, seemingly at random, from time to time.
Overall, the proportion of patients who report PPSP is
higher at 3months than at 6months, and this proportion
is even lower at 9 months and 1 year. However, many pa-
tients will have PPSP for the rest of their lives. A need ex-
ists for a systematic way of assessing and gauging PPSP
according to its multifactorial nature. A critical consider-
ation in this regard is the consistent finding that some in-
dividuals develop chronic pain and others do not, after
all types of surgery, and the reasons for this are un-
known.
The Need for Longitudinal Measurement
The severity of acute postoperative pain is one of the

risk factors for PPSP. Most investigators gauge this by ob-
taining a pain intensity report on the first postoperative
day, using a cross-sectional study design. Unfortunately,
the practice of measuring acute pain as a point estimate
(single measure, cross-sectional design) rather than a
process playing out over time is a barrier to progress.
Point estimates of acute pain are weak on 2 counts.
The first is that the standard error of measurement is
quite high for single numerical rating scale reports of
acute pain, and so the precision of a single measurement
is poor.59 Second, the assumption that acute postopera-
tive pain is at its worst on the first day after surgery is un-
tenable. As described previously, we found that fully
37% of postoperative patients either reported pain at
the same level for 6 days after surgery or gave increas-
ingly worse ratings of pain over the 6 days. Using the
linear pain trajectory to quantify acute postoperative
pain, we recorded not only the intensity of pain immedi-
ately after surgery but also the rate of change in the pain
over the 6 days including the direction of the change—
whether it diminished or intensified. The pain trajectory
yielded summary measures that were much more precise
than single pain reports. Patients with worsening pain or
nonresolving pain in the first week after surgery may be
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more likely to develop PPSP. Therefore, repeated mea-
sures of pain are valuable for defining this risk factor
because it increases substantially the precision of the
pain measurement and it provides more information.
In addition to initial pain intensity, the assessment yields
the direction and rate of pain resolution and an estimate
of the duration of the acute postoperative pain.
Repeated measurements of the characteristics of

chronic pain, including intensity, also will be necessary
for an adequate understanding of mechanisms for
PPSP. Simply reporting the incidence of pain at different
points in time for all postsurgical patients does not
generate a pain trajectory, which applies only to individ-
uals with chronic pain. Individuals who receive surgery
but do not experience chronic pain can be used as con-
trol subjects, but they distort the time course of pain
development or decay. Similarly, mechanistic consider-
ations are only relevant to individuals who report pain
at some time(s) beyond 2 postinjury months. Statistics
for the pain characteristics of these individuals will be
particularly useful if on the basis of subgroups with com-
mon PPSP characteristics—for example: acute pain that
declines beyond 2months postinjury; acute pain that be-
comes chronic and does not remit; postinjury pain that
appears late; neuropathic pain; surgical incision pain;
nonneuropathic, nonincisional pain; generalized
muscular pain; oscillations in PPSP intensity over time;
or high-intensity pain. It is likely that different risk fac-
tors will apply differentially to these and other possible
profiles/characteristics of chronic pain.
The previously mentioned recommendations for thor-

ough prospective study of PPSP are a tall order, because
large numbers of patients with different pain profiles
will be helpful, if not necessary, to understand relation-
ships of risk factors (and associated mechanisms) with
different types and trajectories of chronic pain. Multi-
institutional observationswith coordination of protocols
and repeated measures, long-term, are needed to
improve on the existing literature involving numerous
studies of a variety of surgical procedures without com-
monalities that permit meaningful combination of the
data.

The Lack of an Adequate Definition for
Iatrogenic Neuropathy
The lack of amethodology for identifying neuropathic

features of PPSP (or neuropathic varieties of PPSP) is a
barrier to progress in assessing the contribution of nerve
injury to the different profiles/characteristics of PPSP.
Substantial research exists on the subjective features of
painful neuropathy, but there is not a consensus on
assessment tools for neuropathic pain.

Individual Risk Profiles
The possibility of determining which patients come to

surgery with high risk for developing PPSP represents a
promising opportunity. The PPSP risk profile of every sur-
gical patient is drawn from a domain of all possible pre-
operative, intraoperative, and immediate postoperative
risks. This domain encompasses patient-specific as well
as surgery-specific variables. Patient-specific variables
include demographic characteristics such as age and
gender, genetic and epigenetic predispositions, and
environmental and psychosocial features. The latter
comprise vocational adjustments, family functioning,
economic well-being, and personality traits, including
the tendency to catastrophize. The risk profile for a pa-
tient also incorporates preexisting medical and behav-
ioral comorbidities such as diabetes and depression.
Among the medical comorbidities is CPM dysregulation,
which might stem from genetic predispositions or from
the patient’s psychological state.
Surgery-specific risks break down into preoperative,

intraoperative, and postoperative groups. Preoperative
factors encompass the patient’smedical history including
the diagnosis, whether the patient has an existing
chronic or acute pain condition, hyperalgesia, and pre-
operative medications. Intraoperative factors include
anatomical site, extent and duration of surgery, surgical
approach, nerve damage, and anesthetic technique.
Postoperative factors comprise the severity and trajec-
tory of the acute postoperative pain over days after the
surgery, medications, and adequacy of postoperative
pain management.
Research continues to uncover and evaluate new risk

factors and to pursue the relative risk of established
risk factors. Although additive risk assessment models
are a useful beginning, a need exists for statistical
modeling approaches that identify the correlations and
interactions among the risk factors and take them into
account. Ultimately, an opportunity will exist to create
risk profile assessment for individual surgical patients
and associated adjustments in pain management that
will prevent most PPSP.
Effect Size Estimation
The search for clinically meaningful PPSP risk factors

typically involves large sample sizes, and the excessive
statistical power associated with large samples is likely
to reveal clinically meaningless, yet statistically signifi-
cant, predictors of chronic pain unless investigators
make use of effect size statistics.174,351 An effect size is
an index of the quantitative relation between variables
(ie, the effect that one variable exerts upon another).
Statistical significance, in contrast, simply indicates how
likely it is that an observed effect is exactly 0. Effect
size estimation complements significance testing by
quantifying the magnitude of observed effects. Finding
that a difference is statistically significant in a large
sample does not mean that the difference is large, nor
does it mean that the difference is important from
either a clinical or research point of view. More than 70
indices of effect size exist, and they vary with the
nature of the data and the statistical test used. Most
provide classifications of outcomes into small, medium,
and large effects. Common effect size indices include
Cohen d, the standardized mean difference between 2
groups, R2, a gauge of the amount of variance in one
variable for which the other variable can account, and
Cram�er V, the strength of association between 2
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categorical values in a contingency table. The odds ratio
is useful when the research question focuses on the
degree of association between 2 binary variables such
as gender and the presence or absence of PPSP at, say,
3 months after surgery.
It is appropriate to report confidence intervals with ef-

fect sizes. As sample sizes increase, confidence intervals
narrow. Careful attention to the effect sizes of variables
that predict PPSP will eliminate trivial predictors and
facilitate the development of a risk profile model for in-
dividual surgical patients.

Lack of Veterinary Epidemiology Studies
Large and small animals undergo surgery in everyday

veterinary practice, and some suffer pain.111,123

Veterinary epidemiology can address problems of this
sort288 and has means to engage the problems of acute
postoperative pain and the development of PPSP in ani-
mal populations. Although animals cannot generate
patient-reported outcomes, they express uncomfortable
or painful conditions through abnormal vocalization
with movement or palpation, licking or biting a dyses-
thetic area, reduced activity levels, changes in personal-
ity, altered posture or ambulation, piloerection,
excessive salivation or oculonasal discharge, altered
bowel function, or teeth grinding.338 Veterinary clini-
cians diagnose abnormal sensory or sensorimotor condi-
tions using a combination of these features rather than
one alone, and patterns vary markedly across species.
Although these measures cannot define and validate
pain, they indicate the presence of sensorimotor dys-
functions that could include pain. Determining and eval-
uating risk factors for such patients would be similar to
that performed in human clinical epidemiology studies.
In such investigations, operant escape from nociceptive
stimulation can be used to simulate the psychophysical
tests that document allodynia or hyperalgesia in humans
with PPSP.386

Veterinary studies help fill the gap between animal
laboratory models and human patient studies. Animal
patients are psychosocially less complex than their hu-
man counterparts, and physiological risk factors under
study in humans should apply to animals. More impor-
tantly, veterinary models for PPSP should allow us to
test hypotheses derived from theory. Veterinary epidemi-
ologic studies of PPSP could provide an additional line of
evidence about how acute postoperative pain becomes
chronic.

Integrating Clinical Epidemiology with
Basic Science
Finally, in light of the hypotheses represented in Fig 4,

an opportunity exists for clinical epidemiologists to assist
basic science researchers by undertaking retrospective
studies. Investigations of patients living with PPSP, and
matched control participants, could reveal which pa-
tients have which hypothetical mechanisms or combina-
tions of mechanisms. For example, a retrospective study
of PPSP patients could determine whether each patient
has: 1) evidence of a peripheral driver for nerve injury,
2) persisting low-grade or other inflammation, 3) evi-
dence of central sensitization, 4) abnormal descending
modulation of noxious signaling, and 5) evidence of
pain-related alterations in brain function, structure, or
connectivity. The outcomes could guide future prospec-
tive clinical epidemiology studies and help clarify
research priorities for basic scientists.
Neuroimmune Mechanisms
Neuroimmune interactions are emerging as potential

mechanisms of PPSP in the periphery, at the spinal cord,
and in the brain where glia-induced neuroinflammation
may be the root cause of structural changes related to
chronic pain. To date, they have received less attention
for human chronic pain than theymerit, and an opportu-
nity exists for expanding insights into their role in the
transition from acute pain to PPSP. These mechanisms
aremost likely to activate with nerve injurywhen injured
neural tissues release danger-associated molecular pat-
terns. SGCs at the dorsal root ganglion, glial cells at the
spinal cord, and brain glial cells may, or may not, operate
via a proinflammatory signaling cascade to induce long-
term sensitization and plasticity. They may or may not
generate TLR signaling or invoke the same processes
that ultimately result in proinflammatory cytokine
release.Whether glia-mediated neuroinflammatory pro-
cesses are mechanisms uniquely associated with neuro-
pathic PPSP is uncertain and merits investigation. No
evidence exists to answer the question of whether these
processes at different levels of the neuraxis are a chronic
manifestation of a common underlying mechanism for
acute pain. Direct comparisons of patients who have
received a given surgical procedure and do or do not
have PPSP will be beneficial.
The Need for Integrated Theory to Guide
Models
Although there are 5 lines of basic scientific inquiry

into the cause(s) of PPSP, there are as yet no attempts
to combine all or some of them intomore comprehensive
mechanistic hypotheses. Conceivably, the process of pain
chronification might progress in stages. Initially, persist-
ing peripheral mechanisms could generate central neu-
roplastic changes at the dorsal horn of the spinal cord.
A shift from inhibitory to facilitatory modulation could
occur but eventually disappear, if the lower-level drivers
no longer exist. All the while, neuroplastic changes in
brain function and structure could facilitate the pain
experience. The literature is clear that these changes
can sometimes reverse when a peripheral driver is
removed, but the possibility remains that some higher-
level central changes do not reverse. This appears to be
the case with phantom pain and may perhaps occur in
other cases in which central representation of specific
body areas is compromised through denervation. The
essential point is that pain chronification may entail
neurophysiologically definable stages. It may be more
useful to consider the 5 approaches to PPSP as potentially
compatible mechanisms operating at different levels of
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the neuraxis, and perhaps at different stages in time,
than as competing explanations.
Conclusions
Clinical epidemiology has made progress in defining

the nature and scope of the PPSP problem. Clearly,
PPSP can result from a wide variety of injuries and surgi-
cal interventions, regardless of the extent of the insult.
Procedures that damage nerves such as radical mastec-
tomy, thoracotomy, and limb amputation incur a higher
risk of PPSP, but the problem also occurs with surgeries
that entail minimal risk of nerve trauma. Inflammation
is a mechanism that can interact with nerve injury.
Broadly, this work shows that PPSP has multiple and var-
ied manifestations, and is unlikely to be the product of a
single mechanism. Moreover, the risk of developing PPSP
depends on characteristics of the patient as well as on
features of the surgical procedure.
Chronic pain is a major clinical problem in the United

States and worldwide that merits urgent attention. A
concerted, strategic effort directed at integrating clinical
epidemiology studies, basic science research, and current
theory about pain mechanisms for the study of chronic
pain would greatly increase progress in understanding
and open new avenues for prevention, management,
and perhaps cure of many pain syndromes.
The search for the mechanisms is vitally important to

the pain research field. Although at its present stage
PPSP research is neither systematic nor strategic, the
body of work reviewed in this article is the beginning
of a concerted effort to address the fundamental and
overarching question of how chronic pain develops
and persists. Progress at the basic science level will lead
to innovative interventions that help prevent PPSP and
many types of posttraumatic chronic pain.
The large-scale natural experiment that PPSP repre-

sents remains an overlooked opportunity. At present,
research on PPSP is nascent, with relatively few investiga-
tors in multiple areas working mostly without coordina-
tion. A need exists for an interdisciplinary PPSP forum for
the exchange of ideas, the development of consensus on
key definitions and models, and bidirectional exchanges
between clinical epidemiologists and basic scientists.
Without this, the field is likely to evolve slowly with frag-
mented progress in multiple fields.
References

1. Aasvang EK, Gmaehle E, Hansen JB, Gmaehle B,
Forman JL, Schwarz J, Bittner R, Kehlet H: Predictive risk fac-
tors for persistent postherniotomy pain. Anesthesiology
112:957-969, 2010

2. Abbadie C, Bhangoo S, De Koninck Y, Malcangio M,
Melik-Parsadaniantz S, White FA: Chemokines and pain
mechanisms. Brain Res Rev 60:125-134, 2009

3. Aglioti S, Bonazzi A, Cortese F: Phantom lower limb as a
perceptual marker of neural plasticity in the mature human
brain. Proc Biol Sci 255:273-278, 1994

4. Aglioti S, Cortese F, Franchini C: Rapid sensory remapping
in the adult human brain as inferred from phantom breast
perception. Neuroreport 5:473-476, 1994

5. Aguzzi A, Barres BA, Bennett ML: Microglia: Scapegoat,
saboteur, or something else? Science 339:156-161, 2013

6. Aira Z, Buesa I, Garcia del Cano G, Salgueiro M,
Mendiable N, Mingo J, Aguilera L, Bilbao J, Azkue JJ: Selec-
tive impairment of spinal mu-opioid receptor mechanism by
plasticity of serotonergic facilitation mediated by 5-HT2A
and 5-HT2B receptors. Pain 153:1418-1425, 2012

7. Alvarez P, DiebW, Hafidi A, Voisin DL, Dallel R: Insular cor-
tex representation of dynamic mechanical allodynia in tri-
geminal neuropathic rats. Neurobiol Dis 33:89-95, 2009

8. Amann M, Light AR: From Petri dish to human: New in-
sights into the mechanisms mediating muscle pain and fa-
tigue, with implications for health and disease. Exp Physiol
100:989-990, 2015

9. Andersen G, Vestergaard K, Ingeman-Nielsen M,
Jensen TS: Incidence of central post-stroke pain. Pain 61:
187-193, 1995

10. Andrade P, Visser-Vandewalle V, Philippens M,
Daemen MA, Steinbusch HW, Buurman WA, Hoogland G:
Tumor necrosis factor-alpha levels correlate with postopera-
tive pain severity in lumbar disc hernia patients: Opposite
clinical effects between tumor necrosis factor receptor 1
and 2. Pain 152:2645-2652, 2011

11. Andreae MH, Andreae DA: Regional anaesthesia to
prevent chronic pain after surgery: A Cochrane system-
atic review and meta-analysis. Br J Anaesth 111:711-720,
2013

12. Apfelbaum JL, Chen C, Mehta SS, Gan TJ: Postoperative
pain experience: Results from a national survey suggest
postoperative pain continues to be undermanaged. Anesth
Analg 97:534-540, table of contents, 2003

13. Apkarian AV, Hashmi JA, Baliki MN: Pain and the brain:
Specificity and plasticity of the brain in clinical chronic pain.
Pain 152:S49-S64, 2011

14. Araldi D, Ferrari LF, Levine JD: Repeated mu-opioid
exposure induces a novel form of the hyperalgesic priming
model for transition to chronic pain. J Neurosci 35:
12502-12517, 2015

15. Arner S, Lindblom U, Meyerson BA, Molander C: Pro-
longed relief of neuralgia after regional anesthetic blocks.
A call for further experimental and systematic clinical
studies. Pain 43:287-297, 1990

16. Aslaksen PM, Lyby PS: Fear of pain potentiates nocebo
hyperalgesia. J Pain Res 8:703-710, 2015

17. Attal N, Jazat F, Kayser V, Guilbaud G: Further evidence
for ‘pain-related’ behaviours in amodel of unilateral periph-
eral mononeuropathy. Pain 41:235-251, 1990

18. Awsare NS, Krishnan J, Boustead GB, Hanbury DC,
McNicholas TA: Complications of vasectomy. Ann R Coll
Surg Engl 87:406-410, 2005

19. Baba H, Ji RR, Kohno T, Moore KA, Ataka T, Wakai A,
Okamoto M, Woolf CJ: Removal of GABAergic inhibition fa-
cilitates polysynaptic A fiber-mediated excitatory transmis-
sion to the superficial spinal dorsal horn. Mol Cell Neurosci
24:818-830, 2003

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref1
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref1
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref1
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref1
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref2
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref2
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref2
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref3
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref3
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref3
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref4
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref4
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref4
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref5
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref5
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref6
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref6
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref6
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref6
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref6
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref7
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref7
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref7
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref8
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref8
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref8
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref8
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref9
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref9
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref9
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref10
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref10
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref10
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref10
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref10
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref10
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref11
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref11
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref11
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref12
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref12
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref12
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref12
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref13
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref13
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref13
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref14
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref14
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref14
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref14
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref15
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref15
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref15
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref15
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref16
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref16
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref17
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref17
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref17
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref18
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref18
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref18
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref19
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref19
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref19
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref19
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref19


Chapman and Vierck The Journal of Pain 359.e27
20. Bach S, Noreng MF, Tjellden NU: Phantom limb pain in
amputees during the first 12 months following limb ampu-
tation, after preoperative lumbar epidural blockade. Pain
33:297-301, 1988

21. Backman E, Bengtsson A, Bengtsson M, Lennmarken C,
Henriksson KG: Skeletal muscle function in primary fibromy-
algia. Effect of regional sympathetic blockade with gua-
nethidine. Acta Neurol Scand 77:187-191, 1988

22. Basbaum AI, Bautista DM, Scherrer G, Julius D: Cellular
and molecular mechanisms of pain. Cell 139:267-284, 2009

23. Basbaum AI, Fields HL: Endogenous pain control sys-
tems: Brainstem spinal pathways and endorphin circuitry.
Annu Rev Neurosci 7:309-338, 1984

24. Basbaum AI, Gautron M, Jazat F, Mayes M, Guilbaud G:
The spectrum of fiber loss in a model of neuropathic pain
in the rat: An electron microscopic study. Pain 47:359-367,
1991

25. Bendtsen L, Jensen R, Olesen J: Decreased pain detection
and tolerance thresholds in chronic tension-type headache.
Arch Neurol 53:373-376, 1996

26. Bendtsen L, Norregaard J, Jensen R, Olesen J: Evidence
of qualitatively altered nociception in patients with fibro-
myalgia. Arthritis Rheum 40:98-102, 1997

27. Benedetti F, Amanzio M, Casadio C, Filosso PL,
Molinatti M, Oliaro A, Pischedda F, Maggi G: Postoperative
pain and superficial abdominal reflexes after posterolateral
thoracotomy. Ann Thorac Surg 64:207-210, 1997

28. Bengtsson A, Henriksson KG: The muscle in fibromyal-
gia–a review of Swedish studies. J Rheumatol Suppl 19:
144-149, 1989

29. Bennett GJ, Chung JM, Honore M, Seltzer Z: Models of
neuropathic pain in the rat. Curr Protoc Neurosci, Chapter
9, Unit 9:14, 2003

30. Bennett GJ, Xie YK: A peripheral mononeuropathy in rat
that produces disorders of pain sensation like those seen in
man. Pain 33:87-107, 1988

31. Bennett RM, Clark SR, Campbell SM, Ingram SB,
Burckhardt CS, Nelson DL, Porter JM: Symptoms of Ray-
naud’s syndrome in patients with fibromyalgia. A study uti-
lizing the Nielsen test, digital photoplethysmography, and
measurements of platelet alpha 2-adrenergic receptors.
Arthritis Rheum 34:264-269, 1991

32. Berglund B, Harju EL, Kosek E, Lindblom U: Quantitative
and qualitative perceptual analysis of cold dysesthesia and
hyperalgesia in fibromyalgia. Pain 96:177-187, 2002

33. Birbaumer N, Lutzenberger W, Montoya P, Larbig W,
Unertl K, Topfner S, Grodd W, Taub E, Flor H: Effects of
regional anesthesia on phantom limb pain are mirrored in
changes in cortical reorganization. J Neurosci 17:
5503-5508, 1997

34. Bisgaard T, Klarskov B, Rosenberg J, Kehlet H: Character-
istics and prediction of early pain after laparoscopic chole-
cystectomy. Pain 90:261-269, 2001

35. Bjordal JM, JohnsonMI, Ljunggreen AE: Transcutaneous
electrical nerve stimulation (TENS) can reduce postoperative
analgesic consumption. A meta-analysis with assessment of
optimal treatment parameters for postoperative pain. Eur
J Pain 7:181-188, 2003

36. Bjornsdotter M, Loken L, Olausson H, Vallbo A,
Wessberg J: Somatotopic organization of gentle touch pro-
cessing in the posterior insular cortex. J Neurosci 29:
9314-9320, 2009

37. Bliss TV, Cooke SF: Long-term potentiation and long-
term depression: A clinical perspective. Clinics (Sao Paulo)
66(Suppl 1):3-17, 2011

38. Bodnar RJ, Kelly DD, Brutus M, Glusman M: Stress-
induced analgesia: Neural and hormonal determinants.
Neurosci Biobehav Rev 4:87-100, 1980

39. Borsook D, Kussman BD, George E, Becerra LR,
Burke DW: Surgically induced neuropathic pain: Under-
standing the perioperative process. Ann Surg 257:403-412,
2013

40. Bradley SJ, Challiss RA: G protein-coupled receptor sig-
nalling in astrocytes in health and disease: A focus on me-
tabotropic glutamate receptors. Biochem Pharmacol 84:
249-259, 2012

41. Brandsborg B, Nikolajsen L, Hansen CT, Kehlet H,
Jensen TS: Risk factors for chronic pain after hysterectomy:
A nationwide questionnaire and database study. Anesthesi-
ology 106:1003-1012, 2007

42. Brink TS, Pacharinsak C, Khasabov SG, Beitz AJ,
Simone DA: Differential modulation of neurons in the
rostral ventromedial medulla by neurokinin-1 receptors. J
Neurophysiol 107:1210-1221, 2012

43. Brohawn KH, Offringa R, Pfaff DL, Hughes KC, Shin LM:
The neural correlates of emotionalmemory in posttraumatic
stress disorder. Biol Psychiatry 68:1023-1030, 2010

44. Bronsing R, van der Burg J, Ruigrok TJ: Modulation of
cutaneous reflexes in hindlimb muscles during locomotion
in the freely walking rat: A model for studying cerebellar
involvement in the adaptive control of reflexes during
rhythmic movements. Prog Brain Res 148:243-257, 2005

45. Brooks SJ, Stein DJ: A systematic review of the neural ba-
ses of psychotherapy for anxiety and related disorders. Dia-
logues Clin Neurosci 17:261-279, 2015

46. Brull R, McCartney CJ, Chan VW, El-Beheiry H: Neurolog-
ical complications after regional anesthesia: Contemporary
estimates of risk. Anesth Analg 104:965-974, 2007

47. Brummett CM, Urquhart AG, Hassett AL, Tsodikov A,
Hallstrom BR, Wood NI, Williams DA, Clauw DJ: Characteris-
tics of fibromyalgia independently predict poorer long-term
analgesic outcomes following total knee and hip arthro-
plasty. Arthritis Rheumatol 67:1386-1394, 2015

48. Buskila D, Neumann L, Vaisberg G, Alkalay D, Wolfe F:
Increased rates of fibromyalgia following cervical spine
injury. Arthritis Rheum 40:446-452, 1997

49. Butler RK, Finn DP: Stress-induced analgesia. Prog Neu-
robiol 88:184-202, 2009

50. Buvanendran A, Kroin JS, Della Valle CJ, Kari M,
Moric M, Tuman KJ: Perioperative oral pregabalin reduces
chronic pain after total knee arthroplasty: A prospective,
randomized, controlled trial. Anesth Analg 110:199-207,
2010

51. Camarata PJ, Yaksh TL: Characterization of the spinal
adrenergic receptors mediating the spinal effects produced
by the microinjection of morphine into the periaqueductal
gray. Brain Res 336:133-142, 1985

52. Campbell JN, Raja SN, Meyer RA, Mackinnon SE: Myelin-
ated afferents signal the hyperalgesia associated with nerve
injury. Pain 32:89-94, 1988

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref20
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref20
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref20
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref20
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref21
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref21
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref21
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref21
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref22
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref22
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref23
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref23
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref23
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref24
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref24
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref24
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref25
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref25
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref25
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref26
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref26
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref26
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref27
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref27
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref27
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref27
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref28
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref28
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref28
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref29
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref29
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref29
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref30
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref30
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref30
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref31
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref31
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref31
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref31
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref31
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref31
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref32
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref32
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref32
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref33
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref33
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref33
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref33
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref33
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref34
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref34
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref34
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref35
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref35
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref35
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref35
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref35
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref36
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref36
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref36
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref36
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref37
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref37
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref37
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref38
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref38
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref38
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref39
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref39
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref39
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref40
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref40
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref40
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref40
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref41
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref41
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref41
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref41
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref42
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref42
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref42
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref42
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref43
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref43
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref43
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref44
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref44
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref44
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref44
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref44
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref45
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref45
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref45
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref46
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref46
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref46
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref47
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref47
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref47
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref47
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref47
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref48
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref48
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref48
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref49
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref49
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref50
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref50
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref50
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref50
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref51
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref51
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref51
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref51
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref52
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref52
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref52


359.e28 The Journal of Pain Transition of Acute Pain to Chronic Pain
53. Cankar K, Finderle Z, Strucl M: The role of alpha1- and
alpha2-adrenoceptors in gender differences in cutaneous
LD flux response to local cooling. Microvasc Res 68:
126-131, 2004

54. Carlen PL, Wall PD, Nadvorna H, Steinbach T: Phantom
limbs and related phenomena in recent traumatic amputa-
tions. Neurology 28:211-217, 1978

55. Cepeda MS, Carr DB: Women experience more pain and
require more morphine than men to achieve a similar de-
gree of analgesia. Anesth Analg 97:1464-1468, 2003

56. Chabal C, Jacobson L, Russell LC, Burchiel KJ: Pain
response to perineuromal injection of normal saline,
epinephrine, and lidocaine in humans. Pain 49:9-12, 1992

57. Chabal C, Jacobson L, Russell LC, Burchiel KJ: Pain re-
sponses to perineuromal injection of normal saline, gall-
amine, and lidocaine in humans. Pain 36:321-325, 1989

58. Chaparro LE, Smith SA, Moore RA, Wiffen PJ, Gilron I:
Pharmacotherapy for the prevention of chronic pain after
surgery in adults. Cochrane Database Syst Rev CD008307,
2013

59. Chapman CR, Davis J, Donaldson GW, Naylor J,
Winchester D: Postoperative pain trajectories in chronic
pain patients undergoing surgery: The effects of chronic
opioid pharmacotherapy on acute pain. J Pain 12:
1240-1246, 2011

60. Chapman CR, Donaldson GW, Davis JJ, Bradshaw DH:
Improving individual measurement of postoperative pain:
The pain trajectory. J Pain 12:257-262, 2011

61. Chapman CR, Tuckett RP, Song CW: Pain and stress in a
systems perspective: Reciprocal neural, endocrine, and im-
mune interactions. J Pain 9:122-145, 2008

62. Chen L, Huang LY: Protein kinase C reduces Mg21 block
of NMDA-receptor channels as a mechanism of modulation.
Nature 356:521-523, 1992

63. Chiechio S, Nicoletti F: Metabotropic glutamate recep-
tors and the control of chronic pain. Curr Opin Pharmacol
12:28-34, 2012

64. Cho AR, Kwon JY, Kim KH, Lee HJ, Kim HK, Kim ES,
Hong JM, Kim C: The effects of anesthetics on chronic pain
after breast cancer surgery. Anesth Analg 116:685-693, 2013

65. Choi JC, Kim J, Kang E, Lee JM, Cha J, Kim YJ, Lee HG,
Choi JH, Yi DJ: Brain mechanisms of pain relief by transcuta-
neous electrical nerve stimulation: A functional magnetic
resonance imaging study. Eur J Pain 20:92-105, 2016

66. Chu LF, Angst MS, Clark D: Opioid-induced hyperalgesia
in humans: Molecular mechanisms and clinical consider-
ations. Clin J Pain 24:479-496, 2008

67. Chu LF, Dairmont J, Zamora AK, Young CA, Angst MS:
The endogenous opioid system is not involved in modula-
tion of opioid-induced hyperalgesia. J Pain 12:108-115, 2011

68. Clauw DJ, Schmidt M, Radulovic D, Singer A, Katz P,
Bresette J: The relationship between fibromyalgia and inter-
stitial cystitis. J Psychiatr Res 31:125-131, 1997

69. Cline MA, Ochoa J, Torebjork HE: Chronic hyperalgesia
and skin warming caused by sensitized C nociceptors. Brain
112:621-647, 1989

70. Coggeshall RE, Dougherty PM, Pover CM, Carlton SM: Is
large myelinated fiber loss associated with hyperalgesia in a
model of experimental peripheral neuropathy in the rat?
Pain 52:233-242, 1993
71. Convertino VA: Gender differences in autonomic func-
tions associated with blood pressure regulation. Am J Phys-
iol 275:R1909-R1920, 1998

72. Cooke JP, Creager MA, Osmundson PJ, Shepherd JT: Sex
differences in control of cutaneous blood flow. Circulation
82:1607-1615, 1990

73. Cooper BY, Vierck CJ Jr: Measurement of pain and
morphine hyperalgesia in monkeys. Pain 26:361-392, 1986

74. Cooper BY, Vierck CJ Jr, Yeomans DC: Selective reduction
of second pain sensations by systemic morphine in humans.
Pain 24:93-116, 1986

75. Coull JA, Boudreau D, Bachand K, Prescott SA, Nault F,
Sik A, De KP, De KY: Trans-synaptic shift in anion gradient
in spinal lamina I neurons as a mechanism of neuropathic
pain. Nature 424:938-942, 2003

76. Craig AD: Why a soft touch can hurt. J Physiol 588:13,
2010

77. Crombie IK, Davies HT, Macrae WA: Cut and thrust:
Antecedent surgery and trauma among patients attending
a chronic pain clinic. Pain 76:167-171, 1998

78. Cronholm MB: Phantom limbs in amputees; a study of
changes in the integration of centripetal impulses with spe-
cial reference to referred sensations. Acta Psychiatr Neurol
Scand Suppl 72:1-310, 1951

79. Cullen KA, Hall MJ, Golosinskiy A: Ambulatory surgery
in the United States, 2006. Natl Health Stat Report 1-25,
2009

80. Dajczman E, Gordon A, Kreisman H, Wolkove N: Long-
term postthoracotomy pain. Chest 99:270-274, 1991

81. Davis KD, Moayedi M: Central mechanisms of pain re-
vealed through functional and structural MRI. J Neuroim-
mune Pharmacol 8:518-534, 2013

82. Davis MC, Zautry AJ, Reich JW: Vulnerability to stress
among women in chronic pain from fibromyalgia and oste-
oarthritis. Ann Behav Med 23:215-226, 2001

83. Day JJ, Sweatt JD: Cognitive neuroepigenetics: A role for
epigenetic mechanisms in learning and memory. Neurobiol
Learn Mem 96:2-12, 2011

84. Decosterd I, Woolf CJ: Spared nerve injury: An animal
model of persistent peripheral neuropathic pain. Pain 87:
149-158, 2000

85. DeFrances CJ, Lucas CA, Buie VC, Golosinskiy A: 2006 Na-
tional Hospital Discharge Survey. Natl Health Stat Report
1-20, 2008

86. Del-Ben CM, Graeff FG: Panic disorder: Is the PAG
involved? Neural Plast 2009:108135, 2009

87. DeLeo JA, Coombs DW, Willenbring S, Colburn RW,
Fromm C, Wagner R, Twitchell BB: Characterization of a
neuropathic pain model: Sciatic cryoneurolysis in the rat.
Pain 56:9-16, 1994

88. Denk F, McMahon SB: Chronic pain: Emerging evidence
for the involvement of epigenetics. Neuron 73:435-444,
2012

89. Diatchenko L, Slade GD, Nackley AG, Bhalang K,
Sigurdsson A, Belfer I, Goldman D, Xu K, Shabalina SA,
Shagin D, Max MB, Makarov SS, Maixner W: Genetic basis
for individual variations in pain perception and the develop-
ment of a chronic pain condition. Hum Mol Genet 14:
135-143, 2005

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref53
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref53
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref53
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref53
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref54
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref54
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref54
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref55
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref55
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref55
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref56
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref56
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref56
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref57
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref57
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref57
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref58
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref58
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref58
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref59
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref59
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref59
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref59
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref59
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref60
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref60
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref60
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref61
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref61
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref61
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref62
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref62
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref62
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref63
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref63
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref63
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref64
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref64
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref64
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref65
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref65
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref65
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref65
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref66
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref66
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref66
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref67
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref67
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref67
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref68
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref68
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref68
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref69
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref69
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref69
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref70
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref70
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref70
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref70
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref71
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref71
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref71
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref72
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref72
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref72
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref73
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref73
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref74
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref74
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref74
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref75
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref75
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref75
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref75
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref76
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref77
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref77
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref77
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref78
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref78
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref78
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref78
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref79
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref79
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref80
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref80
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref81
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref81
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref81
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref82
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref82
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref82
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref83
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref83
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref83
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref84
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref84
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref84
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref85
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref85
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref85
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref86
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref86
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref87
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref87
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref87
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref87
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref88
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref88
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref89
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref89
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref89
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref89
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref89
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref89


Chapman and Vierck The Journal of Pain 359.e29
90. Dieb W, Hafidi A: Mechanism of GABA involvement
in post-traumatic trigeminal neuropathic pain: Activa-
tion of neuronal circuitry composed of PKCgamma inter-
neurons and pERK1/2 expressing neurons. Eur J Pain 19:
85-96, 2015

91. Doehring A, Geisslinger G, Lotsch J: Epigenetics in pain
and analgesia: An imminent research field. Eur J Pain 15:
11-16, 2011

92. Dogrul A, Seyrek M, Yalcin B, Ulugol A: Involvement of
descending serotonergic and noradrenergic pathways in
CB1 receptor-mediated antinociception. Prog Neuropsycho-
pharmacol Biol Psychiatry 38:97-105, 2012

93. Dray A: Inflammatory mediators of pain. Br J Anaesth
75:125-131, 1995

94. Dubovy P:Wallerian degeneration and peripheral nerve
conditions for both axonal regeneration and neuropathic
pain induction. Ann Anat 193:267-275, 2011

95. Duggan AW, Morton CR: Tonic descending inhibition
and spinal nociceptive transmission. Prog Brain Res 77:
193-211, 1988

96. Duysens J, TrippelM, HorstmannGA, Dietz V: Gating and
reversal of reflexes in ankle muscles during human walking.
Exp Brain Res 82:351-358, 1990

97. Edwards RR: Individual differences in endogenous pain
modulation as a risk factor for chronic pain. Neurology 65:
437-443, 2005

98. Eide PK:Wind-up and the NMDA receptor complex from
a clinical perspective. Eur J Pain 4:5-15, 2000

99. Eippert F, Finsterbusch J, Bingel U, Buchel C: Direct evi-
dence for spinal cord involvement in placebo analgesia. Sci-
ence 326:404, 2009

100. Elbert T, Flor H, Birbaumer N, Knecht S, Hampson S,
Larbig W, Taub E: Extensive reorganization of the somato-
sensory cortex in adult humans after nervous system injury.
Neuroreport 5:2593-2597, 1994

101. Elbert T, Sterr A, Flor H, Rockstroh B, Knecht S, Pantev C,
Wienbruch C, Taub E: Input-increase and input-decrease
types of cortical reorganization after upper extremity ampu-
tation in humans. Exp Brain Res 117:161-164, 1997

102. Elert JE, Rantapaa-Dahlqvist SB, Henriksson-Larsen K,
Lorentzon R, Gerdle BU: Muscle performance, electromyog-
raphy and fibre type composition in fibromyalgia and work-
related myalgia. Scand J Rheumatol 21:28-34, 1992

103. Elvin A, Siosteen AK, Nilsson A, Kosek E: Decreased
muscle blood flow in fibromyalgia patients during standar-
dised muscle exercise: A contrast media enhanced colour
Doppler study. Eur J Pain 10:137-144, 2006

104. England JD, Happel LT, Kline DG, Gamboni F,
Thouron CL, Liu ZP, Levinson SR: Sodium channel accumula-
tion in humans with painful neuromas. Neurology 47:
272-276, 1996

105. Evans JM, Ziegler MG, Patwardhan AR, Ott JB, Kim CS,
Leonelli FM, Knapp CF: Gender differences in autonomic car-
diovascular regulation: Spectral, hormonal, and hemody-
namic indexes. J Appl Physiol (1985) 91:2611-2618, 2001

106. Fields HL, RowbothamM, Baron R: Postherpetic neural-
gia: Irritable nociceptors and deafferentation. Neurobiol Dis
5:209-227, 1998

107. Fillingim RB, King CD, Ribeiro-Dasilva MC, Rahim-
Williams B, Riley JL 3rd: Sex, gender, and pain: A review of
recent clinical and experimental findings. J Pain 10:
447-485, 2009

108. Fillingim RB, Wallace MR, Herbstman DM, Ribeiro-
Dasilva M, Staud R: Genetic contributions to pain: A review
of findings in humans. Oral Dis 14:673-682, 2008

109. Fischer S, Doerr JM, Strahler J, Mewes R, Thieme K,
Nater UM: Stress exacerbates pain in the everyday lives of
women with fibromyalgia syndrome: The role of cortisol
and alpha-amylase. Psychoneuroendocrinology 63:68-77,
2015

110. Fischer S, Lemmer G, Gollwitzer M, Nater UM: Stress
and resilience in functional somatic syndromes–a structural
equation modeling approach. PLoS One 9:e111214, 2014

111. Flecknell P, Waterman-Pearson A: PainManagement in
Animals. London, England, Harcourt Publishers Ltd, 2000

112. Flor H: Phantom-limb pain: Characteristics, causes, and
treatment. Lancet Neurol 1:182-189, 2002

113. Flor H, Denke C, SchaeferM, Grusser S: Effect of sensory
discrimination training on cortical reorganisation and phan-
tom limb pain. Lancet 357:1763-1764, 2001

114. Flor H, Elbert T, Knecht S, Wienbruch C, Pantev C,
Birbaumer N, Larbig W, Taub E: Phantom-limb pain as a
perceptual correlate of cortical reorganization following
arm amputation. Nature 375:482-484, 1995

115. Fomberstein K, Qadri S, Ramani R: Functional MRI and
pain. Curr Opin Anaesthesiol 26:588-593, 2013

116. Fried K, Govrin-Lippmann R, Rosenthal F, Ellisman MH,
Devor M: Ultrastructure of afferent axon endings in a neu-
roma. J Neurocytol 20:682-701, 1991

117. Gadek-Michalska A, Tadeusz J, Rachwalska P,
Bugajski J: Chronic stress adaptation of the nitric oxide syn-
thases and IL-1beta levels in brain structures and
hypothalamic-pituitary-adrenal axis activity induced by ho-
motypic stress. J Physiol Pharmacol 66:427-440, 2015

118. Gao YJ, Ji RR: Chemokines, neuronal-glial interactions,
and central processing of neuropathic pain. Pharmacol Ther
126:56-68, 2010

119. Gartner R, Jensen MB, Nielsen J, Ewertz M, Kroman N,
Kehlet H: Prevalence of and factors associated with persis-
tent pain following breast cancer surgery. JAMA 302:
1985-1992, 2009

120. Gaskin DJ, Richard P: The economic costs of pain in the
United States. J Pain 13:715-724, 2012

121. Gauriau C, Bernard JF: Pain pathways and parabrachial
circuits in the rat. Exp Physiol 87:251-258, 2002

122. Gautron M, Jazat F, Ratinahirana H, Hauw JJ,
Guilbaud G: Alterations in myelinated fibres in the sciatic
nerve of rats after constriction: Possible relationships be-
tween the presence of abnormal small myelinated fibres
and pain-related behaviour. Neurosci Lett 111:28-33, 1990

123. Gaynor J, Muir W: Handbook of Veterinary Pain Man-
agement. St Louis, Elsevier, 2015

124. Gebhart GF: Descending modulation of pain. Neurosci
Biobehav Rev 27:729-737, 2004

125. Gerbershagen HJ, Dagtekin O, Gaertner J, Petzke F,
Heidenreich A, Sabatowski R, Ozgur E: Preoperative chronic
pain in radical prostatectomy patients: Preliminary evidence
for enhanced susceptibility to surgically induced pain. Eur J
Anaesthesiol 27:448-454, 2010

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref90
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref90
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref90
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref90
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref90
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref91
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref91
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref91
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref92
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref92
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref92
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref92
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref93
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref93
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref94
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref94
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref94
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref95
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref95
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref95
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref96
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref96
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref96
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref97
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref97
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref97
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref98
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref98
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref99
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref99
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref99
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref100
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref100
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref100
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref100
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref101
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref101
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref101
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref101
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref102
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref102
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref102
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref102
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref103
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref103
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref103
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref103
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref104
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref104
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref104
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref104
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref105
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref105
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref105
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref105
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref106
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref106
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref106
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref107
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref107
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref107
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref107
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref108
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref108
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref108
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref109
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref109
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref109
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref109
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref110
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref110
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref110
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref111
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref111
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref112
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref112
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref113
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref113
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref113
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref114
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref114
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref114
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref114
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref115
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref115
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref116
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref116
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref116
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref117
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref117
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref117
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref117
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref117
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref118
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref118
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref118
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref119
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref119
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref119
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref119
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref120
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref120
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref121
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref121
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref122
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref122
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref122
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref122
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref122
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref123
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref123
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref124
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref124
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref125
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref125
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref125
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref125
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref125


359.e30 The Journal of Pain Transition of Acute Pain to Chronic Pain
126. Gewandter JS, Dworkin RH, Turk DC, Farrar JT,
Fillingim RB, Gilron I, Markman JD, Oaklander AL,
Polydefkis MJ, Raja SN, Robinson JP, Woolf CJ, Ziegler D,
Ashburn MA, Burke LB, Cowan P, George SZ, Goli V,
Graff OX, Iyengar S, Jay GW, Katz J, Kehlet H, Kitt RA,
Kopecky EA, Malamut R, McDermott MP, Palmer P,
Rappaport BA, Rauschkolb C, Steigerwald I, Tobias J,
Walco GA: Research design considerations for chronic pain
prevention clinical trials: IMMPACT recommendations. Pain
156:1184-1197, 2015

127. Gjeilo KH, Stenseth R, Klepstad P: Risk factors and early
pharmacological interventions to prevent chronic postsur-
gical pain following cardiac surgery. Am J Cardiovasc Drugs
14:335-342, 2014

128. Gotoda Y, Kambara N, Sakai T, Kishi Y, Kodama K,
Koyama T: The morbidity, time course and predictive factors
for persistent post-thoracotomy pain. Eur J Pain 5:89-96,
2001

129. Gottschalk A, Ochroch EA: Clinical and demographic
characteristics of patients with chronic pain after major tho-
racotomy. Clin J Pain 24:708-716, 2008

130. Gould HJ 3rd, 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 854:19-29, 2000

131. Gracely RH, Lynch SA, Bennett GJ: Painful neuropathy:
Altered central processing maintained dynamically by pe-
ripheral input. Pain 51:175-194, 1992

132. Grillner S: Neurobiological bases of rhythmic motor
acts in vertebrates. Science 228:143-149, 1985

133. Grusser SM, Muhlnickel W, Schaefer M, Villringer K,
Christmann C, Koeppe C, Flor H: Remote activation of
referred phantom sensation and cortical reorganization in
human upper extremity amputees. Exp Brain Res 154:
97-102, 2004

134. Grusser SM, Winter C, Muhlnickel W, Denke C, Karl A,
Villringer K, Flor H: The relationship of perceptual phenom-
ena and cortical reorganization in upper extremity ampu-
tees. Neuroscience 102:263-272, 2001

135. Guastella V, Mick G, Soriano C, Vallet L, Escande G,
Dubray C, Eschalier A: A prospective study of neuropathic
pain induced by thoracotomy: Incidence, clinical descrip-
tion, and diagnosis. Pain 152:74-81, 2011

136. Guilbaud G, Gautron M, Jazat F, Ratinahirana H,
Hassig R, Hauw JJ: Time course of degeneration and regen-
eration of myelinated nerve fibres following chronic loose
ligatures of the rat sciatic nerve: Can nerve lesions be linked
to the abnormal pain-related behaviours? Pain 53:147-158,
1993

137. Guo W, Robbins MT, Wei F, Zou S, Dubner R, Ren K:
Supraspinal brain-derived neurotrophic factor signaling: A
novelmechanism for descending pain facilitation. J Neurosci
26:126-137, 2006

138. Guo W, Wang H, Watanabe M, Shimizu K, Zou S,
LaGraize SC,Wei F, Dubner R, Ren K: Glial-cytokine-neuronal
interactions underlying the mechanisms of persistent pain. J
Neurosci 27:6006-6018, 2007

139. Halligan PW, Marshall JC, Wade DT: Sensory disorgani-
zation and perceptual plasticity after limb amputation: A
follow-up study. Neuroreport 5:1341-1345, 1994

140. Hamza M, Wang XM, Adam A, Brahim JS, Rowan JS,
Carmona GN, Dionne RA: Kinin B1 receptors contributes to
acute pain following minor surgery in humans. Mol Pain 6:
12, 2010

141. Haroutiunian S, Nikolajsen L, Finnerup NB, Jensen TS:
The neuropathic component in persistent postsurgical
pain: A systematic literature review. Pain 154:95-102, 2013

142. Henry DE, Chiodo AE, Yang W: Central nervous system
reorganization in a variety of chronic pain states: A review.
PM R 3:1116-1125, 2011

143. Hill A: Phantom limb pain: A review of the literature on
attributes and potential mechanisms. J Pain Symptom
Manage 17:125-142, 1999

144. Hinrichs-Rocker A, Schulz K, Jarvinen I, Lefering R,
Simanski C, Neugebauer EA: Psychosocial predictors and cor-
relates for chronic post-surgical pain (CPSP): A systematic re-
view. Eur J Pain 13:719-730, 2009

145. Hipolito L, Wilson-Poe A, Campos-Jurado Y, Zhong E,
Gonzalez-Romero J, Virag L, Whittington R, Comer SD,
Carlton SM, Walker BM, Bruchas MR, Moron JA: Inflamma-
tory pain promotes increased opioid self-administration:
Role of dysregulated ventral tegmental area mu opioid re-
ceptors. J Neurosci 35:12217-12231, 2015

146. Hirsiger S, Simmen HP, Werner CM, Wanner GA,
Rittirsch D: Danger signals activating the immune response
after trauma. Mediators Inflamm 315941:2012, 2012

147. Hodel AS, Hunt RH, Cowell RA, Van Den Heuvel SE,
Gunnar MR, Thomas KM: Duration of early adversity and
structural brain development in post-institutionalized ado-
lescents. Neuroimage 105:112-119, 2015

148. Hohmann AG, Suplita RL, Bolton NM, Neely MH,
Fegley D, Mangieri R, Krey JF, Walker JM, Holmes PV,
Crystal JD, Duranti A, Tontini A, Mor M, Tarzia G,
Piomelli D: An endocannabinoid mechanism for stress-
induced analgesia. Nature 435:1108-1112, 2005

149. Holden JE, Jeong Y, Forrest JM: The endogenous opioid
system and clinical pain management. AACN Clin Issues 16:
291-301, 2005

150. Hubbard CS, Khan SA, Xu S, Cha M, Masri R,
Seminowicz DA: Behavioral, metabolic and functional brain
changes in a rat model of chronic neuropathic pain: A longi-
tudinal MRI study. Neuroimage 107:333-344, 2015

151. Hughes KC, Shin LM: Functional neuroimaging studies
of post-traumatic stress disorder. Expert Rev Neurother 11:
275-285, 2011

152. Hulse R, Wynick D, Donaldson LF: Intact cutaneous C
fibre afferent properties in mechanical and cold neuro-
pathic allodynia. Eur J Pain 14:565.e1-565.e10, 2010

153. Ip HY, Abrishami A, Peng PW, Wong J, Chung F: Predic-
tors of postoperative pain and analgesic consumption: A
qualitative systematic review. Anesthesiology 111:657-677,
2009

154. JanigW, Levine JD, Michaelis M: Interactions of sympa-
thetic and primary afferent neurons following nerve injury
and tissue trauma. Prog Brain Res 113:161-184, 1996

155. Jankowska E, Edgley S: Interactions between pathways
controlling posture and gait at the level of spinal interneur-
ones in the cat. Prog Brain Res 97:161-171, 1993

156. Jenkins WM, Merzenich MM, Ochs MT, Allard T, Guic-
Robles E: Functional reorganization of primary somatosen-
sory cortex in adult owl monkeys after behaviorally
controlled tactile stimulation. J Neurophysiol 63:82-104,
1990

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref126
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref127
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref127
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref127
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref127
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref128
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref128
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref128
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref129
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref129
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref129
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref130
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref130
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref130
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref130
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref131
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref131
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref131
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref132
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref132
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref133
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref133
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref133
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref133
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref133
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref134
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref134
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref134
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref134
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref135
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref135
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref135
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref135
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref136
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref136
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref136
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref136
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref136
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref137
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref137
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref137
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref137
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref138
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref138
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref138
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref138
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref139
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref139
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref139
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref140
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref140
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref140
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref140
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref141
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref141
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref141
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref142
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref142
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref142
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref143
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref143
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref143
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref144
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref144
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref144
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref144
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref145
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref145
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref145
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref145
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref145
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref145
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref146
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref146
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref146
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref147
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref147
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref147
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref147
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref148
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref148
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref148
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref148
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref148
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref149
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref149
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref149
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref150
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref150
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref150
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref150
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref151
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref151
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref151
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref152
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref152
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref152
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref153
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref153
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref153
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref154
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref154
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref154
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref155
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref155
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref155
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref156
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref156
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref156
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref156


Chapman and Vierck The Journal of Pain 359.e31
157. Jensen MP: Review of measures of neuropathic pain.
Curr Pain Headache Rep 10:159-166, 2006

158. Jeschonneck M, Grohmann G, Hein G, Sprott H:
Abnormal microcirculation and temperature in skin above
tender points in patients with fibromyalgia. Rheumatology
(Oxford) 39:917-921, 2000

159. Ji RR, Kohno T, Moore KA, Woolf CJ: Central sensitiza-
tion and LTP: Do pain and memory share similar mecha-
nisms? Trends Neurosci 26:696-705, 2003

160. Johansen A, Romundstad L, Nielsen CS, Schirmer H,
Stubhaug A: Persistent postsurgical pain in a general popu-
lation: Prevalence and predictors in the Tromso study. Pain
153:1390-1396, 2012

161. Jorum E, Warncke T, Stubhaug A: Cold allodynia and
hyperalgesia in neuropathic pain: The effect of N-methyl-
D-aspartate (NMDA) receptor antagonist ketamine–a
double-blind, cross-over comparison with alfentanil and
placebo. Pain 101:229-235, 2003

162. Joshi GP, Ogunnaike BO: Consequences of inadequate
postoperative pain relief and chronic persistent postopera-
tive pain. Anesthesiol Clin North America 23:21-36, 2005

163. Ju H, Feng Y, Yang BX, Wang J: Comparison of epidural
analgesia and intercostal nerve cryoanalgesia for post-
thoracotomy pain control. Eur J Pain 12:378-384, 2008

164. Kajander KC, Bennett GJ: Onset of a painful peripheral
neuropathy in rat: A partial and differential deafferentation
and spontaneous discharge in A beta and A delta primary
afferent neurons. J Neurophysiol 68:734-744, 1992

165. Kalita J, Bhoi SK, Misra UK: Is lack of habituation of
evoked potential a biological marker of migraine? Clin J
Pain 30:724-729, 2014

166. Kalkman CJ, Visser K, Moen J, Bonsel GJ, Grobbee DE,
Moons KG: Preoperative prediction of severe postoperative
pain. Pain 105:415-423, 2003

167. Karl A, Birbaumer N, Lutzenberger W, Cohen LG,
Flor H: Reorganization of motor and somatosensory cortex
in upper extremity amputees with phantom limb pain. J
Neurosci 21:3609-3618, 2001

168. Katz J: Psychophysical correlates of phantom limb
experience. J Neurol Neurosurg Psychiatry 55:811-821, 1992

169. Katz J, Jackson M, Kavanagh BP, Sandler AN: Acute
pain after thoracic surgery predicts long-term post-thora-
cotomy pain. Clin J Pain 12:50-55, 1996

170. Katz J, Melzack R: Pain ‘memories’ in phantom limbs:
Review and clinical observations. Pain 43:319-336, 1990

171. Katz J, Seltzer Z: Transition from acute to chronic post-
surgical pain: Risk factors and protective factors. Expert Rev
Neurother 9:723-744, 2009

172. Kehlet H, Jensen TS, Woolf CJ: Persistent postsurgical
pain: Risk factors andprevention. Lancet 367:1618-1625, 2006

173. Keller AF, Beggs S, SalterMW,De KY: Transformation of
the output of spinal lamina I neurons after nerve injury and
microglia stimulation underlying neuropathic pain. Mol
Pain 3:27, 2007

174. Kelly K, Preacher K: On effect size. Psychol Methods 17:
137-152, 2012

175. Kim H, Clark D, Dionne RA: Genetic contributions to
clinical pain and analgesia: Avoiding pitfalls in genetic
research. J Pain 10:663-693, 2009
176. King CD, Devine DP, Vierck CJ, Mauderli A, Yezierski RP:
Opioid modulation of reflex versus operant responses
following stress in the rat. Neuroscience 147:174-182, 2007

177. King CD, Rodgers J, Devine DP, Vierck CJ, Yezierski RP:
Differential effects of stress on escape versus reflex re-
sponses to nociceptive thermal stimuli in the rat. Brain Res
987:214-222, 2003

178. Kingery WS, Lu JD, Roffers JA, Kell DR: The resolution
of neuropathic hyperalgesia following motor and sensory
functional recovery in sciatic axonotmetic mononeuropa-
thies. Pain 58:157-168, 1994

179. Klein T, Magerl W, Hopf HC, Sandkuhler J, Treede RD:
Perceptual correlates of nociceptive long-term potentiation
and long-term depression in humans. J Neurosci 24:964-971,
2004

180. Klein T, Stahn S, Magerl W, Treede RD: The role of het-
erosynaptic facilitation in long-term potentiation (LTP) of
human pain sensation. Pain 139:507-519, 2008

181. Klimes-Dougan B, Eberly LE, Westlund SM,
Kurkiewicz P, Houri A, Schlesinger A, Thomas KM,
Mueller BA, Lim KO, Cullen KR: Multilevel assessment of
the neurobiological threat system in depressed adoles-
cents: Interplay between the limbic system and
hypothalamic-pituitary-adrenal axis. Dev Psychopathol 26:
1321-1335, 2014

182. Klingner CM, Nenadic I, Hasler C, Brodoehl S,
Witte OW: Habituation within the somatosensory process-
ing hierarchy. Behav Brain Res 225:432-436, 2011

183. Knabl J, Witschi R, Hosl K, Reinold H, Zeilhofer UB,
Ahmadi S, Brockhaus J, Sergejeva M, Hess A, Brune K,
Fritschy JM, Rudolph U, Mohler H, Zeilhofer HU: Reversal
of pathological pain through specific spinal GABAA recep-
tor subtypes. Nature 451:330-334, 2008

184. Knecht S, Henningsen H, Hohling C, Elbert T, Flor H,
Pantev C, Taub E: Plasticity of plasticity? Changes in the
pattern of perceptual correlates of reorganization after
amputation. Brain 121:717-724, 1998

185. Kobayashi S: Organization of neural systems for aver-
sive information processing: Pain, error, and punishment.
Front Neurosci 6:136, 2012

186. Koltzenburg M, Torebjork HE, Wahren LK: Nociceptor
modulated central sensitization causes mechanical hyperal-
gesia in acute chemogenic and chronic neuropathic pain.
Brain 117:579-591, 1994

187. Kong J, Gollub RL, Polich G, Kirsch I, Laviolette P,
Vangel M, Rosen B, Kaptchuk TJ: A functional magnetic
resonance imaging study on the neural mechanisms of hy-
peralgesic nocebo effect. J Neurosci 28:13354-13362, 2008

188. Kong JT, Johnson KA, Balise RR, Mackey S: Test-retest
reliability of thermal temporal summation using an individ-
ualized protocol. J Pain 14:79-88, 2013

189. Kooijman CM, Dijkstra PU, Geertzen JH, Elzinga A, van
der Schans CP: Phantom pain and phantom sensations in up-
per limb amputees: An epidemiological study. Pain 87:33-41,
2000

190. Koolschijn PC, van Haren NE, Lensvelt-Mulders GJ,
Hulshoff Pol HE, Kahn RS: Brain volume abnormalities inma-
jor depressive disorder: A meta-analysis of magnetic reso-
nance imaging studies. HumBrainMapp 30:3719-3735, 2009

191. Kosek E, Ekholm J, Hansson P: Modulation of pressure
pain thresholds during and following isometric contraction

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref157
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref157
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref158
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref158
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref158
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref158
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref159
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref159
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref159
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref160
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref160
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref160
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref160
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref161
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref161
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref161
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref161
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref161
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref162
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref162
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref162
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref163
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref163
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref163
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref164
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref164
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref164
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref164
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref165
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref165
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref165
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref166
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref166
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref166
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref167
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref167
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref167
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref167
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref168
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref168
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref169
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref169
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref169
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref170
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref170
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref171
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref171
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref171
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref172
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref172
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref173
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref173
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref173
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref173
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref174
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref174
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref175
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref175
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref175
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref176
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref176
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref176
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref177
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref177
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref177
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref177
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref178
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref178
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref178
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref178
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref179
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref179
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref179
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref180
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref180
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref180
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref181
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref182
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref182
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref182
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref183
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref183
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref183
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref183
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref183
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref184
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref184
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref184
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref184
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref185
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref185
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref185
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref186
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref186
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref186
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref186
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref187
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref187
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref187
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref187
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref188
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref188
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref188
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref189
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref189
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref189
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref190
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref190
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref190
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref190
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref191
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref191


359.e32 The Journal of Pain Transition of Acute Pain to Chronic Pain
in patients with fibromyalgia and in healthy controls. Pain
64:415-423, 1996

192. Kozin F, Genant HK, Bekerman C, McCarty DJ: The re-
flex sympathetic dystrophy syndrome. II. Roentgenographic
and scintigraphic evidence of bilaterality and of periarticu-
lar accentuation. Am J Med 60:332-338, 1976

193. Kretschmer T, Heinen CW, Antoniadis G, Richter HP,
Konig RW: Iatrogenic nerve injuries. Neurosurg Clin N Am
20:73-90, vii, 2009

194. Kwan CL, Crawley AP, Mikulis DJ, Davis KD: An fMRI
study of the anterior cingulate cortex and surrounding
medial wall activations evoked by noxious cutaneous heat
and cold stimuli. Pain 85:359-374, 2000

195. Kyranou M, Puntillo K: The transition from acute to
chronic pain: Might intensive care unit patients be at risk?
Ann Intensive Care 2:36, 2012

196. Lahtinen P, Kokki H, HynynenM: Pain after cardiac sur-
gery: A prospective cohort study of 1-year incidence and in-
tensity. Anesthesiology 105:794-800, 2006

197. Laird JM, Cervero F: Tonic descending influences on
receptive-field properties of nociceptive dorsal horn neu-
rons in sacral spinal cord of rat. J Neurophysiol 63:
1022-1032, 1990

198. Landerholm SH, Ekblom AG, Hansson PT: Somato-
sensory function in patients with and without pain after
traumatic peripheral nerve injury. Eur J Pain 14:847-853,
2010

199. Lapossy E, Maleitzke R, Hrcaj P, Mennet W, Muller W:
The frequency of transition of chronic low back pain to fi-
bromyalgia. Scand J Rheumatol 24:29-33, 1995

200. Lavand’homme P: The progression from acute to
chronic pain. Curr Opin Anaesthesiol 24:545-550, 2011

201. Lavertu G, Cote SL, De KY: Enhancing K-Cl co-transport
restores normal spinothalamic sensory coding in a neuro-
pathic pain model. Brain 137:724-738, 2014

202. Lawrence T, Willoughby DA, Gilroy DW: Anti-inflam-
matory lipid mediators and insights into the resolution of
inflammation. Nat Rev Immunol 2:787-795, 2002

203. Lee HS, Lee JE, Lee KU, Kim YH: Neural changes associ-
ated with emotion processing in children experiencing peer
rejection: A functional MRI study. J Korean Med Sci 29:
1293-1300, 2014

204. Lee KY, Gold MS: Inflammatory mediators potentiate
high affinity GABA(A) currents in rat dorsal root ganglion
neurons. Neurosci Lett 518:128-132, 2012

205. Lesniak A, Lipkowski AW: Opioid peptides in periph-
eral pain control. Acta Neurobiol Exp (Wars) 71:129-138,
2011

206. Lewis GN, Rice DA, McNair PJ: Conditioned pain modu-
lation in populations with chronic pain: A systematic review
and meta-analysis. J Pain 13:936-944, 2012

207. Li J, Chen J, Kirsner R: Pathophysiology of acute wound
healing. Clin Dermatol 25:9-18, 2007

208. Liepert J, Bauder H, Wolfgang HR, Miltner WH, Taub E,
Weiller C: Treatment-induced cortical reorganization after
stroke in humans. Stroke 31:1210-1216, 2000

209. Liljencrantz J, OlaussonH: Tactile C fibers and their con-
tributions to pleasant sensations and to tactile allodynia.
Front Behav Neurosci 8:37, 2014
210. Littlejohn GO: Fibrositis/fibromyalgia syndrome in the
workplace. Rheum Dis Clin North Am 15:45-60, 1989

211. Littlejohn GO, Weinstein C, Helme RD: Increased
neurogenic inflammation in fibrositis syndrome. J Rheuma-
tol 14:1022-1025, 1987

212. Liu T, Gao YJ, Ji RR: Emerging role of Toll-like receptors
in the control of pain and itch. Neurosci Bull 28:131-144,
2012

213. Lotze M, Flor H, Grodd W, Larbig W, Birbaumer N:
Phantom movements and pain. An fMRI study in upper
limb amputees. Brain 124:2268-2277, 2001

214. Lourenco S, Costa L, Rodrigues AM, Carnide F, Lucas R:
Gender and psychosocial context as determinants of fibro-
myalgia symptoms (fibromyalgia research criteria) in young
adults from the general population. Rheumatology (Ox-
ford) 54:1806-1815, 2015

215. Low Y, Clarke CF, Huh BK: Opioid-induced hyperalge-
sia: A review of epidemiology, mechanisms and manage-
ment. Singapore Med J 53:357-360, 2012

216. Lowen MB, Mayer E, Tillisch K, Labus J, Naliboff B,
Lundberg P, Thorell LH, Strom M, Engstrom M, Walter S:
Deficient habituation to repeated rectal distensions in irrita-
ble bowel syndrome patients with visceral hypersensitivity.
Neurogastroenterol Motil 27:646-655, 2015

217. Lu YL,WangXD, Lai RC. Correlation of acute pain treat-
ment to occurrence of chronic pain in tumor patients after
thoracotomy [in Chinese]. Ai Zheng 27:206-209, 2008

218. LundN, Bengtsson A, Thorborg P:Muscle tissue oxygen
pressure in primary fibromyalgia. Scand J Rheumatol 15:
165-173, 1986

219. Macrae WA: Chronic post-surgical pain: 10 years on. Br
J Anaesth 101:77-86, 2008

220. Maffei A: The many forms and functions of long term
plasticity at GABAergic synapses. Neural Plast 2011:254724,
2011

221. Maguire MF, Ravenscroft A, Beggs D, Duffy JP: A ques-
tionnaire study investigating the prevalence of the neuro-
pathic component of chronic pain after thoracic surgery.
Eur J Cardiothorac Surg 29:800-805, 2006

222. Maier C, Baron R, Tolle TR, Binder A, Birbaumer N,
Birklein F, Gierthmuhlen J, Flor H, Geber C, Huge V,
Krumova EK, Landwehrmeyer GB, Magerl W, Maihofner C,
Richter H, Rolke R, Scherens A, Schwarz A, Sommer C,
Tronnier V, Uceyler N, Valet M, Wasner G, Treede RD: Quan-
titative sensory testing in the German Research Network on
Neuropathic Pain (DFNS): Somatosensory abnormalities in
1236 patients with different neuropathic pain syndromes.
Pain 150:439-450, 2010

223. Mantyh PW, Koltzenburg M, Mendell LM, Tive L,
Shelton DL: Antagonism of nerve growth factor-TrkA
signaling and the relief of pain. Anesthesiology 115:
189-204, 2011

224. Mao J, Price DD, Phillips LL, Lu J, Mayer DJ: Increases in
protein kinase C gamma immunoreactivity in the spinal cord
dorsal horn of rats with painful mononeuropathy. Neurosci
Lett 198:75-78, 1995

225. Marchand F, Perretti M, McMahon SB: Role of the im-
mune system in chronic pain. Nat Rev Neurosci 6:521-532,
2005

226. Marchand I, Johnson D, Montgomery D, Brisson GR,
Perrault H: Gender differences in temperature and vascular

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref191
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref191
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref192
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref192
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref192
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref192
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref193
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref193
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref193
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref194
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref194
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref194
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref194
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref195
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref195
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref195
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref196
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref196
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref196
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref197
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref197
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref197
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref197
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref198
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref198
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref198
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref199
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref199
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref199
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref200
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref200
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref201
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref201
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref201
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref202
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref202
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref202
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref203
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref203
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref203
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref203
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref204
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref204
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref204
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref205
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref205
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref206
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref206
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref206
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref207
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref207
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref208
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref208
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref208
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref209
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref209
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref209
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref210
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref210
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref211
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref211
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref211
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref212
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref212
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref213
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref213
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref213
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref214
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref214
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref214
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref214
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref214
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref215
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref215
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref215
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref216
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref216
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref216
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref216
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref216
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref217
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref217
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref217
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref218
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref218
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref218
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref219
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref219
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref220
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref220
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref221
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref221
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref221
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref221
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref222
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref223
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref223
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref223
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref223
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref224
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref224
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref224
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref224
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref225
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref225
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref226
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref226


Chapman and Vierck The Journal of Pain 359.e33
characteristics during exercise recovery. Can J Appl Physiol
26:425-441, 2001

227. Marcinkiewcz CA, Green MK, Devine DP, Duarte P,
Vierck CJ, Yezierski RP: Social defeat stress potentiates ther-
mal sensitivity in operant models of pain processing. Brain
Res 1251:112-120, 2009

228. Marik PE, FlemmerM: The immune response to surgery
and trauma: Implications for treatment. J Trauma Acute
Care Surg 73:801-808, 2012

229. Martin YB, Malmierca E, Avendano C, Nunez A:
Neuronal disinhibition in the trigeminal nucleus caudalis
in a model of chronic neuropathic pain. Eur J Neurosci 32:
399-408, 2010

230. Martinez-Lavin M: Fibromyalgia as a sympathetically
maintained pain syndrome. Curr Pain Headache Rep 8:
385-389, 2004

231. Martinez-Martinez LA, Mora T, Vargas A, Fuentes-
Iniestra M, Martinez-Lavin M: Sympathetic nervous
system dysfunction in fibromyalgia, chronic fatigue syn-
drome, irritable bowel syndrome, and interstitial cystitis:
A review of case-control studies. J Clin Rheumatol 20:
146-150, 2014

232. Martins AQ, Ring C, McIntyre D, Edwards L, Martin U:
Effects of unpredictable stimulation on pain and nocicep-
tion across the cardiac cycle. Pain 147:84-90, 2009

233. Mattila K, Toivonen J, Janhunen L, Rosenberg PH,
Hynynen M: Postdischarge symptoms after ambulatory sur-
gery: First-week incidence, intensity, and risk factors. Anesth
Analg 101:1643-1650, 2005

234. Max MB, Stewart WF: The molecular epidemiology of
pain: A new discipline for drug discovery. Nat Rev Drug Dis-
cov 7:647-658, 2008

235. May A: Chronic pain may change the structure of the
brain. Pain 137:7-15, 2008

236. May A: Neuroimaging: Visualising the brain in pain.
Neurol Sci 28(Suppl 2):S101-S107, 2007

237. Mayer DJ, Mao J, Holt J, Price DD: Cellular mechanisms
of neuropathic pain, morphine tolerance, and their interac-
tions. Proc Natl Acad Sci U S A 96:7731-7736, 1999

238. McCrea DA: Spinal circuitry of sensorimotor control of
locomotion. J Physiol 533:41-50, 2001

239. Melzack R: Phantom limbs. Sci Am 266:120-126, 1992

240. Mendell LM, Wall PD: Responses of single dorsal cord
cells to peripheral cutaneous unmyelinated fibres. Nature
206:97-99, 1965

241. Mengshoel AM, Vollestad NK, Forre O: Pain and fa-
tigue induced by exercise in fibromyalgia patients and
sedentary healthy subjects. Clin Exp Rheumatol 13:
477-482, 1995

242. Mense S, Stahnke M: Responses in muscle afferent fi-
bres of slow conduction velocity to contractions and
ischaemia in the cat. J Physiol 342:383-397, 1983

243. Merskey H, Bogduk N: Classification of Chronic Pain:
Descriptions of Chronic Pain Syndromes and Definitions of
Pain Terms. Seattle, WA, IASP Press, 1994

244. Merzenich MM, Nelson RJ, Stryker MP, Cynader MS,
Schoppmann A, Zook JM: Somatosensory cortical map
changes following digit amputation in adult monkeys. J
Comp Neurol 224:591-605, 1984
245. Mikkelsson M, Latikka P, Kautiainen H, Isomeri R,
Isomaki H: Muscle and bone pressure pain threshold and
pain tolerance in fibromyalgia patients and controls. Arch
Phys Med Rehabil 73:814-818, 1992

246. Miller KE, Hoffman EM, Sutharshan M, Schechter R:
Glutamate pharmacology and metabolism in peripheral pri-
mary afferents: Physiological and pathophysiological mech-
anisms. Pharmacol Ther 130:283-309, 2011

247. Mills KH: TLR-dependent Tcell activation in autoimmu-
nity. Nat Rev Immunol 11:807-822, 2011

248. Miraucourt LS, Dallel R, Voisin DL: Glycine inhibitory
dysfunction turns touch into pain through PKCgamma inter-
neurons. PLoS One 2:e1116, 2007

249. Moayedi M, Weissman-Fogel I, Salomons TV,
Crawley AP, Goldberg MB, Freeman BV, Tenenbaum HC,
Davis KD: Abnormal gray matter aging in chronic pain pa-
tients. Brain Res 1456:82-93, 2012

250. Mobbs D, Marchant JL, Hassabis D, Seymour B, Tan G,
Gray M, Petrovic P, Dolan RJ, Frith CD: From threat to fear:
The neural organization of defensive fear systems in hu-
mans. J Neurosci 29:12236-12243, 2009

251. Moench KM, Wellman CL: Stress-induced alterations in
prefrontal dendritic spines: Implications for post-traumatic
stress disorder. Neurosci Lett 601:41-45, 2015

252. Mogil JS: Pain genetics: Past, present and future. Trends
Genet 28:258-266, 2012

253. Mohar B, Ganmor E, Lampl I: Faithful representation of
tactile intensity under different contexts emerges from the
distinct adaptive properties of the first somatosensory relay
stations. J Neurosci 35:6997-7002, 2015

254. Montoya P, Larbig W, Grulke N, Flor H, Taub E,
Birbaumer N: The relationship of phantom limb pain to
other phantom limb phenomena in upper extremity ampu-
tees. Pain 72:87-93, 1997

255. Morrison RS, Flanagan S, Fischberg D, CintronA, Siu AL:
A novel interdisciplinary analgesic program reduces pain
and improves function in older adults after orthopedic sur-
gery. J Am Geriatr Soc 57:1-10, 2009

256. Mueller SG, Ng P, Neylan T, Mackin S, Wolkowitz O,
Mellon S, Yan X, Flory J, Yehuda R, Marmar CR,
Weiner MW: Evidence for disrupted gray matter structural
connectivity in posttraumatic stress disorder. Psychiatry Res
234:194-201, 2015

257. Na HS, Yoon YW, Chung JM: Both motor and sensory
abnormalities contribute to changes in foot posture in an
experimental rat neuropathic model. Pain 67:173-178, 1996

258. Naugle KM, Cruz-Almeida Y, Vierck CJ, Mauderli AP,
Riley JL III: Age-related differences in conditioned painmod-
ulation of sensitizing and desensitizing trends during
response dependent stimulation. Behav Brain Res 289:
61-68, 2015

259. Ness TJ, San Pedro EC, Richards JS, Kezar L, Liu HG,
Mountz JM: A case of spinal cord injury-related pain with
baseline rCBF brain SPECT imaging and beneficial response
to gabapentin. Pain 78:139-143, 1998

260. Neumann S, Doubell TP, Leslie T, Woolf CJ: Inflamma-
tory pain hypersensitivity mediated by phenotypic switch
in myelinated primary sensory neurons. Nature 384:
360-364, 1996

261. Nicotra L, Loram LC, Watkins LR, Hutchinson MR: Toll-
like receptors in chronic pain. Exp Neurol 234:316-329, 2012

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref226
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref226
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref227
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref227
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref227
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref227
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref228
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref228
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref228
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref229
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref229
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref229
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref229
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref230
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref230
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref230
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref231
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref231
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref231
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref231
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref231
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref231
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref232
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref232
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref232
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref233
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref233
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref233
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref233
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref234
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref234
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref234
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref235
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref235
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref236
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref236
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref237
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref237
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref237
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref238
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref238
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref239
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref240
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref240
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref240
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref241
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref241
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref241
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref241
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref242
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref242
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref242
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref243
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref243
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref243
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref244
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref244
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref244
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref244
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref245
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref245
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref245
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref245
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref246
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref246
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref246
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref246
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref247
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref247
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref248
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref248
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref248
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref249
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref249
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref249
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref249
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref250
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref250
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref250
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref250
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref251
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref251
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref251
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref252
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref252
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref253
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref253
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref253
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref253
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref254
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref254
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref254
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref254
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref255
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref255
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref255
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref255
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref256
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref256
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref256
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref256
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref256
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref257
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref257
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref257
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref258
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref258
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref258
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref258
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref258
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref259
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref259
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref259
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref259
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref260
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref260
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref260
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref260
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref261
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref261


359.e34 The Journal of Pain Transition of Acute Pain to Chronic Pain
262. Nikolajsen L, Jensen TS: Phantom limb. In:
McMahon SB, Koltzenburg MK (eds): Melzack and Wall’s
Textbook of Pain. Philadlphia, Elsevier, 2006, pp 961-971

263. Nikolajsen L, Jensen TS: Phantom limb pain. Br J
Anaesth 87:107-116, 2001

264. Nikolajsen L, Sorensen HC, Jensen TS, Kehlet H: Chronic
pain following Caesarean section. Acta Anaesthesiol Scand
48:111-116, 2004

265. Niraj G, Rowbotham DJ: Persistent postoperative pain:
Where are we now? Br J Anaesth 107:25-29, 2011

266. Nystrom B, Hagbarth KE: Microelectrode recordings
from transected nerves in amputees with phantom limb
pain. Neurosci Lett 27:211-216, 1981

267. Ochroch EA, Gottschalk A, Troxel AB, Farrar JT: Women
suffer more short and long-term pain than men after major
thoracotomy. Clin J Pain 22:491-498, 2006

268. Okifuji A, Turk DC: Stress and psychophysiological dys-
regulation in patients with fibromyalgia syndrome. Appl
Psychophysiol Biofeedback 27:129-141, 2002

269. OlangoWM, RocheM, Ford GK, Harhen B, Finn DP: The
endocannabinoid system in the rat dorsolateral periaque-
ductal grey mediates fear-conditioned analgesia and con-
trols fear expression in the presence of nociceptive tone.
Br J Pharmacol 165:2549-2560, 2012

270. Olesen SS, Hansen TM, Graversen C, Valeriani M,
Drewes AM: Cerebral excitability is abnormal in patients
with painful chronic pancreatitis. Eur J Pain 17:46-54, 2013

271. Ongur D, Price JL: The organization of networks within
the orbital and medial prefrontal cortex of rats, monkeys
and humans. Cereb Cortex 10:206-219, 2000

272. Osikowicz M, Mika J, Przewlocka B: The glutamatergic
system as a target for neuropathic pain relief. Exp Physiol 98:
372-384, 2013

273. Ossipov MH, Dussor GO, Porreca F: Central modulation
of pain. J Clin Invest 120:3779-3787, 2010

274. Ossipov MH, Morimura K, Porreca F: Descending pain
modulation and chronification of pain. Curr Opin Support
Palliat Care 8:143-151, 2014

275. Osteras B, Sigmundsson H, Haga M: Perceived stress
and musculoskeletal pain are prevalent and significantly
associated in adolescents: An epidemiological cross-
sectional study. BMC Public Health 15:1081, 2015

276. Palazzo E, Rossi F, Maione S: Role of TRPV1 receptors in
descending modulation of pain. Mol Cell Endocrinol 286:
S79-S83, 2008

277. Pan PH, Coghill R, Houle TT, Seid MH, Lindel WM,
Parker RL, Washburn SA, Harris L, Eisenach JC: Multifactorial
preoperative predictors for postcesarean section pain and
analgesic requirement. Anesthesiology 104:417-425, 2006

278. Papaioannou M, Skapinakis P, Damigos D, Mavreas V,
Broumas G, Palgimesi A: The role of catastrophizing in the
prediction of postoperative pain. Pain Med 10:1452-1459,
2009

279. Parkes CM: Factors determining the persistence of
phantom pain in the amputee. J Psychosom Res 17:97-108,
1973

280. Pavlin DJ, Sullivan MJ, Freund PR, Roesen K: Cata-
strophizing: A risk factor for postsurgical pain. Clin J Pain
21:83-90, 2005
281. Perkins FM, Kehlet H: Chronic pain as an outcome of
surgery. A review of predictive factors. Anesthesiology 93:
1123-1133, 2000

282. Pertovaara A: Noradrenergic pain modulation. Prog
Neurobiol 80:53-83, 2006

283. Perttunen K, Tasmuth T, Kalso E: Chronic pain after
thoracic surgery: A follow-up study. Acta Anaesthesiol Scand
43:563-567, 1999

284. Peters ML, Sommer M, de Rijke JM, Kessels F,
Heineman E, Patijn J, Marcus MA, Vlaeyen JW, van
Kleef M: Somatic and psychologic predictors of long-term
unfavorable outcome after surgical intervention. Ann Surg
245:487-494, 2007

285. Petho G, Reeh PW: Sensory and signaling mechanisms
of bradykinin, eicosanoids, platelet-activating factor, and
nitric oxide in peripheral nociceptors. Physiol Rev 92:
1699-1775, 2012

286. Pfau DB, Geber C, Birklein F, Treede RD: Quantitative
sensory testing of neuropathic pain patients: Potential
mechanistic and therapeutic implications. Curr Pain Head-
ache Rep 16:199-206, 2012

287. Pfau DB, Klein T, Putzer D, Pogatzki-Zahn EM,
Treede RD, Magerl W: Analysis of hyperalgesia time courses
in humans after painful electrical high-frequency stimula-
tion identifies a possible transition from early to late LTP-
like pain plasticity. Pain 152:1532-1539, 2011

288. Pfeiffer U: Veterinary Epidemiology - An Introduction.
London, England, Royal Veterinary College, University of
London, 2002

289. Plesh O, Wolfe F, Lane N: The relationship between fi-
bromyalgia and temporomandibular disorders: prevalence
and symptom severity. J Rheumatol 23:1948-1952, 2005

290. Pluijms WA, Steegers MA, Verhagen AF, Scheffer GJ,
Wilder-Smith OH: Chronic post-thoracotomy pain: A
retrospective study. Acta Anaesthesiol Scand 50:804-808,
2006

291. Pogatzki-Zahn EM, Schnabel A, Zahn PK: Room for
improvement: Unmet needs in postoperative pain manage-
ment. Expert Rev Neurother 12:587-600, 2012

292. Poleshuck EL, Katz J, Andrus CH, Hogan LA, Jung BF,
Kulick DI, Dworkin RH: Risk factors for chronic pain
following breast cancer surgery: A prospective study. J Pain
7:626-634, 2006

293. Pollak KA, Swenson JD, Vanhaitsma TA, Hughen RW,
Jo D, White AT, Light KC, Schweinhardt P, Amann M,
Light AR: Exogenously applied muscle metabolites synergis-
tically evoke sensations ofmuscle fatigue and pain in human
subjects. Exp Physiol 99:368-380, 2014

294. Pons TP, Garraghty PE, Ommaya AK, Kaas JH, Taub E,
Mishkin M: Massive cortical reorganization after sensory
deafferentation in adult macaques. Science 252:1857-1860,
1991

295. Poobalan AS, Bruce J, King PM, Chambers WA,
Krukowski ZH, Smith WC: Chronic pain and quality of life
following open inguinal hernia repair. Br J Surg 88:
1122-1126, 2001

296. Powell R, Johnston M, Smith WC, King PM,
Chambers WA, Krukowski Z, McKee L, Bruce J: Psychological
risk factors for chronic post-surgical pain after inguinal her-
nia repair surgery: A prospective cohort study. Eur J Pain 16:
600-610, 2012

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref262
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref262
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref262
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref263
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref263
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref264
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref264
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref264
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref265
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref265
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref266
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref266
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref266
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref267
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref267
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref267
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref268
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref268
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref268
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref269
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref269
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref269
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref269
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref269
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref270
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref270
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref270
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref271
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref271
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref271
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref272
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref272
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref272
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref273
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref273
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref274
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref274
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref274
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref275
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref275
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref275
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref275
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref276
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref276
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref276
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref277
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref277
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref277
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref277
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref278
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref278
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref278
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref279
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref279
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref280
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref280
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref280
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref281
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref281
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref281
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref282
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref282
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref283
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref283
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref283
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref284
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref284
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref284
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref284
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref284
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref285
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref285
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref285
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref285
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref286
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref286
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref286
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref286
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref287
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref287
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref287
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref287
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref287
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref288
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref288
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref288
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref289
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref289
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref289
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref290
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref290
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref290
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref291
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref291
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref291
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref292
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref292
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref292
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref292
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref293
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref293
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref293
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref293
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref293
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref294
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref294
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref294
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref295
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref295
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref295
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref295
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref296
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref296
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref296
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref296
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref296


Chapman and Vierck The Journal of Pain 359.e35
297. Price TJ, Prescott SA: Inhibitory regulation of the pain
gate and how its failure causes pathological pain. Pain
156:789-792, 2015

298. Procacci P, Maresca M: Reflex sympathetic dystrophies
and algodystrophies: Historical and pathogenic consider-
ations. Pain 31:137-146, 1987

299. Radtke C, Vogt PM, Devor M, Kocsis JD: Keratino-
cytes acting on injured afferents induce extreme
neuronal hyperexcitability and chronic pain. Pain 148:
94-102, 2010

300. Raghavendra V, DeLeo J: The role of astrocytes and mi-
croglia in persistent pain. Adv Cell Mol Biol 31:951-966, 2004

301. Rahman W, Bauer CS, Bannister K, Vonsy JL,
Dolphin AC, Dickenson AH: Descending serotonergic facili-
tation and the antinociceptive effects of pregabalin in a
rat model of osteoarthritic pain. Mol Pain 5:45, 2009

302. Rakel B, Frantz R: Effectiveness of transcutaneous elec-
trical nerve stimulation on postoperative pain with move-
ment. J Pain 4:455-464, 2003

303. Ramachandran VS, Stewart M, Rogers-
Ramachandran DC: Perceptual correlates of massive cortical
reorganization. Neuroreport 3:583-586, 1992

304. Rasmussen PV, Sindrup SH, Jensen TS, Bach FW: Symp-
toms and signs in patients with suspected neuropathic
pain. Pain 110:461-469, 2004

305. Ren K, Dubner R: Interactions between the immune
and nervous systems in pain. Nat Med 16:1267-1276, 2010

306. Ren K, Dubner R: Pain facilitation and activity-
dependent plasticity in pain modulatory circuitry: Role of
BDNF-TrkB signaling and NMDA receptors. Mol Neurobiol
35:224-235, 2007

307. Roberts J, Ossipov MH, Porreca F: Glial activation in the
rostroventromedial medulla promotes descending facilita-
tion to mediate inflammatory hypersensitivity. Eur J Neuro-
sci 30:229-241, 2009

308. Rogers ML, Henderson L, Mahajan RP, Duffy JP: Prelim-
inary findings in the neurophysiological assessment of inter-
costal nerve injury during thoracotomy. Eur J Cardiothorac
Surg 21:298-301, 2002

309. Rolke R, Magerl W, Campbell KA, Schalber C, Caspari S,
Birklein F, Treede RD: Quantitative sensory testing: A
comprehensive protocol for clinical trials. Eur J Pain 10:
77-88, 2006

310. Rossignol S,DubucR,Gossard JP:Dynamic sensorimotor
interactions in locomotion. Physiol Rev 86:89-154, 2006

311. RowbothamMC,DaviesPS, FieldsHL: Topical lidocainegel
relieves postherpetic neuralgia. Ann Neurol 37:246-253, 1995

312. Roy M, Shohamy D, Daw N, Jepma M, Wimmer GE,
Wager TD: Representation of aversive prediction errors in
the human periaqueductal gray. Nat Neurosci 17:
1607-1612, 2014

313. Ruscheweyh R, Wilder-Smith O, Drdla R, Liu XG,
Sandkuhler J: Long-term potentiation in spinal nociceptive
pathways as a novel target for pain therapy. Mol Pain 7:20,
2011

314. Sabanathan S: Has postoperative pain been eradi-
cated? Ann R Coll Surg Engl 77:202-209, 1995

315. Salomons TV, Nusslock R, Detloff A, Johnstone T,
Davidson RJ: Neural emotion regulation circuitry underlying
anxiolytic effects of perceived control over pain. J CognNeu-
rosci 27:222-233, 2015

316. Samuelsson M, Leffler AS, Johansson B, Hansson P: The
influence of brushing force and stroking velocity on dy-
namic mechanical allodynia in patients with peripheral neu-
ropathy. Eur J Pain 15:389-394, 2011

317. Sandkuhler J: Understanding LTP in pain pathways.
Mol Pain 3:9, 2007

318. Sawant A, Dadurka K, Overend T, Kremenchutzky M:
Systematic review of efficacy of TENS for management of
central pain in people with multiple sclerosis. Mult Scler Re-
lat Disord 4:219-227, 2015

319. Scadding JW, Koltzenburg M: Painful peripheral neu-
ropathies. In: McMahon SB, Kolznburg M (eds): Melzack
and Wall’s Textbook of Pain. Philadelphia, Elsevier, 2006,
pp 973-999

320. Scholz J,WoolfCJ: Theneuropathic pain triad:Neurons,
immune cells and glia. Nat Neurosci 10:1361-1368, 2007

321. Schuff N, Zhang Y, ZhanW, LenociM, Ching C, Boreta L,
Mueller SG, Wang Z, Marmar CR, Weiner MW, Neylan TC:
Patterns of altered cortical perfusion and diminished
subcortical integrity in posttraumatic stress disorder: An
MRI study. Neuroimage 54(Suppl 1):S62-S68, 2011

322. Schweinhardt P, Glynn C, Brooks J, McQuay H, Jack T,
Chessell I, Bountra C, Tracey I: An fMRI study of cerebral pro-
cessing of brush-evoked allodynia in neuropathic pain pa-
tients. Neuroimage 32:256-265, 2006

323. Seal RP, Wang X, Guan Y, Raja SN, Woodbury CJ,
Basbaum AI, Edwards RH: Injury-induced mechanical hyper-
sensitivity requires C-low threshold mechanoreceptors. Na-
ture 462:651-655, 2009

324. Seltzer Z, Dubner R, Shir Y: A novel behavioral model of
neuropathic pain disorders produced in rats by partial sciatic
nerve injury. Pain 43:205-218, 1990

325. Senturk M, Ozcan PE, Talu GK, Kiyan E, Camci E,
Ozyalcin S, Dilege S, Pembeci K: The effects of three
different analgesia techniques on long-term postthoracot-
omy pain. Anesth Analg 94:11-15, table of contents, 2002

326. Sevel LS, Craggs JG, Price DD, Staud R, Robinson ME:
Placebo analgesia enhances descending pain-related effec-
tive connectivity: A dynamic causal modeling study of
endogenous pain modulation. J Pain 16:760-768, 2015

327. Sherman RA, Bruno GM: Concurrent variation of
burning phantom limb and stump pain with near surface
blood flow in the stump. Orthopedics 10:1395-1402, 1987

328. Sherman RA, Griffin VD, Evans CB, Grana AS: Temporal
relationships between changes in phantom limb pain inten-
sity and changes in surface electromyogram of the residual
limb. Int J Psychophysiol 13:71-77, 1992

329. Sherman RA, Sherman CJ: A comparison of phantom
sensations among amputees whose amputations were of
civilian and military origins. Pain 21:91-97, 1985

330. Sherman RA, Sherman CJ, Parker L: Chronic phantom
and stump pain among American veterans: Results of a sur-
vey. Pain 18:83-95, 1984

331. Shin LM, Bush G, Milad MR, Lasko NB, Brohawn KH,
Hughes KC, Macklin ML, Gold AL, Karpf RD, Orr SP,
Rauch SL, Pitman RK: Exaggerated activation of dorsal ante-
rior cingulate cortex during cognitive interference: Amono-
zygotic twin study of posttraumatic stress disorder. Am J
Psychiatry 168:979-985, 2011

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref297
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref297
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref297
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref298
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref298
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref298
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref299
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref299
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref299
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref299
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref300
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref300
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref301
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref301
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref301
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref301
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref302
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref302
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref302
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref303
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref303
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref303
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref304
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref304
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref304
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref305
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref305
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref306
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref306
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref306
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref306
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref307
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref307
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref307
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref307
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref308
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref308
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref308
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref308
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref309
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref309
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref309
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref309
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref310
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref310
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref311
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref311
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref312
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref312
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref312
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref312
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref313
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref313
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref313
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref314
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref314
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref315
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref315
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref315
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref315
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref316
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref316
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref316
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref316
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref317
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref317
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref318
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref318
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref318
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref318
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref319
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref319
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref319
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref319
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref320
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref320
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref321
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref321
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref321
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref321
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref321
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref322
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref322
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref322
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref322
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref323
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref323
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref323
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref323
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref324
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref324
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref324
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref325
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref325
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref325
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref325
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref326
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref326
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref326
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref326
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref327
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref327
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref327
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref328
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref328
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref328
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref328
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref329
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref329
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref329
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref330
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref330
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref330
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref331
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref331
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref331
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref331
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref331
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref331


359.e36 The Journal of Pain Transition of Acute Pain to Chronic Pain
332. Shoemaker JK, Goswami R: Forebrain neurocircuitry
associated with human reflex cardiovascular control. Front
Physiol 6:240, 2015

333. Siniscalco D, Giordano C, Rossi F, Maione S, de
Novellis V: Role of neurotrophins in neuropathic pain. Curr
Neuropharmacol 9:523-529, 2011

334. Skaper SD, Giusti P, Facci L: Microglia and mast cells:
Two tracks on the road to neuroinflammation. FASEB J 26:
3103-3117, 2012

335. Smith BH, Torrance N, Ferguson JA, Bennett MI,
Serpell MG, Dunn KM: Towards a definition of refractory
neuropathic pain for epidemiological research. An inter-
national Delphi survey of experts. BMC Neurol 12:29,
2012

336. Smith HS, Meek PD: Pain responsiveness to opioids:
Central versus peripheral neuropathic pain. J Opioid Manag
7:391-400, 2011

337. Smith WC, Bourne D, Squair J, Phillips DO,
Chambers WA: A retrospective cohort study of post mastec-
tomy pain syndrome. Pain 83:91-95, 1999

338. Sneddon LU, Elwood RW, Adamo SA, Leach MC:
Defining and assessing animal pain. Animal Behaviour 97:
201-212, 2014

339. Sommer M, de Rijke JM, van Kleef M, Kessels AG,
Peters ML, Geurts JW, Gramke HF, Marcus MA: The preva-
lence of postoperative pain in a sample of 1490 surgical in-
patients. Eur J Anaesthesiol 25:267-274, 2008

340. Sommer M, Geurts JW, Stessel B, Kessels AG, Peters ML,
Patijn J, van Kleef M, Kremer B, Marcus MA: Prevalence and
predictors of postoperative pain after ear, nose, and throat
surgery. Arch Otolaryngol Head Neck Surg 135:124-130,
2009

341. Sorensen J, Graven-Nielsen T, Henriksson KG,
Bengtsson M, Arendt-Nielsen L: Hyperexcitability in fibro-
myalgia. J Rheumatol 25:152-155, 1998

342. Stammberger U, Steinacher C, Hillinger S, Schmid RA,
Kinsbergen T, Weder W: Early and long-term complaints
following video-assisted thoracoscopic surgery: Evaluation
in 173 patients. Eur J Cardiothorac Surg 18:7-11, 2000

343. Staud R: Abnormal endogenous pain modulation is a
shared characteristic of many chronic pain conditions.
Expert Rev Neurother 12:577-585, 2012

344. Staud R, Robinson ME, Vierck CJ Jr, Price DD: Diffuse
noxious inhibitory controls (DNIC) attenuate temporal sum-
mation of second pain in normal males but not in normal fe-
males or fibromyalgia patients. Pain 101:167-174, 2003

345. Staud R, Vierck CJ, Robinson ME, Price DD: Effects of
the N-methyl-D-aspartate receptor antagonist dextrome-
thorphan on temporal summation of pain are similar in fi-
bromyalgia patients and normal control subjects. J Pain 6:
323-332, 2005

346. StaudR,VierckCJ,RobinsonME,PriceDD:Spatial summa-
tion of heat pain within and across dermatomes in fibromyal-
gia patients and pain-free subjects. Pain 111:342-350, 2004

347. Steegers MA, Snik DM, Verhagen AF, van der Drift MA,
Wilder-Smith OH: Only half of the chronic pain after
thoracic surgery shows a neuropathic component. J Pain 9:
955-961, 2008

348. Stein C, Machelska H: Modulation of peripheral sen-
sory neurons by the immune system: Implications for pain
therapy. Pharmacol Rev 63:860-881, 2011
349. Stein C, Zollner C: Opioids and sensory nerves. Handb
Exp Pharmacol 495-518, 2009

350. Stein N, Sprenger C, Scholz J, Wiech K, Bingel U: White
matter integrity of the descending pain modulatory system
is associated with interindividual differences in placebo
analgesia. Pain 153:2210-2217, 2012

351. Streiner DL, Norman GR: Mine is bigger than yours:
Measures of effect size in research. Chest 141:595-598, 2012

352. SullivanMJ, Adams H,MartelMO, ScottW,Wideman T:
Catastrophizing and perceived injustice: Risk factors for the
transition to chronicity after whiplash injury. Spine (Phila Pa
1976) 36:S244-S249, 2011

353. Suzuki M, Haraguti S, Sugimoto K, Kikutani T,
Shimada Y, Sakamoto A: Low-dose intravenous ketamine
potentiates epidural analgesia after thoracotomy. Anesthe-
siology 105:111-119, 2006

354. Swartz JR, Knodt AR, Radtke SR, Hariri AR: A neural
biomarker of psychological vulnerability to future life stress.
Neuron 85:505-511, 2015

355. Tanga FY, Nutile-McMenemy N, DeLeo JA: The CNS
role of Toll-like receptor 4 in innate neuroimmunity and
painful neuropathy. Proc Natl Acad Sci U S A 102:
5856-5861, 2005

356. Tasmuth T, von Smitten K, Hietanen P, Kataja M,
Kalso E: Pain and other symptoms after different treatment
modalities of breast cancer. Ann Oncol 6:453-459, 1995

357. Tham MW, Woon PS, Sum MY, Lee TS, Sim K: White
matter abnormalities in major depression: Evidence from
post-mortem, neuroimaging and genetic studies. J Affect
Disord 132:26-36, 2011

358. Tillu DV, Gebhart GF, Sluka KA: Descending facilitatory
pathways from the RVM initiate and maintain bilateral hy-
peralgesia after muscle insult. Pain 136:331-339, 2008

359. Tommerdahl M, Delemos KA, Vierck CJ Jr, Favorov OV,
Whitsel BL: Anterior parietal cortical response to tactile and
skin-heating stimuli applied to the same skin site. J Neuro-
physiol 75:2662-2670, 1996

360. Treede RD, Rief W, Barke A, Aziz Q, Bennett MI,
Benoliel R, Cohen M, Evers S, Finnerup NB, First MB,
Giamberardino MA, Kaasa S, Kosek E, Lavand’homme P,
Nicholas M, Perrot S, Scholz J, Schug S, Smith BH,
Svensson P, Vlaeyen JW, Wang SJ: A classification of chronic
pain for ICD-11. Pain 156:1003-1007, 2015

361. Tremblay J, Hamet P: Genetics of pain, opioids, and
opioid responsiveness. Metabolism 59(Suppl 1):S5-S8, 2010

362. Tsuda M, Inoue K, Salter MW: Neuropathic pain and
spinal microglia: A big problem from molecules in ‘‘small’’
glia. Trends Neurosci 28:101-107, 2005

363. Turk DC, Okifuji A, Sinclair JD, Starz TW: Interdisci-
plinary treatment for fibromyalgia syndrome: Clinical and
statistical significance. Arthritis Care Res 11:186-195, 1998

364. Turkel Y, Turker H, Demir IA, Bayrak AO, OnarMK: Vali-
dation of self report version of the Leeds Assessment of
Neuropathic Symptoms and Signs score for identification
of neuropathic pain in patients from northern Turkey. Adv
Clin Exp Med 23:599-603, 2014

365. Uchida RR, Del-Ben CM, Busatto GF, Duran FL,
Guimaraes FS, Crippa JA, Araujo D, Santos AC, Graeff FG:
Regional gray matter abnormalities in panic disorder: A
voxel-based morphometry study. Psychiatry Res 163:21-29,
2008

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref332
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref332
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref332
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref333
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref333
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref333
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref334
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref334
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref334
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref335
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref335
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref335
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref335
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref336
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref336
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref336
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref337
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref337
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref337
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338a
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338a
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338a
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref338a
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref339
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref339
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref339
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref339
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref340
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref340
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref340
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref341
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref341
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref341
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref341
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref342
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref342
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref342
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref343
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref343
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref343
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref343
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref344
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref344
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref344
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref344
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref344
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref345
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref345
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref345
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref346
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref346
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref346
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref346
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref347
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref347
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref347
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref348
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref348
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref349
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref349
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref349
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref349
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref350
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref350
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref351
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref351
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref351
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref351
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref352
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref352
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref352
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref352
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref353
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref353
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref353
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref354
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref354
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref354
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref354
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref355
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref355
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref355
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref356
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref356
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref356
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref356
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref357
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref357
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref357
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref358
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref358
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref358
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref358
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref359
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref359
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref359
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref359
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref359
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref359
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref360
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref360
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref361
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref361
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref361
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref362
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref362
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref362
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref363
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref363
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref363
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref363
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref363
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref364
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref364
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref364
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref364


Chapman and Vierck The Journal of Pain 359.e37
366. U.S. Department for Health and Human Services,
Center for Disease Control and Prevention/National Center
for Health Statistics. Faststats Homepage. Available at:
https://www.cdc.gov/nchs/fastats/hospital.htm. Accessed
December 20, 2016

367. Vaeroy H, Helle R, Forre O, Kass E, Terenius L: Elevated
CSF levels of substance P and high incidence of Raynaud
phenomenon in patients with fibromyalgia: New features
for diagnosis. Pain 32:21-26, 1988

368. Vaeroy H, Qiao ZG, Morkrid L, Forre O: Altered sympa-
thetic nervous system response in patientswith fibromyalgia
(fibrositis syndrome). J Rheumatol 16:1460-1465, 1989

369. Vanegas H, Schaible HG: Descending control of persis-
tent pain: Inhibitory or facilitatory? Brain Res Brain Res
Rev 46:295-309, 2004

370. van Wijk G, Veldhuijzen DS: Perspective on diffuse
noxious inhibitory controls as a model of endogenous pain
modulation in clinical pain syndromes. J Pain 11:408-419,
2010

371. Vierck CJ: A mechanism-based approach to prevention
and therapy for fibromyalgia. Pain Res Ther 1-12:2012, 2012

372. Vierck CJ: Animal models of pain. In: McMahon SB,
Koltzenburg M, Aalfs CM (eds): Wall and Melzack’s Text-
book of Pain. London, Elsevier, Churchill Livingston, 2006,
pp 175-185

373. Vierck CJ: Animal studies of pain: Lessons for drug
development. In: Campbell JN, Basbaum AI, Dray A,
Dubner R, Dworkin RH, Sang CN (eds): Emerging Strategies
for the Treatment of Neuropathic Pain. Seattle, IASP Press,
2005

374. Vierck CJ: Can mechanisms of central pain syn-
dromes be investigated in animal models? In: Casey KL
(ed): Pain and Central Nervous System Disease: The Cen-
tral Pain Syndromes. New York, Raven Press, 1991, pp
129-141

375. Vierck CJ Jr: Mechanisms underlying development of
spatially distributed chronic pain (fibromyalgia). Pain 124:
242-263, 2006

376. Vierck CJ, Acosta-Rua AJ, Johnson RD: Bilateral chronic
constriction of the sciatic nerve: A model of long-term cold
hyperalgesia. J Pain 6:507, 2005

377. Vierck CJ, Acosta-Rua A, Nelligan R, Tester N,
Mauderli A: Low dose systemic morphine attenuates oper-
ant escape but facilitates innate reflex responses to thermal
stimulation. J Pain 3:309-319, 2002

378. Vierck CJ Jr, Cannon RL, Fry G, Maixner W,
Whitsel BL: Characteristics of temporal summation of sec-
ond pain sensations elicited by brief contact of glabrous
skin by a preheated thermode. J Neurophysiol 78:
992-1002, 1997

379. Vierck CJ, Cooper BY: Guidelines for assessing pain re-
actions and pain modulation in laboratory animal subjects.
In: Kruger L, Liebeskind J (eds): Neural Mechanisms of
Pain. New York, Raven Press, 1984, pp 305-322

380. Vierck CJ, Green M, Yezierski RP: Pain as a stressor: Ef-
fects of prior nociceptive stimulation on escape responding
of rats to thermal stimulation. Eur J Pain 14:11-16, 2010

381. Vierck CJ, Kline RI, Wiley RG: Comparison of operant
escape and innate reflex responses to nociceptive skin tem-
peratures produced by heat and cold stimulation of rats. Be-
hav Neurosci 118:627-635, 2004
382. Vierck CJ, Light AR: Allodynia and hyperalgesia within
dermatomes caudal to a spinal cord injury in primates and
rodents. Prog Brain Res 129:411-428, 2000

383. Vierck CJ, Mauderli AP, Riley JL III: Relationships be-
tween the intensity and duration of Peltier heat stimula-
tion and pain magnitude. Exp Brain Res 225:339-348,
2013

384. Vierck CJ, Riley JL III, Wong F, King CD, Mauderli AP:
Psychophysical demonstration of bidirectional painmodula-
tion (sensitization and desensitization) by ascending or de-
scending progressions of thermal stimulus intensity. Brain
Res 1347:58-64, 2010

385. Vierck CJ, Whitsel BL, Favorov OV, Brown AW,
Tommerdahl M: Role of primary somatosensory cortex in
the coding of pain. Pain 154:334-344, 2013

386. Vierck CJ, Yezierski RP: Comparison of operant escape
and reflex tests of nociceptive sensitivity. Neurosci Biobehav
Rev 51:223-242, 2015

387. Vierck CJ, Yezierski RP, Wiley RG: Pain sensitivity
following loss of cholinergic basal forebrain (CBF) neurons
in the rat. Neuroscience 319:23-34, 2016

388. Voscopoulos C, LemaM:When does acute pain become
chronic? Br J Anaesth 105(Suppl 1):i69-i85, 2010

389. Vossen CJ, Vossen HG, Joosten EA, vanOs J, Lousberg R:
Does habituation differ in chronic low back pain subjects
compared to pain-free controls? A cross-sectional pain rat-
ing ERP study reanalyzed with the ERFIA multilevel method.
Medicine (Baltimore) 94:e865, 2015

390. Wager TD, Atlas LY, Lindquist MA, Roy M, Woo CW,
Kross E: An fMRI-based neurologic signature of physical
pain. N Engl J Med 368:1388-1397, 2013

391. Wagner R, DeLeo JA, Heckman HM, Myers RR: Periph-
eral nerve pathology following sciatic cryoneurolysis: Rela-
tionship to neuropathic behaviors in the rat. Exp Neurol
133:256-264, 1995

392. Walker K, Perkins M, Dray A: Kinins and kinin receptors
in the nervous system. Neurochem Int 26:1-16, discussion:
17-26, 1995

393. Walter B, Vaitl D, Frank R: Affective distress in fibromy-
algia syndrome is associated with pain severity. Z Rheumatol
57(Suppl 2):101-104, 1998

394. Wang J, Ren Y, Zou X, Fang L, Willis WD, Lin Q: Sympa-
thetic influence on capsaicin-evoked enhancement of dorsal
root reflexes in rats. J Neurophysiol 92:2017-2026, 2004

395. Wang Z, Neylan TC, Mueller SG, Lenoci M, Truran D,
Marmar CR, Weiner MW, Schuff N: Magnetic resonance im-
aging of hippocampal subfields in posttraumatic stress dis-
order. Arch Gen Psychiatry 67:296-303, 2010

396. Wark B, Lundstrom BN, Fairhall A: Sensory adaptation.
Curr Opin Neurobiol 17:423-429, 2007

397. Warner-Schmidt JL, Duman RS: Hippocampal neuro-
genesis: Opposing effects of stress and antidepressant treat-
ment. Hippocampus 16:239-249, 2006

398. Watkins LR, Hutchinson MR, Milligan ED, Maier SF:
‘‘Listening’’ and ‘‘talking’’ to neurons: Implications of im-
mune activation for pain control and increasing the efficacy
of opioids. Brain Res Rev 56:148-169, 2007

399. Watkins LR, Hutchinson MR, Rice KC, Maier SF: The
‘‘toll’’ of opioid-induced glial activation: Improving the

https://www.cdc.gov/nchs/fastats/hospital.htm
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref365
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref365
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref365
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref365
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref366
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref366
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref366
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref367
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref367
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref367
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref368
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref368
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref368
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref369
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref369
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref370
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref370
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref370
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref370
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref371
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref371
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref371
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref371
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref371
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref372
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref372
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref372
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref372
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref372
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref373
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref373
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref373
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref374
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref374
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref374
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref375
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref375
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref375
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref375
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref376
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref376
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref376
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref376
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref376
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref377
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref377
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref377
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref377
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref378
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref378
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref378
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref379
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref379
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref379
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref379
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref380
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref380
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref380
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref381
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref381
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref381
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref382
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref382
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref382
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref382
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref382
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref383
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref383
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref383
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref384
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref384
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref384
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref385
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref385
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref385
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref386
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref386
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref387
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref387
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref387
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref387
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref387
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref388
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref388
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref388
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref389
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref389
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref389
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref389
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref390
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref390
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref390
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref391
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref391
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref391
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref392
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref392
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref392
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref393
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref393
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref393
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref393
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref394
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref394
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref395
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref395
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref395
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref396
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref396
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref396
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref396
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref397
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref397


359.e38 The Journal of Pain Transition of Acute Pain to Chronic Pain
clinical efficacy of opioids by targeting glia. Trends Pharma-
col Sci 30:581-591, 2009

400. Watkins LR, Milligan ED, Maier SF: Glial activation: A
driving force for pathological pain. Trends Neurosci 24:
450-455, 2001

401. Watson JJ, Allen SJ, Dawbarn D: Targeting nerve
growth factor in pain: What is the therapeutic potential?
BioDrugs 22:349-359, 2008

402. Wei F, Gu M, Chu YX: New tricks for an old slug: De-
scending serotonergic system in pain. Sheng Li Xue Bao 64:
520-530, 2012

403. Weiser TG, Regenbogen SE, Thompson KD, Haynes AB,
Lipsitz SR, Berry WR, Gawande AA: An estimation of the
global volume of surgery: A modelling strategy based on
available data. Lancet 372:139-144, 2008

404. Weiss T, Miltner WH, Adler T, Bruckner L, Taub E:
Decrease in phantom limb pain associated with prosthesis-
induced increased use of an amputation stump in humans.
Neurosci Lett 272:131-134, 1999

405. Weiss T, Miltner WH, Liepert J, Meissner W, Taub E:
Rapid functional plasticity in the primary somatomotor cor-
tex and perceptual changes after nerve block. Eur J Neurosci
20:3413-3423, 2004

406. Wen YR, Tan PH, Cheng JK, Liu YC, Ji RR: Microglia: A
promising target for treating neuropathic and postopera-
tive pain, and morphine tolerance. J Formos Med Assoc
110:487-494, 2011

407. Werner MU, Duun P, Kehlet H: Prediction of postoper-
ative pain by preoperative nociceptive responses to heat
stimulation. Anesthesiology 100:115-119, discussion: 115A,
2004

408. White PF, Kehlet H: Improving postoperative painman-
agement: What are the unresolved issues? Anesthesiology
112:220-225, 2010

409. WhiteheadWE, Palsson O, Jones KR: Systematic review
of the comorbidity of irritable bowel syndrome with other
disorders: What are the causes and implications? Gastroen-
terology 122:1140-1156, 2002

410. Wilder-Smith OH: Chronic pain and surgery: A review
of new insights from sensory testing. J Pain Palliat Care Phar-
macother 25:146-159, 2011

411. Wildgaard K, Ravn J, Kehlet H: Chronic post-
thoracotomy pain: A critical review of pathogenic mecha-
nisms and strategies for prevention. Eur J Cardiothorac
Surg 36:170-180, 2009

412. Wiles CM, Edwards RH: The effect of temperature,
ischaemia and contractile activity on the relaxation rate of
human muscle. Clin Physiol 2:485-497, 1982

413. Winfree CJ, Kline DG: Intraoperative positioning nerve
injuries. Surg Neurol 63:5-18, discussion: 18, 2005

414. Woda A, Blanc O, Voisin DL, Coste J, Molat JL,
Luccarini P: Bidirectional modulation of windup by NMDA
receptors in the rat spinal trigeminal nucleus. Eur J Neurosci
19:2009-2016, 2004

415. Wong F, Vierck CJ, Riley JL III, King C, Mauderli AP: A
new thermal stimulation method for human psychophysical
studies: Pain intensity clamping. J Neurosci Methods 188:
83-88, 2010
416. Woolf CJ: Central sensitization: Implications for the
diagnosis and treatment of pain. Pain 152:S2-S15, 2011

417. Wylde V, Hewlett S, Learmonth ID, Dieppe P: Persis-
tent pain after joint replacement: Prevalence, sensory
qualities, and postoperative determinants. Pain 152:
566-572, 2011

418. Xu J, Brennan TJ: The pathophysiology of acute pain:
Animal models. Curr Opin Anaesthesiol 24:508-514, 2011

419. Yaksh TL: Direct evidence that spinal serotonin and
noradrenaline terminals mediate the spinal antinociceptive
effects of morphine in the periaqueductal gray. Brain Res
160:180-185, 1979

420. Yaksh TL, Tyce GM: Microinjection of morphine into
the periaqueductal gray evokes the release of serotonin
from spinal cord. Brain Res 171:176-181, 1979

421. Yan X, Brown AD, Lazar M, Cressman VL, Henn-
Haase C, Neylan TC, Shalev A, Wolkowitz OM, Hamilton SP,
Yehuda R, Sodickson DK, Weiner MW, Marmar CR: Sponta-
neous brain activity in combat related PTSD. Neurosci Lett
547:1-5, 2013

422. Yarnitsky D: Conditioned pain modulation (the diffuse
noxious inhibitory control-like effect): Its relevance for
acute and chronic pain states. Curr Opin Anaesthesiol 23:
611-615, 2010

423. Yarnitsky D, Crispel Y, Eisenberg E, Granovsky Y, Ben-
Nun A, Sprecher E, Best LA, Granot M: Prediction of chronic
post-operative pain: Pre-operative DNIC testing identifies
patients at risk. Pain 138:22-28, 2008

424. Yeomans DC, Cooper BY, Vierck CJ Jr: Effects of systemic
morphine on responses of primates to first or second pain
sensation. Pain 66:253-263, 1996

425. Yezierski RP, Green M, Murphy K, Vierck CJ: Effects of
gabapentin on thermal sensitivity following spinal nerve
ligation or spinal cord compression. Behav Pharmacol 24:
598-609, 2013

426. ZamunerAR, Barbic F, Dipaola F, BulgheroniM,DianaA,
Atzeni F,Marchi A, Sarzi-Puttini P, Porta A, Furlan R: Relation-
ship between sympathetic activity andpain intensity in fibro-
myalgia. Clin Exp Rheumatol 33:S53-S57, 2015

427. Zeilhofer HU, BenkeD, Yevenes GE: Chronic pain states:
Pharmacological strategies to restore diminished inhibitory
spinal pain control. Annu Rev Pharmacol Toxicol 52:
111-133, 2012

428. Zeilhofer HU, Zeilhofer UB: Spinal dis-inhibition in in-
flammatory pain. Neurosci Lett 437:170-174, 2008

429. Zhao J, Seereeram A, Nassar MA, Levato A, Pezet S,
Hathaway G, Morenilla-Palao C, Stirling C, Fitzgerald M,
McMahon SB, Rios M, Wood JN, London Pain Consortium:
Nociceptor-derived brain-derived neurotrophic factor regu-
lates acute and inflammatory but not neuropathic pain. Mol
Cell Neurosci 31:539-548, 2006

430. Zschucke E, Renneberg B, Dimeo F, Wustenberg T,
Strohle A: The stress-buffering effect of acute exercise: Evi-
dence for HPA axis negative feedback. Psychoneuroendocri-
nology 51:414-425, 2015

431. Zuo N, Fang J, Lv X, Zhou Y, Hong Y, Li T, Tong H,
Wang X, Wang W, Jiang T: White matter abnormalities in
major depression: A tract-based spatial statistics and rumi-
nation study. PLoS One 7:e37561, 2012

http://refhub.elsevier.com/S1526-5900(16)30329-7/sref397
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref397
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref398
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref398
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref398
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref399
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref399
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref399
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref400
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref400
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref400
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref401
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref401
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref401
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref401
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref402
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref402
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref402
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref402
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref403
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref403
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref403
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref403
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref404
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref404
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref404
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref404
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref405
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref405
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref405
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref406
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref406
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref406
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref407
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref407
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref407
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref407
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref408
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref408
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref408
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref409
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref409
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref409
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref409
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref410
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref410
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref410
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref411
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref411
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref412
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref412
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref412
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref412
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref413
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref413
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref413
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref413
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref414
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref414
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref415
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref415
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref415
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref415
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref416
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref416
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref417
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref417
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref417
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref417
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref418
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref418
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref418
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref419
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref419
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref419
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref419
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref419
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref420
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref420
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref420
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref420
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref421
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref421
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref421
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref421
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref422
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref422
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref422
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref423
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref423
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref423
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref423
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref424
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref424
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref424
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref424
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref425
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref425
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref425
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref425
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref426
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref426
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref427
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref427
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref427
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref427
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref427
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref427
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref428
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref428
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref428
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref428
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref429
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref429
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref429
http://refhub.elsevier.com/S1526-5900(16)30329-7/sref429

	The Transition of Acute Postoperative Pain to Chronic Pain: An Integrative Overview of Research on Mechanisms
	Definitions
	Pain
	Acute Pain
	Chronic Pain
	PPSP
	Research on Persistent Postoperative Pain
	Scope of the Problem
	Research Approaches
	Clinical Epidemiology of Postsurgical Pain
	Thoracotomy
	Pain Trajectories

	Prevention of Chronic Surgical Pain
	Surgical Neuropathy
	Overview of Risk Factors
	Preoperative Factors
	Preexisting pain
	Demographic factors
	Psychosocial factors
	Presurgical pain sensitivity and pain modulation
	Pain genetics
	Pain epigenetics

	Intraoperative Factors
	Postoperative Factors
	Summary of Risk Factors


	Candidate Mechanisms for Pain Chronification
	Models of Increased Nociceptive Sensitivity
	Peripheral Mechanisms of Chronic Pain
	Inflammation
	Neurotrophic Factors
	Kinins
	Immune Mechanisms and Peripheral Nerves
	Peripheral Neuropathic Pain
	Models of Nerve Injury Pain


	Central Mechanisms
	Ascending Noxious Signal Modulation
	Central Sensitization
	Long-term potentiation
	Long-term depression


	Neuroimmune Interactions
	Glia
	Chemokines
	Toll-Like Receptors
	Functional Significance of Central Inflammatory Regulation
	Gamma-Aminobutyric Acid and Glycine
	Mu Opioids
	Descending Control Over Spinal Nociceptive Transmission
	Descending Inhibitory Modulation
	Descending Facilitatory Modulation
	Balance of Descending Inhibition and <?show $6#?﹥Facilitation

	Conditioned Pain Modulation
	Brain Mechanisms
	Stress-Induced Analgesia or Hyperalgesia?
	Chronic Stress and Chronic Pain
	Sympathetic Dysregulation and Peripheral Ischemia

	Central Neuroplasticity and Neuropathic Pain
	Pain-Specific Brain Activation Patterns
	Imaging Chronic Versus Acute Pain
	Qualifying Concerns
	Normal Versus Postinjury Somatosensory <?show [?tjl=20mm]tjlpc	[?tjl]?﹥Processing


	Conceptual Map of Research Approaches
	Barriers to Progress and Opportunities
	Clinical Epidemiology
	Definition of Persistent Postoperative Pain

	The Need for Longitudinal Measurement
	The Lack of an Adequate Definition for Iatrogenic Neuropathy
	Individual Risk Profiles
	Effect Size Estimation
	Lack of Veterinary Epidemiology Studies
	Integrating Clinical Epidemiology with Basic Science
	Neuroimmune Mechanisms
	The Need for Integrated Theory to Guide Models

	Conclusions
	References


