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KEY POINTS

Pain is a biopsychosocial experience that goes well beyond mere nociception. In this
regard, identification of the physical pathology at the site of injury is necessary but not
sufficient to explicate the complex process by which somatosensory information is
transformed into the physiologic, cognitive, affective, and behavioral response labeled
as pain.

In the case of chronic low back pain, the magnitude of tissue damage may be out of
proportion to the reported pain experience, there may be no remaining structural impair-
ment, and physical signs that have a predominantly nonorganic basis are likely to be
present.

Pain, whether linked with injured tissue, inflammation, or functional impairment, is medi-
ated by processing in the nervous system. In this sense, all pain is physical. Yet regardless
of its source, pain may result in hypervigilance, threat appraisals, emotional reactions, and
avoidant behavior. So in this sense, all pain is psychological.

Our nomenclature and nosology struggle to categorize the pain experience, but in the
brain, all such categories are moot. Pain is fundamentally and quintessentially a psycho-
physiological phenomenon.

INTRODUCTION

Pain is a complex, biopsychosocial phenomenon that arises from the interaction of
multiple neuroanatomic and neurochemical systems with several cognitive and affec-
tive processes. The International Association for the Study of Pain has offered the
following definition: “Pain is an unpleasant sensory and emotional experience
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associated with actual or potential tissue damage, or described in terms of such
damage.”'P210 Thys, pain has sensory and affective components, as well as a cogni-
tive component reflected in the anticipation of future harm. The purpose of this
review is to integrate the literature on the neurobiological pathways within the central,
autonomic, and peripheral nervous systems that mediate pain processing, and
discuss how psychological factors interact with physiology to modulate the experi-
ence of pain.

FUNCTIONAL NEUROANATOMY AND NEUROCHEMISTRY OF PAIN
Pain Processing in the Nervous System

When noxious stimuliimpinge on the body from external or internal sources, information
regarding the damaging impact of these stimuli on bodily tissues is transduced through
neural pathways and transmitted through the peripheral nervous system to the central
and autonomic nervous systems. This form of information processing is known as noci-
ception. Nociception is the process by which information about actual tissue damage
(or the potential for such damage, should the noxious stimulus continue to be applied)
is relayed to the brain. Nociception is mediated by specialized receptors known as noci-
ceptors that are attached to thin myelinated Ad and unmyelinated C fibers, which termi-
nate in the dorsal horn of the spine. Sufficiently intense mechanical stimulation (such as
stretching, cutting, or pinching), intense warming of the skin, or exposure to noxious
chemicals can activate nociceptors.? In turn, activation of nociceptors is modulated
by inflammatory and biomolecular influences in the local extracellular environment.®
Although under most circumstances transmission of nociceptive information results
in pain perception, many physicians and patients are unaware that nociception is disso-
ciable from the experience of pain. In other words, nociception can occur in the absence
of awareness of pain, and pain can occur in the absence of measurably noxious stimuli.
This phenomenon is observable in instances of massive trauma (such as that which
might be incurred by a motor vehicle accident) when victims exhibit a stoic painless
state despite severe injury, and conversely, when individuals with functional pain
syndromes report considerable anguish despite having no observable tissue damage.

By contrast, perception of pain occurs when stimulation of nociceptors is intense
enough to activate A3 fibers, resulting in a subjective experience of a sharp, prickling
pain.* As stimulus strength increases, C fibers are recruited, and the individual experi-
ences an intense, burning pain that continues after the cessation of the stimulus. These
types of experiences occur during the 2 phases of pain perception that occur following
an acute injury.? The first phase, which is not particularly intense, comes immediately
after the painful stimulus and is known as fast pain. The second phase, known as
slow pain, is more unpleasant, less discretely localized, and occurs after alonger delay.

Activation of nociceptors is transduced along the axons of peripheral nerves, which
terminate in the dorsal horn of the spine. There, messages are relayed up the spinal
cord and through the spinothalamic tract to output on the thalamus. In turn, the thal-
amus serves as the major “relay station” for sensory information to the cerebral
cortex.® Nociceptive pathways terminate in discrete subdivisions of thalamic nuclei
known as the ventral posterior lateral nucleus and the ventromedial nucleus.® From
these nuclei, nociceptive information is relayed to various cortical and subcortical
regions, including the amygdala, hypothalamus, periaqueductal gray, basal ganglia,
and regions of cerebral cortex. Most notably, the insula and anterior cingulate cortex
are consistently activated when nociceptors are stimulated by noxious stimuli, and
activation in these brain regions is associated with the subjective experience of
pain.” In turn, these integrated thalamocortical and corticolimbic structures, which
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collectively have been termed the pain neuromatrix, process somatosensory input and
output neural impulses that influence nociception and pain perception.®

Neurochemistry of Pain

Nociception is mediated by the function of numerous intracellular and extracellular
molecular messengers involved in signal transduction in the peripheral and central
nervous systems. All nociceptors, when activated by the requisite mechanical, thermal,
or chemical stimulus, transmit information via the excitatory neurotransmitter gluta-
mate.® In addition, inflammatory mediators are secreted at site of the original injury to
stimulate nociceptor activation. This “inflammatory soup” comprises chemicals such
as peptides (eg, bradykinin), neurotransmitters (eg, serotonin), lipids (eg, prostaglan-
dins), and neurotrophins (eg, nerve growth factor). The presence of these molecules
excites nociceptors or lowers their activation threshold, resulting in the transmission
of afferent signals to the dorsal horn of the spinal cord as well as initiating neurogenic
inflammation.® Neurogenic inflammation is the process by which active nociceptors
release neurotransmitters such as substance P from the peripheral terminal to induce
vasodilation, leak proteins and fluids into the extracellular space near the terminal
end of the nociceptor, and stimulate immune cells that contribute to the inflammatory
soup. As a result of these neurochemical changes in the local environment of nocicep-
tors, the activation of Ad and C fibers increases, and peripheral sensitization occurs.™

In turn, nociceptive signal transduction up the spinothalamic tract results in elevated
release of norepinephrine from the locus coeruleus neurons projecting to thalamus,
which in turn relays nociceptive information to somatosensory cortex, hypothalamus,
and hippocampus.'"'2 As such, norepinephrine modulates the gain of nociceptive infor-
mation as it is relayed for processing in other cortical and subcortical brain regions.
Concomitantly, opioid receptors in the peripheral and central nervous systems (eg,
those in neurons of the dorsal horn of the spine and the periaqueductal gray in the brain)
result in inhibition of pain processing and analgesia when stimulated by opiates or
endogenous opioids such as endorphin, enkephalin, or dynorphin.’® The secretion of
endogenous opioids is largely governed by the descending modulatory pain system.'
The neurotransmitter yy-aminobutyric acid is also involved in the central modulation of
pain processing, by augmenting descending inhibition of spinal nociceptive neurons.'®
A host of other neurochemicals is also involved in pain perception; the neurochemistry of
nociception and central-peripheral pain modulation is extremely complex.

Descending Central Modulation of Pain

The brain does not passively receive pain information from the body, but instead
actively regulates sensory transmission by exerting influences on the spinal dorsal
horn via descending projections from the medulla.® In their seminal Gate Control
theory of pain, Melzack and Wall'” proposed that the substantia gelatinosa of the
dorsal horn gates the perception of noxious stimuli by integrating upstream afferent
signals from the peripheral nervous system with downstream modulation from the
brain. Interneurons in the dorsal horn can inhibit and potentiate impulses ascending
to higher brain centers, thus providing a site where the central nervous system
controls impulse transmission into consciousness.

The descending pain modulatory system exerts influences on nociceptive input from
the spinal cord. This network of cortical, subcortical, and brainstem structures includes
prefrontal cortex, anterior cingulate cortex, insula, amygdala, hypothalamus, periaque-
ductal gray, rostral ventromedial medulla, and dorsolateral pons/tegmentum.” The
coordinated activity of these brain structures modulates nociceptive signals via de-
scending projections to the spinal dorsal horn. By virtue of the somatotopic
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organization of these descending connections, the central nervous system can selec-
tively control signal transmission from specific parts of the body.

The descending pain modulatory system has both antinociceptive and pronocicep-
tive effects. Classically, the descending pain modulatory system has been construed
as the means by which the central nervous system inhibits nociceptive signals at the
spinal outputs.' In a crucial early demonstration, Reynolds'® observed that direct
electrical stimulation of the periaqueductal gray could produce dramatic analgesic
effects, as evidenced by the ability to undergo major surgery without pain. Yet, this
brain system can also facilitate nociception. For instance, projections from the peria-
queductal gray to the rostral ventromedial medulla have been shown to enhance
spinal transmission of nociceptive information from peripheral nociceptors.’®

Central modulation of pain may have been conserved across human evolution
because of its potentially adaptive effects on survival. For instance, in situations of
serious mortal threat (eg, in the face of war and civil accidents, or more primordially,
when being attacked by a vicious animal), suppression of pain might enable a severely
injured individual to continue intense physical activity such as fleeing from danger or
fighting a deadly opponent. Yet the neurobiological linkages between the brain, the
spinothalamic tract, the dorsal horn, and the peripheral nerves also provide a physio-
logic pathway by which negative emotions and stress can amplify and prolong pain,
causing functional interference and considerable suffering.

COGNITIVE, AFFECTIVE, PSYCHOPHYSIOLOGICAL, AND BEHAVIORAL PROCESSES
IN PAIN PERCEPTION AND REGULATION

In addition to the somatosensory elements of pain processing already described,
cognitive and emotional factors are implicit within the definition of pain offered by
the International Association for the Study of Pain. Pain perception involves several
psychological processes, including attentional orienting to the painful sensation and
its source, cognitive appraisal of the meaning of the sensation, and the subsequent
emotional, psychophysiological, and behavioral reaction, which then feed back to
influence pain perception (Fig. 1). Each of these processes are detailed here.

Attention to Pain

In the brain, attention allows salient subsets of data to gain preeminence in the com-
petitive processing of neural networks at the expense of other subsets of data.?° The
goal-relevance of a stimulus guides attention to select and distinguish it from the envi-
ronmental matrix in which it is embedded.?! Thus, attended stimuli receive preferential
information processing and are likely to govern behavior. In this sense, attention allows
for the evaluation of salient stimuli, and facilitates execution of approach behaviors in
response to appetitive stimuli or avoidance behaviors in response to aversive ones.
Thus, depending on its salience to the survival of the organism, the object of attention
elicits the motivation to approach or avoid while the resultant emotional state, as the
manifestation of approach or avoidance motivations, tunes and directs attention.?2-23
By virtue of its significance for health and well-being, pain automatically and involun-
tarily attracts attention.242° Yet pain experience varies according to the locus of atten-
tion; when attention is focused on pain, it is perceived as more intense,?® whereas when
attention is distracted from pain, it is perceived as less intense.?”

Attentional modulation of pain experience correlates with changes in activation of
the pain neuromatrix; for instance, attentional distraction reduces pain-related activa-
tions in somatosensory cortices, thalamus, and insula, among other brain regions.”
Concomitantly, distraction results in strong brain activations in prefrontal cortex,
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Fig. 1. Nociception, pain perception, and the biobehavioral response to pain in the human
nervous system.

anterior cingulate cortex, and periaqueductal gray, suggesting an overlap and interac-
tion between brain systems involved in attentional modulation of pain and the
descending pain modulatory system.?® By contrast, attentional hypervigilance for
pain, a high degree of monitoring internal and external stimuli that is often observed
among persons with chronic pain,?® amplifies pain intensity and is associated with
the interpretation of harmless sensations (such as moderate levels of pressure) as
painfully unpleasant.30:31

Cognitive Appraisal of Pain

Pain involves a process of cognitive appraisal, whereby the individual consciously or
unconsciously evaluates the meaning of sensory signals emanating from the body to
determine the extent to which they signify the presence of an actual or potential harm.
This evaluation is decidedly subjective. For instance, experienced weightlifters or
runners typically construe the “burn” they feel in their muscles as pleasurable and
indicative of increasing strength and endurance; by contrast, a novice might view
the same sensation as signaling that damage had occurred. The inherent variability
of cognitive appraisal of pain may stem from the neurobiological dissociation between
the sensory and affective aspects of the pain experience; change in pain intensity
results in altered activation of somatosensory cortex, whereas change in pain unpleas-
antness results in altered activation of the anterior cingulate cortex.®>32 Thus,
a sensory signal originating from the muscles of the lower back might be perceived
as a warmth and tightness, or viewed as a terrible agony, despite the stimulus intensity
being held constant. The manner in which the bodily sensation is appraised may in turn
influence whether it is experienced as unpleasant pain or not.34
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The extent to which a given bodily sensation is interpreted as threatening is in part
dependent on whether the individual believes he or she is able to cope with that sensa-
tion. If, during this complex cognitive process of appraisal, available coping resources
are deemed sufficient to deal with the sensation, pain can be perceived as control-
lable. Pain intensity is reduced when pain is perceived to be controllable, whether
or not the individual acts to control the pain. Ventrolateral prefrontal cortex activation
is positively associated with the extent to which pain is viewed as controllable and
negatively correlated with subjective pain intensity. This brain region is implicated in
emotion-regulation efforts, such as when threatening stimuli are reappraised to be
benign.®53¢ Concomitantly, reinterpreting pain as a harmless sensation (eg, warmth
or tightness) predicts higher perceived control over pain,3” and psychological inter-
ventions have been shown to reduce pain severity by increasing reinterpretation of
pain sensations as innocuous sensory information.3® By contrast, pain catastrophizing
(ie, viewing pain as overwhelming and uncontrollable) is associated with greater pain
intensity irrespective of the extent of physical impairment,®® and prospectively
predicts the development of low back pain.*°

Emotional and Psychophysiological Reactions to Pain

The aversive nature of pain elicits a powerful emotional reaction that feeds back to
modulate pain perception. Pain often results in feelings of anger, sadness, and fear
depending on the how the pain is cognitively appraised. For instance, the belief “It's
not fair that | have to live with this pain” is likely to lead to anger, whereas the belief
“My life is hopeless now that | have this pain” will likely result in sadness. Fear is
a common reaction to pain when individuals interpret the sensations from the body
as indicating the presence of serious threat.

These emotions are coupled with autonomic, endocrine, and immune responses,
which may amplify pain through several psychophysiological pathways. For example,
pain induction significantly elevates activity of the sympathetic nervous system, marked
by increased anxiety, heart rate, and galvanic skin response.*! Furthermore, negative
emotions and stress increase contraction of muscle tissue; elevated electromyographic
activity occurs in the muscles of the back and neck under conditions of stress, and nega-
tive affect and is perceived as painful spasms.*?>*3 This sympathoexcitatory reaction
coupled with emotions such as anger and fear may reflect an evolutionarily conserved,
active coping response to escape the painful stimulus. Yet negative emotional states
intensify pain intensity, pain unpleasantness, and pain-induced cardiovascular auto-
nomic responses, while reducing the sense of perceived control over pain.** Stress
and negative emotions such as anger and fear may temporarily dampen pain via norepi-
nephrine release, but when the sympathetic “fight-or-flight” response is prolonged it can
increase blood flow to the muscle and increase muscle tension, which may aggravate the
original injury.*® Alternatively, pain inputs from the viscera and muscles may stimulate
cardiac vagal premotor neurons, leading to hypotension, bradycardia, and hyporeactivity
to the environment, a pattern of autonomic response that corresponds with passive pain
coping and depressed affect.*® In addition to autonomic reactivity, proinflammatory cyto-
kines and the stress hormone cortisol are released during the experience of negative
emotion; these biomolecular factors enhance nociception, facilitate processing of aver-
sive information in the brain and, when their release is chronic or recurrent, may cause
or exacerbate tissue damage.®4748

Moreover, negative emotions are associated with increased activation in the amyg-
dala, anterior cingulate cortex, and anterior insula. These brain structures not only
mediate the processing of emotions, but are also important nodes of the pain neuro-
matrix that tune attention toward pain, intensify pain unpleasantness, and amplify



Pain Processing

interoception (the sense of the physical condition of the body).4®-*° Thus, when individ-
uals experience negative emotions such as anger or fear as a result of pain or other
emotionally salient stimuli, the heightened neural processing of threat in affective brain
circuits primes the subsequent perception of pain®!:52 and increases the likelihood
that sensations from within the body will be interpreted as painful.53-%° The fear of
pain, a clinical feature of patients with chronic pain, is associated with hypervigilance
for and sustained attention to pain-related stimuli.®¢ Thus negative emotions bias
attention toward pain, which then increase its unpleasantness. In addition, negative
emotions and stress impair prefrontal cortex function, which may reduce the ability
to regulate pain using higher-order cognitive strategies such as reappraisal or viewing
the pain as controllable and surmountable.>”:58 Thus anger, sadness, and fear may
result from acute or chronic pain and in turn feed back into the biobehavioral
processes that influence pain perception to exacerbate anguish and suffering.

Behavioral Reactions to Pain

Pain is not only a sensory, cognitive, and emotional experience but also involves
behavioral reactions that may alleviate, exacerbate, or prolong pain experience.
Typical pain behaviors in low back pain include grimacing, rubbing, bracing, guarded
movement, and sighing.®® These behaviors facilitate the communication of pain and
exert social influences that may have vicarious gain for the individual suffering from
pain; such benefits include sympathy, acts of kindness and generosity, tolerance, low-
ered expectations, and social bonding, among others.®® In addition, guarding or
avoidance of activities associated with pain may be negatively reinforcing by virtue
of the temporary alleviation of pain experience.®’ The fact that these avoidant behav-
iors decrease the occurrence of pain results in increasing use of avoidance as a coping
strategy. Yet, greater use of avoidance as a result of fear of pain predicts higher levels
of functional disability.®? It is not merely that persons with greater pain-related
disability engage in more avoidant behaviors; rather, studies indicate that avoidant
behavior and beliefs are a precursor to disability.63-%° Avoidance contributes to nega-
tive clinical outcomes in patients with chronic low back pain. Fear-avoidance of pain
influences physical impairment and is more strongly associated with functional
disability than pain severity.®6-58 By contrast, progressive increase in activity through
exercise has been shown to result in significant benefits in pain, disability, physical
impairment, and psychological distress for patients with low back pain.®® In light of
the robust relation between coping behaviors and pain, behavioral and psychosocial
interventions hold great promise in reducing pain intensity and pain-related functional
disability in chronic pain conditions such as low back pain.”

SUMMARY

The foregoing review attests to the multidimensionality of pain. Pain is a bio-
psychosocial experience that goes well beyond mere nociception. In this regard, iden-
tification of the physical abnormality at the site of injury is necessary but not sufficient
to explicate the complex process by which somatosensory information is transformed
into the physiologic, cognitive, affective, and behavioral response labeled as pain.
Indeed, in the case of chronic low back pain, the magnitude of tissue damage may
be out of proportion to the reported pain experience, there may be no remaining struc-
tural impairment, and physical signs that have a predominantly nonorganic basis are
likely to be present.”""2 |n this and other chronic conditions, to consider such pain as
malingering or somatization would be to grossly oversimplify the matter. Pain, whether
linked with injured tissue, inflammation, or functional impairment, is mediated by
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processing in the nervous system. In this sense, all pain is physical. Yet regardless of
its source, pain may result in hypervigilance, threat appraisals, emotional reactions,
and avoidant behavior. So in this sense, all pain is psychological. Our nomenclature
and nosology struggle to categorize the pain experience, but in the brain all such cate-
gories are moot. Pain is fundamentally and quintessentially a psychophysiological
phenomenon.
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