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ABSTRACT 
 
 

 Pain is a complex sensory and emotional experience.  The information 

gathered from a noxious stimulus is multi-dimensional including aspects of 

intensity, quality, unpleasantness, as well as spatial and temporal distribution.  

The temporal processing of nociceptive information, or the mechanisms 

supporting how pain is perceived across the timeframe of a stimulus, is one 

aspect of pain that is disrupted frequently in chronic pain states.  For example, 

patients exhibit symptoms of pain that long outlast the actual duration of the 

initiating stimulus.  However, despite the prevalence of altered temporal 

processing of pain in chronic pain states, the mechanisms supporting temporal 

processing of nociceptive information remain largely unknown.   Offset analgesia 

is a pain phenomenon characterized by large decreases in pain intensity evoked 

by small incremental decreases in noxious stimulus intensity, and it is thought to 

represent contrast enhancement mechanisms that sharpen awareness of 

decreases in noxious stimuli.  Since offset analgesia may represent temporal 

contrast enhancement that normally occurs in healthy states, the investigation of 

mechanisms supporting offset analgesia may clarify how pain is temporally 

altered in chronic pain.  Therefore, offset analgesia was assessed in the following 

experiments.  First, offset analgesia was assessed in healthy volunteers during 

acute sensitization by topical capsaicin, however, no alterations in offset 

analgesia by capsaicin-heat sensitization were observed.  Second, since opioid 

mechanisms may play a role in offset analgesia, real-time intensity ratings were 
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assessed in healthy volunteers during administration of an opioid, during opioid 

antagonism and during opioid-induced hypersensitivity.  However, offset 

analgesia was not significantly altered under any opioid manipulation indicating 

that offset analgesia occurs primarily by opioid-independent mechanisms.  

Finally, offset analgesia was assessed in patients with complex regional pain 

syndrome (CRPS).  A proportion of these patients had dramatically altered real-

time pain intensity ratings and no offset analgesia.  In summary, offset analgesia 

is not altered by capsaicin-heat sensitization, occurs by mechanisms that are 

largely opioid-independent, and may be disrupted in a subset of chronic pain 

patients. 
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CHAPTER I.  INTRODUCTION 

 

 Pain is most commonly described and thought about in terms of the 

intensity.  A visit to the doctor’s office for treatment for some type of either acute 

or chronic pain will include the quintessential numerical pain rating on a scale of 

1-10.  Second to this, pain is likely to be further described in terms of the quality, 

for example: stinging, pinching, burning, stabbing etc.  These descriptors are 

important for the most basic objectives of understanding a patient’s pain and 

evaluating the efficacy of administered therapies.  However, this view of pain is 

very limited.   

 A more thorough picture of pain can be envisioned by considering 

additional descriptive features of other sensory modalities (e.g. vision and 

hearing).  In everyday life, complete perception of one’s environment requires 

much more information than that described in terms of intensity (e.g. brightness 

and loudness) or quality (e.g. color or tone).  The ability to localize sensory 

stimuli in space is critical for survival.  The temporal features of visual and 

auditory stimuli also contain valuable information, especially for transient 

stimuli that occur with a distinct onset and offset.  Similarly, in addition to gross 

features of intensity and quality, the somatosensory system must be equipped to 
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localize and distinguish time-courses of nociceptive stimuli in the spatial and 

temporal dimensions respectively.   

 Acute pain typically has a short duration.  Therefore, most attention to the 

temporal aspect of pain occurs in cases of chronic pain when one must consider 

more than the immediate emotional and attention-grabbing aspects of pain.  The 

temporal aspect of pain includes adjectives such as intermittent, constant, 

paroxysmal (occurring suddenly at random times), and evoked (time-locked to 

specific stimulation).  Migraines, fibromyalgia, low back pain and various types 

of neuropathic pain all have long durations which make them chronic by 

definition, and the continuous nature of chronic pain is a major contributor to 

why these diseases are often unbearable for the patients.  This highlights the 

importance of understanding how pain is temporally altered, since the 

prolongation of pain in chronic states contributes substantially to the total 

amount of pain.   Currently, temporal processing of nociceptive information is 

incompletely understood.  The present dissertation aims to identify putative 

mechanisms supporting temporal processing of nociceptive information with the 

intention that it may advance understanding and treatment of chronic pain 

conditions. 
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1.  Temporal Processing of Nociceptive Information 

1.1.  Temporal Summation of Pain  

 Most of the research on the temporal aspect of pain focuses on the 

investigation of the neural phenomenon of wind-up and its psychophysical 

correlate, temporal summation of pain (Herrero et al., 2000).  Temporal 

summation of pain is observed as increased pain intensity when noxious stimuli 

are repeatedly applied with an interstimulus interval (ISI) of less than 3 seconds 

(0.3 Hz).  This phenomenon is neurophysiologically mediated by wind-up which 

occurs by the sensitization of central wide dynamic range (WDR) neurons that 

continue to increase their firing to repeated noxious stimuli (Mendell, 1966; Price 

et al., 1971).  Temporal summation occurs classically to second pain, which is 

transmitted by unmyelinated, slowly conducting (0.7-1 m/s) C-fiber afferents 

(Price et al., 1977).  Since the responses of C-fiber afferents themselves are 

suppressed by repeated noxious heat stimuli (Price and Dubner, 1977), the 

temporal summation is thus produced by wind-up of central neurons (Mendell 

and Wall, 1965).  Additional evidence that wind-up is centrally-mediated is 

provided from the finding that it also occurs when the location of repeated 

stimulation is varied (Price et al., 1977; Vierck et al., 1997), and this further 

indicates that wind-up and temporal summation do not simply result from the 

accumulation of heat energy in the skin.  
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 Temporal summation has been shown to be N-methyl D-aspartate 

(NMDA) dependent since it is reduced by administration of NMDA antagonists 

(e.g. ketamine, dextromethorphan) in humans (Price et al., 1994; Arendt-Nielsen 

et al., 1995; Vierck et al., 1997).  Similar effects of reduced temporal summation of 

pain by NMDA antagonists have been observed in fibromyalgia patients (Staud 

et al., 2005).  Temporal summation is also decreased by opioid administration 

(Price et al., 1985; Cooper et al., 1986) and by exercise in healthy humans (but not 

fibromyalgia patients) (Vierck et al., 2001) indicating that additional endogenous 

opioidergic and non-opioidergic neurotransmitters can influence the extent of 

summation.  

 In addition to the primary mechanism of NMDA receptor up-regulation, 

other pharmacological manipulations of wind-up have been investigated in rats, 

mainly recording from dorsal horn neurons and monitoring nociceptive reflexes 

(Herrero et al., 2000).  Wind-up has been shown to involve the release of 

Substance P into the dorsal horn by C-fibers (Kellstein et al., 1990).  Additional 

experiments have shown that wind-up is inhibited by application of !1 

adrenoreceptor agonists (Reeve and Dickenson, 1995) and !2 adrenoreceptor 

agonists (Suzuki et al., 2002).  Further, some evidence has been provided that 

non-steroidal anti-inflammatory drugs (NSAID) and serotonergic (5-HT1A 

receptor) activation reduce wind-up (Gjerstad et al., 1996; Mazario et al., 1999).   

 Temporal summation of pain has been investigated in functional imaging 

studies thus providing evidence for supraspinal mechanisms supporting 
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temporal processing of nociceptive information.  In a train of repeated thermal 

stimuli (0.33 Hz), compared to the 2nd stimulus, the 6th stimulus produced greater 

activation in all regions that are known to be involved in pain processing 

including the thalamus, anterior cingulate cortex (ACC), primary somatosensory 

cortex (S1), secondary somatosensory cortex (S2), prefrontal cortex (PFC) and 

other cortical and subcortical regions (Staud et al., 2007).  Another study 

investigating changes in supraspinal activity over the time course of long-

duration (60 s) stimuli found that several regions increased their activity over 

time and/or were only activated towards the end of the stimulus (40-60 s) (Casey 

et al., 2001).  In this study, the regions implicated in temporal summation of pain 

included contralateral S1, bilateral S2, mid-insular cortex, regions of the thalamus 

(contralateral ventral posterior and ipsilateral medial thalamus), and regions of 

the cerebellum. 

 

1.2.  Aftersensations  

 Another temporal phenomenon of pain is the production of 

aftersensations, painful or non-painful sensations that continue after the 

termination of a noxious or innocuous stimulus.  Aftersensations occur during 

acutely sensitized states in healthy humans and in chronic pain patients 

(Noordenbos, 1959; Eide and Rabben, 1998; Staud et al., 2001; Gottrup et al., 2003; 

Staud et al., 2003b).  Painful aftersensations to repeated pinprick stimuli (von 
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Frey filaments, 2.0 Hz) occur in both neuropathic pain patients (in the affected 

region) and healthy subjects following capsaicin injection in the sensitized region 

(Gottrup et al., 2003).  The duration of aftersensations is positively related to the 

amount of temporal summation of pain indicating that these may function by 

similar mechanisms (Staud et al., 2001; Gottrup et al., 2003).  Aftersensations 

have been frequently observed in conjunction with temporal summation, and the 

repetition of noxious stimulation typically used to produce temporal summation 

can also effectively produce aftersensations (Staud et al., 2001; Staud et al., 

2003b).  WDR neurons likely contribute to aftersensations since their activity 

follows a similar time course as that previously demonstrated in monkeys (Price 

et al., 1978).  

 Although aftersensations likely occur in part by the central mechanisms 

that are responsible for wind-up, peripheral mechanisms may also support 

prolongation of responses at the primary afferent level.  Acutely sensitized states 

involve increased amounts of inflammatory agents and pro-nociceptive 

neurotransmitters in the skin (including bradykinin; prostaglandins; adenosine 

triphosphate, ATP; nerve growth factor, NGF) that can modulate or enhance the 

activity of primary afferents (Dray, 1995; Scholz and Woolf, 2002).  Conversely, 

fatigue of primary afferents (A! and C-fibers) occurs to repeated stimulation 

(LaMotte and Campbell, 1978; Greffrath et al., 2007) and may result in failure to 

correctly signal the end of a stimulus.  Further, inputs from large diameter 

myelinated primary afferents (A-fibers) are thought to initiate central inhibition 
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of noxious information transmitted by small unmyelinated C-afferents (Melzack 

and Wall, 1965).  Therefore, it has been suggested that a loss of large diameter 

primary afferent fibers could contribute to the generation of painful 

aftersensations in clinical states (Noordenbos, 1959). 

 

1.3.  Altered Temporal Summation and Aftersensations in Chronic Pain States  

 While aftersensations are most commonly documented as a symptom of 

chronic pain, altered temporal summation of pain is also observed in clinical 

states.  The mechanisms supporting wind-up are thought to be associated with 

changes that occur during central sensitization (Price et al., 1978; Woolf, 2011), 

and central sensitization is thought to play a major role in the development of 

clinical pain states (Woolf, 2010).  Multiple studies have found that temporal 

processing (both aftersensations and altered temporal summation of pain) is 

drastically altered in several types of chronic pain.  Patients with 

temporomandibular joint diseases (TMD) exhibit increased temporal summation 

of heat pain compared to healthy control subjects (Maixner et al., 1998).  Some 

patients with sympathetically maintained neuropathic pain and complex 

regional pain syndrome (CRPS) show normal temporal summation to repeated 

noxious heat stimulation but report abnormal slow temporal summation of 

burning pain upon repeated innocuous mechanical and electrical stimulation 

(Price et al., 1989; Price et al., 1992).  Thus, it has been concluded that while wind-
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up requires C-fiber input to occur in healthy states, A-beta fiber (mechanical) 

input can produce wind-up in patients (Herrero et al., 2000).  Aftersensations and 

increased temporal summation of pain have also been observed in patients with 

fibromyalgia (Staud et al., 2001; Price et al., 2002).  Supraspinally, mechanisms 

supporting abnormal temporal processing of pain in fibromyalgia include 

enhanced activity in cortical and subcortical regions involved in pain processing 

(ipsilateral and contralateral thalamus, medial thalamus, S1, bilateral S2, mid- 

and posterior insula, rostral and mid-ACC), and patients required a lower 

intensity of stimulation to produce similar activation as controls (Staud et al., 

2008)  

 

1.4.  Putative Temporal Contrast Enhancement in Healthy States   

 While temporal processing of pain has focused primarily on the 

phenomena that contribute to enhancement of pain in disease, it appears to be 

equally important to investigate possible mechanisms that may function to 

inhibit the prolongation of pain in normal healthy states.  Temporal sharpening 

mechanisms may exist in healthy states to enhance awareness of changes in 

intensity or the quality of a noxious stimulus over time.   

 In a study investigating temporal processing of pain using real-time visual 

analog scale (VAS) ratings, healthy volunteers were asked to rate their pain to 

several noxious heat stimuli (50°C, 5 s duration) with varied stimulus fall rates 
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(0.5°C/s to 5°C/s) (Yelle et al., 2008).  Regardless of the stimulus fall rate, the fall 

rates of subjects’ real-time VAS intensity ratings were highly invariable.  This 

indicates that following the initially detected decrease in noxious stimulus 

intensity (temperature), physiological mechanisms may enhance detection of 

small decreases in noxious stimulus intensity, so that subjects more rapidly 

perceive the end of the noxious stimulus.  Such temporal sharpening 

mechanisms occurring at the end of a noxious stimulus could exist innately in 

animals since they would be beneficial to survival.  By enhancing the perception 

that a noxious stimulus has been eliminated or escaped, attention can be more 

easily diverted from the noxious stimulus in order to facilitate escape from 

immediate danger. 

 

1.5.  Offset Analgesia 

 Offset analgesia is a phenomenon of pain inhibition characterized by a 

disproportionately large decrease in pain ratings in response to a small 

incremental decrease in thermal pain intensity (Grill and Coghill, 2002).  Offset 

analgesia was initially investigated using timed VAS intensity ratings (every 5 

seconds) to a train of three stimuli that followed the pattern of an initial 

temperature (T1: 47-49°C, 5 s) increased by at least 1°C to a second temperature 

(T2: 48-50°C, 5 s) which was then decreased back to the initial temperature (T3: 

47-49°C, 20 s).  It was consistently observed, among healthy individuals and 
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using several temperature combinations, that the reported decrease in pain 

intensity following the temperature change from T2 to T3 was significantly 

greater than the reported increase in pain intensity from the step-up from T1 to 

T2.  Thus, it was proposed that contrast enhancement mechanisms occur 

specifically when noxious stimulus intensity is decreased by at least 1°C, that do 

not occur to increases in noxious stimulus intensity. 

 Since fall rates of pain ratings (VAS intensity) remain highly consistent 

across a wide range of stimulus fall rates (see above)(Yelle et al., 2008), similar 

mechanisms of temporal sharpening that function to enhance the perception of 

the end of a noxious stimulus may also support offset analgesia.  It was further 

reasoned that if offset analgesia may be subserved by such temporal sharpening 

mechanisms, it could potentially be used as a tool to clarify how nociceptive 

information is temporally processed in humans.   

 Several psychophysical and functional imaging studies have aimed to 

describe the mechanisms that subserve offset analgesia (Derbyshire and Osborn, 

2008; Yelle et al., 2008; Derbyshire and Osborn, 2009; Yelle et al., 2009; Niesters et 

al., 2011).  Previous studies of offset analgesia indicate that it may be, in part, 

subserved by supraspinal mechanisms of descending control of pain.  Regions of 

the periaqueductal gray (PAG), thalamus, and other cortical areas known to be 

involved in pain processing have been shown to be activated during offset 

analgesia (Derbyshire and Osborn, 2009; Yelle et al., 2009).  These studies 
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together provided initial evidence of a centrally-mediated component of 

temporal sharpening mechanisms. 

 

2.  Potential Involvement of Endogenous Opioids in Temporal Processing 

 Opioids have long been known to inhibit pain, and endogenous opioids 

produce analgesia through natural physiological mechanisms.  Opioid receptors 

are distributed throughout the nervous system to the extent that systemically 

administered exogenous opioids can alter nociceptive processing at peripheral, 

spinal and supraspinal levels (Yaksh, 1997).  

 

2.1.  Peripheral Opioid Distribution & Mechanisms  

 Opioid receptors are located in the peripheral nervous system, and 

evidence has been shown for !-opioid receptor activity on afferent nerve fiber 

endings (Levine and Taiwo, 1989).  Intradermal injection can activate these 

receptors and produce local analgesia (Stein et al., 1989).  Peripheral actions of 

systemically administered opioids indicate that endogenous opioid mechanisms 

may produce analgesia even by inhibition (Yaksh, 1997).  Thus, release of 

endogenous opioids could play a role in the enhancement of temporal processing 

of pain via peripheral mechanisms.  
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2.2.  Spinal Opioid Distribution & Mechanisms 

 Opioid receptors are distributed throughout the spinal cord and play a 

large role in the inhibitory networks within the dorsal horn (Atweh and Kuhar, 

1977; Yaksh, 1997).  In the spinal cord, opioid neurons may directly inhibit spinal 

projection neurons postsynaptically (Basbaum and Fields, 1984).  Opioid 

receptors are also found on the central terminals of primary afferents and may 

inhibit their signaling presynaptically (Lamotte et al., 1976) (Fields et al., 1980).  It 

has also been suggested that opioids may act on interneurons (Gama-Amino-

Butyric acid, GABAergic) within the substantia gelatinosa (Basbaum and Fields, 

1984).  Thus, systemic administration of an opioid agonist or antagonist would be 

expected to alter spinal inhibitory processes that may normally support offset 

analgesia. 

 

2.3.  Supraspinal Opioid Distribution & Mechanisms  

 Regions of high opioid receptor concentration in the brain include the 

thalamus, basal ganglia (caudate and putamen), amygdala, ACC, temporal 

cortex (insula) and prefrontal cortex (Mansour et al., 1987; Jones et al., 1991b; 

Baumgartner et al., 2006).  Supraspinal descending control, especially via the 

brainstem PAG and rostral-ventral medulla (RVM), has been most classically 

associated with opioidergic mechanisms ever since the observation that injection 

of morphine into PAG produces analgesia that is reversible by opioid antagonist 
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administration systemically or to supraspinal (intraventricular) sites (Albus et al., 

1970; Yaksh and Rudy, 1978; Behbehani, 1995).  Pain relief can also be produced 

from stimulation or injection of opioids in numerous cortical and diencephalic 

sites (Cohen and Melzack, 1985; Karavelis et al., 1996; Duncan et al., 1998).  

Additional studies have continually supported earlier findings that opioids are 

involved in descending mechanisms of endogenous analgesia (Lewis and 

Gebhart, 1977) (Behbehani and Fields, 1979) (Basbaum and Fields, 1978, 1984).  

 Supraspinal activation related to the time course of offset analgesia has 

been observed in the PAG, thalamus and additional cortical regions (Derbyshire 

and Osborn, 2009; Yelle et al., 2009).  Since opioid receptors are widely 

distributed throughout the midbrain, diencephalic and cortical regions, these 

findings support the hypothesis that supraspinal opioidergic mechanisms may 

contribute to temporal processing of nociceptive information. 

 

3.  Pain Control Mechanisms, Connections & Function of the PAG 

 Several regions of the midbrain are highly implicated in the processes of 

descending control of pain.  In the seminal study of the role of the PAG in pain, 

Reynolds et al. (1969) showed that stimulation of the PAG allowed for 

laparoscopy on rats without administration of chemical anesthetics (Reynolds, 

1969).  This study was repeated by Mayer et al. (Mayer et al., 1971).  The 

inhibitory influence of stimulation produced analgesia (SPA) is exerted on 
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neurons in the dorsal horn of the spinal cord primarily via the dorsolateral 

funiculus (DLF) (Basbaum and Fields, 1979).  Most of the descending projections 

from the PAG excite (neurotensin) the RVM (neurons in the nucleus raphe 

magnus and surrounding reticular nuclei), which in turn sends direct efferent 

projections (serotonergic, noradrenergic) into the dorsal horn of the spinal cord 

(Fields et al., 1991; Behbehani, 1995).  Additionally, the circuitry within the PAG 

involves GABAergic interneurons that exert a tonic inhibitory effect on the 

descending projection neurons (Ho et al., 1976; Moreau and Fields, 1986; 

Behbehani et al., 1990).  This tonic inhibitory activity is blocked by stimulation of 

PAG or injection of opioid agonists into the PAG, thus allowing for excitatory 

signals to be sent to the RVM.  Within the RVM exist on-cells, thought to exert a 

tonic facilitatory influence on dorsal horn neurons, and off-cells, thought to exert 

a tonic inhibitory influence on dorsal horn neurons (Fields et al., 1983; Fields et 

al., 1988).  Therefore the projections of the PAG to the RVM excite off-cells within 

the RVM (Barbaro et al., 1986) which, in turn, inhibit the activity of nociceptive 

neurons in the spinal cord.  This ultimately produces a spinal-supraspinal-spinal 

feedback loop with ascending nociceptive signals regulating endogenous 

analgesic mechanisms within the midbrain structures that in turn inhibit pain at 

the spinal cord level (Swett et al., 1985).   
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3.1.  Potential Role of the PAG in Temporal Processing of Nociceptive Information 

 The PAG could be involved in the temporal sharpening of pain.  It both 

sends information to and receives afferent input from all regions of the spinal 

cord (Mantyh and Peschanski, 1982; Liu, 1986).  Further, it receives afferent input 

from the hypothalamus, prefrontal cortex, insular cortex, amygdala, and 

numerous brainstem nuclei (including nucleus cuneiformis, pontine reticular 

formation and locus coeruleus) (Beitz, 1982; Basbaum and Fields, 1984; 

Behbehani, 1995).  Efferent projections extend to the thalamus and multiple 

cortical regions including the prefrontal cortex (Mantyh, 1983; Sillery et al., 2005; 

Hadjipavlou et al., 2006).   

 The PAG is activated during offset analgesia, indicating that it may play a 

central role in the initiation of descending inhibition that would allow for 

temporal sharpening at the end of a noxious stimulus (Derbyshire and Osborn, 

2009; Yelle et al., 2009).  Due to its known influences on pain and being an 

integral part of a spinal - supraspinal loop (Willis and Westlund, 1997), the PAG 

is well positioned to contribute to mechanisms subserving temporal processing 

of pain. 

 

4.  Pain Control Mechanisms, Connections & Function of the Thalamus 

 The thalamus is typically thought of as the “gateway” through which 

stimuli must pass to reach the cortex, however, rather than just passing through, 
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it is actually a key location where afferent information is shaped before it is 

transmitted to sensory cortical regions (Sherman, 2007).  Nociceptive information 

from A!- and C-primary afferent fibers converges onto secondary neurons in the 

spinal cord dorsal horn (nociceptive specific, NS, and wide dynamic range 

WDR).  These neurons (especially WDR) relay the nociceptive information from 

the body primarily via the spinothalamic pathways to the ventral posterior 

lateral nucleus (VPL) (Kenshalo et al., 1980), and ventral posterior medial (VPM) 

nucleus for trigeminothalamic information from the face, and also to regions of 

the ventromedial, parafascicular, centrolateral and posterior nuclei of the 

thalamus (Boivie, 1979; Treede et al., 1999).  These inputs are then relayed to 

regions of cortex involved in higher order processing of nociceptive information 

including the ACC, SI, SII, insula and prefrontal cortex (Jones et al., 1991a; Casey 

et al., 1994; Coghill et al., 1994; Coghill et al., 1999).  In studies of supraspinal 

mechanisms of pain, the thalamus is consistently activated among individuals 

during the administration of noxious stimuli, and the degree of activation within 

the thalamus increases as a function of stimulus intensity (Coghill et al., 1999).  

Interestingly, in comparison to other brain regions that demonstrate levels of 

activation matched to individual sensitivity across subjects, levels of activation 

within the thalamus are not correlated with individual differences in sensitivity 

(Coghill et al., 2003).  This further suggests that the thalamus is playing a role 

distinct from simply relaying information to cortex.  
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4.1.  Potential Role of the Thalamus in Temporal Processing of Nociceptive Information 

 Since the thalamus shapes afferent information that is sent to and received 

back from cortical regions, it therefore may assist in mechanisms to temporally 

sharpen nociceptive information.  The reticular nucleus surrounds the thalamus 

and contains GABAergic neurons that allow for inhibitory control of both 

thalamocortical and corticothalamic neurons as they pass through and send 

collaterals to and receive inputs from the reticular nucleus (Cox et al., 1997; 

Herrero et al., 2002).  The organization of the thalamic reticular nucleus is 

specifically arranged to modulate somatosensory information before it reaches 

the cortex, as well as modulate corticothalamic signals (Lam and Sherman, 2011).  

Additionally, neurons within the lateral thalamus show patterns of activation 

that include alternating tonic firing (during awake states) and bursting modes 

(during sleep states), which play a role in gating information and controlling 

how sensory information is relayed to cortical regions (Tsoukatos et al., 1997; 

Jones, 2002).  Specifically, the thalamus may also be involved in the mechanisms 

supporting temporal processing of nociceptive information since increased 

activation of the thalamus correlated to offset analgesia has been observed 

previously (Yelle et al., 2009).  
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5.  Investigations of the Mechanisms Subserving Offset Analgesia 

 In order to more clearly delineate the mechanisms of temporal 

sharpening, the following studies were conducted.  First, offset analgesia was 

assessed under conditions of acute central sensitization in healthy volunteers 

(induced by capsaicin-heat sensitization).  The second study was conducted to 

determine whether temporal processing of nociceptive information and offset 

analgesia are subserved by opioid-dependent mechanisms.  In the final study, 

combined psychophysical testing of offset analgesia and functional imaging were 

used in an attempt to correlate altered temporal processing of pain to abnormal 

supraspinal activity in chronic pain patients. 

 

5.1.  Evidence Supporting Potential Interaction of Capsaicin-Heat Sensitization and 

Offset Analgesia  

 In the first study, processing of nociceptive information by the central 

nervous system was altered using capsaicin-heat sensitization, an established 

model of central sensitization in humans (Petersen and Rowbotham, 1999).  In 

this model, application of noxious heat for 5 minutes to a region of skin is 

followed by application of cream containing capsaicin (TRPV1, transient receptor 

potential cation channel subfamily V member 1, receptor agonist) for 30 minutes.  

This produces a region of altered sensitivity surrounding the directly treated 

region of skin (secondary region).  The hyperalgesia / allodynia that occurs 
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within the secondary region is indicative of central sensitization since this region 

does not receive any direct sensitizing stimulation.   

 Evidence for central sensitization by capsaicin has been described in 

numerous studies (Simone et al., 1987; LaMotte et al., 1992; Torebjork et al., 1992; 

Petersen and Rowbotham, 1999; Dirks et al., 2003).  Peripheral effects of 

sensitization by application of capsaicin include increased sensitivity of the 

primary afferent nerve-endings and neurogenic inflammation due to increases in 

proinflammatory neuropeptides (primarily studied Substance P and calcitonin 

gene related peptide, CGRP)(Holzer, 1991; Szallasi and Blumberg, 1999).  Central 

effects of sensitization by capsaicin occur in the spinal cord and include changes 

in NMDA-dependent activity (Park et al., 1995; Andersen et al., 1996), decreased 

local GABAergic / glycinergic inhibitory control in the dorsal horn (Lin et al., 

1996), and increased protein kinase C (PKC) activity (Sluka et al., 1997) (for 

review: (Willis, 2001).  Additionally, the production of the secondary region of 

hyperalgesia involves WDR neurons in the dorsal horn (Simone et al., 1991).  

Supraspinally, acute central sensitization was initially demonstrated as increased 

activation of the thalamus and regions of the frontal and parietal cortex during 

capsaicin-induced heat allodynia (Lorenz et al., 2002).  In a more recent 

functional imaging study, increased activity was observed in cortical regions 

involved in pain processing (primary somatosensory cortex / superior temporal 

gyrus, dorsolateral prefrontal cortex and amygdala) when perceptually-matched 

heat stimuli were applied to capsaicin-sensitized skin compared to normal skin 
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(Moulton et al., 2007).  Additionally, in this study the thalamus showed increased 

activity in capsaicin-treated skin during brush stimulation, but showed 

decreased activity during thermal stimulation of capsaicin-treated skin compared 

to control skin.    

 The effects of capsaicin sensitization are decreased by gabapentin (Dirks et 

al., 2002), morphine (Kinnman et al., 1997; Frymoyer et al., 2007) and remifentanil 

administration (Petersen et al., 2001), ketamine (Park et al., 1995), 

electroacupuncture (endogenous opioids) (Kim et al., 2009), and lidocaine 

infusion (Wallace et al., 1997).  Additionally, effects of capsaicin are reduced by 

diffuse noxious inhibitory control (DNIC), a phenomenon of endogenous pain 

inhibition produced by application of intense noxious stimuli to a heterotopic 

region of the body (Witting et al., 1998).  Capsaicin sensitization is enhanced by 

administration of naloxone (Anderson et al., 2002), cool stimulation (increased 

region of punctate hyperalgesia) (Pud et al., 2006), opioid-induced hyperalgesia 

(OIH) (Hood et al., 2003), and noradrenaline (increased duration of heat 

hyperalgesia) (Drummond, 1995).  Gender differences may also play a role in 

capsaicin sensitization since women exhibit larger areas of secondary 

hyperalgesia than men (Jensen and Petersen, 2006).  Conversely, capsaicin 

sensitization is not affected by systemic (intravenous, IV) adenosine 

administration (Dirks et al., 2001), or by the presence of sympathetically 

maintained pain in CRPS compared to patients without sympathetically 

maintained pain (Wasner et al., 2000). 
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 Since acute central sensitization affects an extensive range of central 

nervous system function, it was expected that mechanisms supporting offset 

analgesia would overlap with the physiological processes altered during acute 

central sensitization.  Additionally, pretreatment with topically applied capsaicin 

impairs spatial discrimination ability in humans when tested on a two-point 

discrimination task (Kauppila et al., 1998), possibly due to a loss of inhibition 

leading to enlargement of receptive fields.  Thus, it follows that temporal 

discrimination might also be altered by a loss of inhibition after induction of 

capsaicin sensitization.  It was therefore hypothesized that offset analgesia would 

be disrupted in the region of secondary hyperalgesia following capsaicin-heat 

sensitization.  To test this hypothesis, offset analgesia was assessed in healthy 

volunteers on days of capsaicin-heat sensitization and sham (innocuous heat, 

40°C, and placebo cream) sensitization. 

 

5.2.  Investigation of Opioid Involvement in Offset Analgesia 

 Since offset analgesia is primarily an analgesic phenomenon, opioids are a 

logical neurotransmitter that may be endogenously involved in offset analgesia.  

The precise location(s) of nociceptive processing mechanisms that contribute to 

offset analgesia are unknown.   Systemic administration of opioids affects 

peripheral, spinal and supraspinal sites (Yaksh, 1997) and thus produces 

widespread alterations in pain processing.  Therefore it was hypothesized that 
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systemic (intravenous) administration of opioids / opioid-antagonists would 

alter offset analgesia. 

 

5.2.1.  Administration of an Opioid Antagonist 

 The most straightforward way of testing for opioid involvement in 

analgesic pain phenomena is to administer an opioid antagonist.  Administration 

of an opioid antagonist has been used in numerous studies to investigate opioid-

dependence in a range of phenomena including stimulation-produced analgesia 

(SPA) (Nichols et al., 1989) (Adams, 1976), descending inhibitory effects on the 

spinal cord (Budai and Fields, 1998), and placebo effects on pain (Levine et al., 

1978).  Opioid antagonists have also been administered to clarify the mechanisms 

supporting endogenous pain inhibitory phenomena (DNIC) (Willer et al., 1990).  

In order to directly test for opioid involvement in the mechanisms of offset 

analgesia, the opioid antagonist, naloxone, was administered to healthy 

volunteers and offset analgesia was subsequently assessed. 

 

5.2.2.  Administration of an Opioid Agonist 

 Administration of an opioid agonist is an additional method to assess 

opioid involvement in pain phenomena.  DNIC is blocked by administration of 

morphine (Le Bars et al., 1992).  Although the abolishment of endogenous 
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analgesia by opioid administration is counterintuitive, the presence of exogenous 

opioids is thought to outcompete / saturate opioid receptors and thus effectively 

block endogenous opioid effects.  It was therefore hypothesized that offset 

analgesia would be disrupted during opioid infusion of remifentanil. 

 

5.2.3.  Opioid-Induced Hyperalgesia 

 Endogenous opioid activity is also altered during states of opioid 

withdrawal.  Hyperalgesia occurs in rats when naloxone is administered 

following an analgesic dose of morphine (Kaplan and Fields, 1991).  Since 

inducing withdrawal is not an option for investigation of pain mechanisms in 

humans due to ethical concerns, opioid-induced hyperalgesia (OIH) offers an 

alternative state of altered nociceptive processing (Koppert et al., 2003).  OIH is a 

pro-nociceptive side-effect produced by prolonged opioid administrations (Mao 

et al., 1994; Mao, 2002).  While opioid tolerance is defined as increased opioid 

requirement in order to achieve maintained analgesia, OIH is distinct from 

opioid tolerance and is defined as a shift in the baseline sensitivity of the patient 

(increased pain) following continuous infusion of an opioid.  OIH also reflects a 

separate set of mechanisms which cause the opioid administration to become 

partially pro-nociceptive (Celerier et al., 2000).  Thus, for patients that show signs 

indicative of OIH, increased doses of opioids are not recommended; rather, 
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switching to a non-opioid analgesic or alternative opioid is suggested (Martin, 

2011).  

 While the validity and causation of OIH are still being explored (Angst 

and Clark, 2006), the mechanisms supporting OIH appear to be varied and are 

thought to include NMDA receptor up-regulation (Celerier et al., 2000), 

increased descending facilitation (Kaplan and Fields, 1991; Vanderah et al., 2001), 

spinal dynorphin activation (Gardell et al., 2002) (Vanderah et al., 2000), and up-

regulation of spinal neurotransmitters, glia and cytokines (Raghavendra et al., 

2002).  Thus, it was hypothesized that offset analgesia may be disrupted during 

the period of OIH, following the period of opioid analgesia. 

 

5.3.  Potentially Altered Offset Analgesia in Chronic Pain States 

5.3.1.  Complex Regional Pain Syndrome:  A Clinical State of Temporally Altered Pain 

 Complex regional pain syndrome (CRPS) is a form of chronic pain 

characterized as spontaneous, severe, burning pain, that is disproportionate to 

the initial injury or possible cause (Stanton-Hicks et al., 1995).  It typically affects 

the extremities and may occur following surgery, sprains or any other forms of 

injury, and also may occur in cases without obvious trauma or known origin.  

Allodynia is frequently present in these patients; exhibited as severe pain and / 

or increased sensitivity to temperature changes, mechanical stimulation 

including gentle touch or pressure, and some patients report that even the air or 
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a slight breeze produces intolerable pain (Price et al., 1992; Rommel et al., 2001).  

In addition, trophic and somatic sensory changes often occur, including changes 

in skin color and thickness, abnormal nail and hair growth, and differences in 

temperature and sweating patterns in the affected regions.  CRPS was defined by 

the International Association of the Study of Pain in 1994 (Merskey and Bogduk, 

1994), and it was classified into two main forms:  CRPS 1, previously reflex 

sympathetic dystrophy (RSD), characterized as pain without an identified nerve 

lesion; and CRPS 2, previously causalgia, which requires the identification of a 

nerve lesion in the affected region.  More recently, a workshop was held in 

Budapest, Hungary where a number of CRPS clinician experts collaborated on an 

updated diagnosis checklist, the Budapest Diagnostic Criteria for CRPS (Harden 

et al., 2007), which was later validated in another study (Harden et al., 2010).   

 As with many classes of chronic pain, the best treatment for the individual 

patient is found by “trial-and-error” to find a medication or combination of 

medications (e.g. opioid, antidepressant, antiepileptic, muscle relaxant) that 

significantly reduces the patient’s pain.  This is then followed by invasive 

treatment options including nerve blocks (injections of anesthetics and steroids), 

trials for spinal cord stimulators, implantation of drug pumps, spinal fusions, etc.  

Thus, ways to improve selection of treatment options for individual cases of 

CRPS, and the identification of predictors for the success of treatment outcomes 

based on individual patient signs / symptoms would be highly beneficial to 

patient care.  
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 Alterations in temporal processing of pain, including altered temporal 

summation and aftersensations, have been observed in CRPS patients and 

patients with other forms of neuropathic pain (Lindblom, 1985; Gracely et al., 

1992; Price et al., 1992; Jensen et al., 2001; Gottrup et al., 2003).  These findings 

suggest that offset analgesia may also be disrupted in a subset of these patients, 

which would indicate alterations in specific aspects of mechanisms supporting 

temporal processing of pain.   

 

5.3.2.  Potential Relationship Between Alterations in Temporal Processing of Pain and 

Altered Activity within the Periaqueductal Gray and Surrounding Regions  

 Alterations in descending control are thought to occur in chronic pain 

states (Lautenbacher and Rollman, 1997; Ren and Dubner, 2002) and have been 

documented specifically in CRPS (Seifert et al., 2009).  DNIC is altered in 

fibromyalgia (Kosek and Hansson, 1997; Staud et al., 2003a; Julien et al., 2005) 

and has also been shown to be a useful predictor of post-operative pain 

(Yarnitsky et al., 2008). Thus, it is reasonable that altered activity within the PAG 

and neighboring brain regions implicated in descending control of pain may be 

exhibited during chronic pain states.  Further, alterations in temporal processing 

of pain that occur in chronic pain may be correlated with disrupted temporal 

sharpening mechanisms in supraspinal regions including the PAG.  It was 

therefore hypothesized that functional imaging in CRPS patients with 
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diminished offset analgesia would also exhibit different levels of supraspinal 

activity compared to the experience of offset analgesia in healthy controls.  

 

5.3.3.  Altered Thalamic Structure and Function in Chronic Pain and its Possible 

Relationship to Alterations in Temporal Processing of Nociceptive Information in 

Clinical States 

 The thalamus has long been thought to be crucially involved in pain since 

lesions of the thalamus produce central pain syndromes (Head and Holmes, 

1911; Leijon et al., 1989; Kim et al., 2007).  Additionally, stimulation of the 

thalamus can modulate sensory and nociceptive information (Turnbull et al., 

1980; Gerhart et al., 1981; Dickenson, 1983; Duncan et al., 1998).  Several studies 

have therefore hypothesized involvement of the thalamus in the maintenance of 

chronic pain and show a variety of abnormalities in thalamic activity during 

chronic pain.  Iadarola et al. investigated regional cerebral blood flow (rCBF) of 

the thalamus using positron emission tomography (PET) in a group of four 

patients with CRPS and one post-herpetic neuralgia patient (Iadarola et al., 1995).  

In this study, it was observed that the hemithalamus contralateral to each 

patient’s affected region had decreased blood flow compared to the ipsilateral 

side indicating altered thalamic function within the thalamus during chronic 

pain.  However, since in this study the PET data were not fully quantified but 

were relative measures, it was unclear whether the findings represented a 
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decreased activity of the contralateral hemi-thalamus or possibly an increase 

within the hemi-thalamus ipsilateral to the affected region.  Several mechanisms 

of the apparent asymmetry of thalamic activity were suggested including 

possible degenerative processes (although the structural integrity of the 

thalamus did not appear to be affected), decoupling of blood flow and neural 

activity / metabolism within the thalamus, that the contralateral thalamus may 

be relaying information to the cortex more efficiently due to learning processes, 

or increased inhibition of the contralateral thalamus in an attempt to compensate 

for excessive nociceptive information. 

 Additional articles have been published on the topic of asymmetric 

thalamic blood flow in chronic pain.  Patients with CRPS had various states of 

altered rCBF of the thalamus contralateral to their affected region, which was 

dependent on their duration of chronic pain (Fukumoto et al., 1999).  The study 

found that patients with 3-7 months duration of CRPS had increased rCBF in the 

contralateral thalamus, patients with 10-13 months duration CRPS did not show 

significant differences compared to controls, and patients with longer term CRPS 

(24-36 months) had decreased rCBF in the contralateral thalamus.  In a case 

report of a patient with post stroke pain due to right thalamic hemorrhage and 

resulting pain in the left upper extremity, successful motor cortex stimulation 

was shown to increase rCBF within the left thalamus (Saitoh et al., 2004).  

Similarly, decreased regional CBF in the posterior thalamus (possibly pulvinar) 

contralateral to the affected region has been documented in patients with painful 
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mononeuropathy (Hsieh et al., 1995).  Patients with chronic pain due to cancer 

were also shown to have decreased rCBF in their dorsal anterior quadrant of the 

hemithalamus contralateral to their pain (Di Piero et al., 1991).  In these patients 

the differences in rCBF were reversed following cordotomy of their cervical 

spinal cord indicating that the observed asymmetry is due to functional rather 

than structural alterations.  Also, decreased GABAergic activity in the thalamus 

has been observed in anatomical studies of monkeys with central and peripheral 

nerve lesions (Ralston, 2005).  This parallels the observation of decreased 

thalamic blood flow in pain patients, and is consistent with the idea that a lack of 

modulatory control by the thalamus promotes the persistence of chronic pain.  

Additionally, decreased N-acetylaspartate concentrations, measured with single-

voxel proton magnetic resonance spectroscopy, have been found in neuropathic 

pain patients directly indicating that neural activity is reduced within the 

thalamus contralateral to the affected region (Fukui et al., 2006). 

 Alterations in structure have also been observed within the thalamus of 

patients with chronic low back pain (Apkarian et al., 2004) which was greater in 

patients with neuropathic pain and correlated with the duration of symptoms.  

Structural changes have also been observed in TMD and CRPS patients (May, 

2008; Younger et al., 2010).   

 The involvement of the thalamus in shaping afferent information suggests 

that it may also be involved in temporal processing of nociceptive information.  

Since alterations in temporal processing and alterations in thalamic function 
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occur in chronic pain states, it was hypothesized that the alteration in thalamic 

activity may be compensated with alterations in offset analgesia in CRPS 

patients.  Thus, offset analgesia was assessed in patients with CRPS, and 

thalamic rCBF was measured in the same patients to determine whether these 

symptoms may be related. 

 

6.  Summary 

 In an attempt to contribute to the knowledge of how nociceptive 

information is temporally processed within the peripheral and central nervous 

system, the following hypotheses were formed from the aforementioned 

background information.  1) During acute central-sensitization induced by 

capsaicin-heat sensitization, offset analgesia would be reduced or disrupted and 

an exaggeration of aftersensations would be observed, indicating that 

mechanisms of temporal contrast overlap with and have been altered during 

acutely induced central sensitization.  2) Offset analgesia and temporal aspects of 

real-time subjective ratings to dynamic noxious heat stimuli would be disrupted 

during states of altered opioid activity (following administration of an opioid 

antagonist, during continuous infusion of an opioid agonist, and following the 

termination of opioid administration during OIH) suggesting that opioids play a 

major role in the temporal processing of noxious information.  3) Alterations in 

the magnitude and duration of offset analgesia and responses to dynamic 
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noxious heat stimuli would be found among patients with CRPS, indicating that 

temporal sharpening mechanisms are disrupted during chronic pain states, may 

be associated with altered activity within the PAG and other regions of the 

midbrain, and may be correlated with alterations in thalamic rCBF.   
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Abstract  

 Pain perception is temporally altered during states of chronic pain and 

acute central sensitization, however, the mechanisms contributing to temporal 

processing of nociceptive information remain poorly understood.  Offset 

analgesia is a phenomenon that reflects the presence of temporal contrast 

mechanisms for nociceptive information and can provide an end point to study 

temporal aspects of pain processing.   In order to investigate whether offset 

analgesia is disrupted during sensitized states, 23 healthy volunteers provided 

real-time continuous visual analog scale (VAS) responses to noxious heat stimuli 

that evoke offset analgesia.  Responses to these stimuli were evaluated during 

capsaicin-heat sensitization (45°C stimulus, capsaicin cream 0.1%) and heat-only 

sensitization (40°C stimulus, placebo cream).  Capsaicin-heat sensitization 

produced significantly larger regions of secondary mechanical allodynia 

compared to heat-only sensitization.  Although areas of mechanical allodynia 

were positively related to individual differences in heat pain sensitivity, this 

relationship was altered at later time points after capsaicin-heat sensitization.  

Heat hyperalgesia was observed in the secondary region following both 

capsaicin-heat and heat-only sensitization.  Increased latencies to maximal offset 

analgesia and prolonged aftersensations were observed only in the primary 

regions directly treated by capsaicin-heat or heat alone.  However, contrary to 

the hypothesis that offset analgesia would be reduced following capsaicin-heat 

sensitization, the magnitude of offset analgesia remained remarkably intact after 
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both capsaicin-heat and heat-only sensitization in zones of both primary and 

secondary mechanical allodynia.  These data indicate that offset analgesia is a 

robust phenomenon and engages mechanisms which interact minimally with 

those supporting acute central sensitization. 

 

1.  Introduction 

Chronic neuropathic pain involves symptoms of both mechanical 

allodynia and thermal hyperalgesia (Price et al., 1992; Woolf and Mannion, 1999; 

Jensen et al., 2001).  Moreover, pain perception is temporally altered in 

neuropathic pain (Price et al., 1992; Eide et al., 1996; Staud et al., 2001; Gottrup et 

al., 2003; Staud et al., 2007).  Patients often report sensations of pain that long 

outlast the duration of applied mechanical or thermal stimuli (Noordenbos, 1959; 

Lindblom, 1985; Gottrup et al., 2003) and exhibit altered temporal summation of 

pain (Staud et al., 2001; Gottrup et al., 2003).  

Although altered temporal summation of pain and aftersensations have 

been documented in pathological conditions and during acute central 

sensitization, temporal aspects of pain processing remain poorly characterized.  

Offset analgesia may provide a set of novel end points to assess 

pathophysiological temporal changes since it has been proposed to function as a 

temporal sharpening mechanism (Grill and Coghill, 2002; Yelle et al., 2008).  This 

phenomenon occurs during dynamic noxious stimuli when a small incremental 
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decrease in noxious stimulus intensity evokes a disproportionately large 

decrease in perceived pain ratings.  The mechanisms supporting offset analgesia 

remain incompletely understood.  Functional imaging studies indicate that offset 

analgesia activates the periaqueductal gray and other brain regions involved in 

the descending control of pain (Derbyshire and Osborn, 2009; Yelle et al., 2009).  

However, offset analgesia may be initiated by dynamic responses of primary 

afferents and could also involve spinal inhibitory processes that function to 

enhance the perception of decreased temperature. 

Temporal alterations in pain are observed also in experimentally induced 

states of central sensitization involving application of capsaicin (Torebjork et al., 

1992; Gottrup et al., 2003).  The mechanisms of central sensitization are complex 

and include neurotransmitter induced increases in excitability of second order 

neurons, enlargement of spinal receptive fields, enhanced connectivity between 

peripheral nociceptors and central neurons, and depression of spinal inhibition 

(Treede et al., 1992; Woolf and Salter, 2000).  Central sensitization by capsaicin is 

diminished by administration of ketamine indicating involvement of N-methyl 

D-aspartate receptor (NMDA) mechanisms (Park et al., 1995).  Additionally, 

capsaicin sensitization produces enhanced activation of brain regions involved in 

pain processing indicating a supraspinal component of central sensitization 

(Iadarola et al., 1998; Maihofner et al., 2004; Maihofner and Handwerker, 2005; 

Zambreanu et al., 2005; Moulton et al., 2007). 
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To test the hypothesis that offset analgesia would be disrupted during a 

state of experimentally induced central sensitization, continuous visual analog 

scale (VAS) responses from healthy volunteers were analyzed after inducing 

capsaicin-heat sensitization on the forearm.  This is a well established model of 

experimental sensitization that involves the application of capsaicin cream and 

noxious heat stimuli to a small area of skin (Petersen and Rowbotham, 1999).  

Following capsaicin-heat sensitization, the production of mechanical 

hyperalgesia outside of the directly treated region is indicative of central 

sensitization (Woolf, 1983; Latremoliere and Woolf, 2009).  Heat-only 

sensitization was also induced by application of a 40°C stimulus (5 minutes) and 

placebo cream during a separate session.  Offset analgesia was induced by 

administration of a dynamic heat stimulus in which stimulus temperature 

decreased from 50°C to 49°C (see Fig. 1) and was assessed both before and after 

induction of sensitization.  
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Figure 1.  Noxious Thermal Stimuli Paradigm End Points.  A. Constant temperature 
stimulus (49°C, 40 s) end points: Peak VAS - the maximum VAS rating, and VAS End 
Latency - time from the end of the stimulus to the end of the VAS rating.  B. Dynamic 
three-temperature stimulus (T1: 49°C [4-7 s], T2: 50°C [4-6 s], T3: 49°C [30 s]) end points: 
MaxT2 - the maximum VAS rating during the T2 time window of the 49-50-49°C 
stimulus, Min Offset - the minimum VAS rating following the T2-T3 decrease, Min Offset 
Latency - time from the T2-T3 shift to Min Offset, VAS End Latency 49-50-49°C - time from 
the end of the T3 stimulus to the end of the VAS rating.  C. Control stimulus (T1: 49°C 
[6-8 s], T2: 50°C [5-9 s], T3: 35°C [30 s]) end points: MaxT2-35 - same as for 49-50-49°C 
stimulus, and Min 35 Latency - time from the end of the T2 stimulus to the end of the 
VAS rating.  Since T1 and T2 durations were varied, 49-50-49°C and 49-50-35°C stimuli 
are temporally aligned to the start of the T2-T3 temperature decrease. VAS, Visual 
Analog Scale. 
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2.  Methods 

2.1.  Subjects   

The Institutional Review Board (IRB) at Wake Forest University School of 

Medicine approved all procedures used in this experiment.  Written informed 

consent was obtained from all subjects, and all participants were free to 

withdraw from the study or painful stimulation at any time.  All 25 subjects 

recruited for the study were healthy volunteers with no history of chronic pain 

or any neurological disorder.  Two female subjects withdrew from the study 

because they could not tolerate the heat stimuli.  Data from 23 healthy, pain-free 

subjects (14 females, 9 males, 26.3 ± 0.7 years, Mean ± SEM) were analyzed and 

are reported.  The racial distribution consisted of 16 white, 2 black, 2 Asian, and 3 

Hispanic.  Subjects were asked to refrain from taking analgesics within 48 hours 

of the study sessions.  

 

2.2.  Capsaicin-Heat Sensitization  

Each subject participated in two study sessions separated by a minimum 

of two days.  One of the sessions served as the experimental session, when 

capsaicin cream was applied (capsaicin-heat sensitization), and the other day 

served as the blinded control using a placebo cream (heat-only sensitization).  

The order of the sessions was randomized across subjects.  On the first day of the 

study, subjects were first introduced to the thermal stimuli with a training 
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session of 32 heat stimuli (5 s duration, 35-49°C).  Pre-sensitization testing was 

then administered with blocks of noxious heat stimuli (see below).  Next 

capsaicin-heat sensitization was induced on a 30 x 30 mm2 area, designated as 

the primary region, in the center of the forearm using the methods adapted from 

Petersen and Rowbotham, 1999 (Petersen and Rowbotham, 1999).  A 45°C 

stimulus was applied for 5 minutes to preheat the skin (using a 30 x 30 mm2 

probe, Medoc TSA II) and the region of pre-heating was outlined using a 

washable felt tip marker.  Then capsaicin cream (Capsaicin 0.1%, CAPZASIN-

HP, Chattem, Inc., USA) was applied to the same region, taking care to stay 

within the marked borders, and a transparent dressing (Tegaderm, Nexcare First 

Aid, 3M Consumer Health Care, USA) was carefully placed over the cream 

ensuring that none of the cream spread outside of the region.  After 30 minutes, 

the capsaicin cream was removed and post-sensitization testing was 

administered using the same thermal stimulus paradigms (see below).  A 40°C 

stimulus (5 minutes) was applied to the primary region 40 minutes after removal 

of the cream to ‘rekindle’ the sensitization and allow for additional blocks of 

sensory testing.  The procedures for heat-only sensitization were identical to 

capsaicin-heat sensitization except for the use of a placebo cream (fragrance-free 

body moisturizer, Neutrogena Corp., USA) and a 40°C preheating stimulus 

instead of 45°C.  Study days were randomized for capsaicin-heat or heat-only 

sensitization. 
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2.3.  Mechanical Allodynia and Definition of Stimulus Regions  

Areas of mechanical allodynia were assessed using a von Frey filament 

(2.0 g) at two time-points: after removal of the cream and after the rekindling 

stimulus (post-cream and post-rekindle respectively).  Subjects were asked to 

report when the von Frey filament touching their skin felt “sharp or painful” 

compared to when the filament was applied to their skin before starting the 

experiment.  The experimenter applied the von Frey filament in a radial fashion 

starting from the outermost region of the arm and advancing in linearly towards 

the center of the 1° region until subjects responded positively to the stimuli.  

Approximately 12 linear tracks were used for mapping of mechanical sensitivity, 

however, the number of stimuli varied according to subjects’ sensitivities so that 

in some cases additional stimuli were applied until the region of secondary 

mechanical allodynia was clearly outlined.  Positive responses were 

subsequently marked on the skin with a washable felt tip marker.  At the end of 

each experimental session, the 30 x 30 mm2 region where heat and cream were 

applied and marked points of mechanical allodynia were traced onto a plastic 

transparent sheet.  The transparencies were scanned to produce a digital image, 

and a custom-made program was used to calculate the areas of mechanical 

allodynia.  Using this program the perimeter of allodynia was first defined by 

connecting the marks at the outermost edges of the allodynic zone.  The area 

within this perimeter was then calculated.  The primary region was defined as the 

30 x 30 mm2 location on the arm where the preheating stimulus and cream were 
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applied.  The secondary region was defined as the area surrounding the primary 

region where subjects responded positively to von Frey stimuli (Fig. 2A).  

 

 

 

 

 

 

 

 

 

 

Figure 2.  Primary and Secondary Regions of Mechanical Allodynia.  A. Diagram of 
primary and secondary regions. The primary region (30 x 30 mm2 area, shaded square, 
1°) where heat (45°C or 40°C heat-only, 5 minutes) and capsaicin or placebo cream (30 
minutes) were applied.  Rekindling heat stimuli (40°C for 5 minutes) were applied 40 
minutes later.  The region surrounding the primary region, where subjects perceived a 
2.0 g von Frey filament as painful, was defined as the secondary region (2°) of 
sensitization.  B. Areas of secondary mechanical allodynia to a 2.0 g von Frey filament 
mapped after removal of capsaicin / placebo cream (post-cream) and after application of 
the rekindling stimulus (post-rekindle), (Mean ± SEM).  Significantly larger areas of 
secondary mechanical allodynia occurred at both testing time points after capsaicin-heat 
sensitization compared to heat-only sensitization (ANOVA, treatment effects, p = 
0.0093).  Areas of allodynia significantly increased between post-cream and post-
rekindle time points after both capsaicin-heat and heat-only sensitization (ANOVA, time 
effects, p = 0.0003).  VAS, Visual Analog Scale. 
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2.4.  Areas of Mechanical Allodynia and Individual Differences in Thermal Sensitivity  

Subjects’ individual sensitivities (mean sensitivity to 49°C) were obtained 

during the initial training session.  Since individual differences in sensitivity may 

contribute to the extent of central sensitization, mean VAS ratings to 49°C stimuli 

(5 s) were compared to areas of mechanical allodynia measured at post-cream 

and post-rekindle time points.  

 

2.5.  Thermal Stimulation and Pain Assessment 

A 16 x 16 mm2 Peltier device (Medoc TSA II, Ramat Yishai, Israel) was 

attached to the ventral surface of the non-dominant forearm of the subject by a 

Velcro strap.  The thermal probe was maintained at a baseline of 35°C (skin 

temperature).  

Subjects were asked to give real-time ratings of their perceived pain 

intensity during all applied stimuli using a computerized visual analog scale 

(VAS, 0-10) (15 cm in length, verbal anchors of “no pain sensation” and “most 

pain sensation imaginable”) (Price et al., 1983; Price et al., 1989; Price et al., 1994; 

Koyama et al., 2004).  Subjects were specifically instructed to rate only pain 

intensity, not temperature, on the VAS.  Stimulus temperature and real-time VAS 

ratings were digitally recorded (100 Hz sample frequency) and analyzed using 

custom-made programs (PowerLab Data Acquisition System, ADInstruments; 

IDL).  For all stimulus conditions, stimuli were separated by a minimum 30 s 
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interstimulus interval and the thermal probe was moved after each stimulus to a 

distinct area of skin to reduce sensitization and/or habituation. Pain sensitivity 

does not vary with location on the ventral forearm (Quevedo and Coghill, 2007), 

thus, psychophysical responses were minimally influenced by the application of 

stimuli to different sites along the proximal-distal axis of the forearm.   

 

2.6.  Noxious Thermal Stimulus Paradigms 

Long duration thermal stimuli were used to assess altered thermal 

sensitivity, aftersensations and the magnitude and time-course of offset analgesia 

(Grill and Coghill, 2002; Yelle et al., 2008).  The dynamic stimulus consisted of a 

three-temperature stimulus train (T1: 49°C [4-7 s], T2: 50°C [4-6 s], T3: 49°C [30 

s]) (Fig. 1).  The 1°C temperature decrease (-6°C / s) between the second 

temperature (T2) and the third temperature (T3) initiates offset analgesia.  A 

constant temperature stimulus consisted of 49°C for 40 s duration.  An additional 

three-temperature stimulus (T1: 49°C [6-8 s], T2: 50°C [5-9 s], T3: 35°C [30 s]) 

served as a dynamic control for expectation effects.  Stimuli were presented in 

blocks of three, with each stimulus type (49-50-49°C, constant 49°C and 49-50-

35°C control) presented once per block in pseudo-random order.  During 

stimulation, subjects were asked to rate pain intensity in real-time (VAS) for each 

of the three stimulus types. 
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Pre-sensitization, three blocks of stimuli were administered to the forearm 

(9 stimuli total).  Post-sensitization, five blocks of the three-temperature stimuli 

were administered, two blocks in the primary region and three blocks in the 

secondary region (15 stimuli total), with the last two of these blocks administered 

post-rekindling.  Blocks of stimuli were pseudorandomly alternated between the 

primary and secondary regions, and the last two blocks post-rekindling included 

one in the primary and one in the secondary region.  Stimuli administered to the 

secondary region were not presented immediately adjacent to the primary 

region, but rather, to locations within approximately 1 cm from the inner (edge 

of primary region) and outer borders of the secondary region.  In the secondary 

region, stimuli of each block were typically presented adjacent to each other (i.e. 

in a row). 

The overall maximum VAS ratings from constant 49°C stimuli (Peak VAS) 

and maximum VAS ratings during the T2 time window of 49-50-49°C stimuli 

(MaxT2) and 49-50-35°C stimuli (MaxT2-35) were examined for changes in 

sensitivity to constant and dynamic stimuli, respectively.  It was expected that 

Peak VAS and MaxT2 variables would increase following capsaicin-heat 

sensitization indicating the presence of heat hyperalgesia.  

The magnitude of offset analgesia was calculated from real-time VAS 

ratings to 49-50-49°C stimuli.  The minimum VAS rating within the window of 

time from the T2-T3 transition until the end of the T3 stimulus was identified as 

Min Offset. The magnitude of offset analgesia was calculated as a within-stimulus 
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measure by calculating the difference between MaxT2 and Min Offset values.  

This raw difference, found separately for each dynamic 49-50-49°C stimulus, 

allowed for a direct assessment of the magnitude of offset analgesia while 

avoiding the possible confound of between-stimulus variability. 

Temporal changes in offset analgesia were evaluated by calculating the 

latency from the T2-T3 temperature shift to the time point of Min Offset (0.01 s 

resolution) in the dynamic 49-50-49°C stimulus (Min Offset Latency).  For 

comparison, temporal changes were also assessed in the 49-50-35°C stimuli 

following the T2-T3 temperature decrease (Min 35 Latency).  Aftersensations were 

assessed initially from real-time VAS ratings to constant 49°C stimuli (40 s) by 

calculating the latency for VAS ratings to return to zero, signifying the end of the 

pain felt by the subject (VAS End Latency).  Aftersensations were also assessed at 

the end of 49-50-49°C stimuli (VAS End Latency 49-50-49°C).  

 

2.7.  Statistics 

Post-stimulus VAS ratings of 49°C stimuli (5 s) obtained during the 

training session were averaged to provide a sensitivity measure for each subject.  

Next, a linear regression was used to assess the relationship between area of 

secondary mechanical allodynia (cm2, post-cream and post-rekindle, capsaicin-

heat and heat-only sensitization) and mean sensitivity to 49°C (VAS).   
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Real-time VAS end points were averaged within-subjects for each 

condition (heat-only sensitization and capsaicin-heat sensitization), and time / 

region of thermal stimulation (pre-sensitization, post-sensitization primary, and 

post-sensitization secondary).  These means were analyzed using two-way 

repeated measures analysis of variance (ANOVA) to find effects for time / 

region, treatment, and time / region by treatment interaction (p = 0.05).  All 

analyses used JMP Software (JMP Statistical Software, SAS Institute Inc., Cary, 

NC, USA). 

 

2.8.  Thermal Hyperalgesia – Order Effects Analysis 

Peak VAS values from constant stimuli (49°C, 40 s) applied post-

sensitization were analyzed for order effects to ensure that hyperalgesia was not 

a product of the repetition of test stimuli (N=19 subjects for this analysis since the 

exact order of stimulus presentation could not be determined for 4 subjects).  

Since a total of 5 post-sensitization stimuli were presented in both primary (2) 

and secondary (3) regions in random order, these values were ranked for the 

order in which they were applied, and a two-way repeated measures analysis of 

variance (ANOVA) was used to assess effects of time and treatment.  Analyses 

were performed separately for primary and secondary regions.   
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3.  Results 

3.1.  Areas of Mechanical Allodynia 

Mechanical sensitivity was assessed after removal of either capsaicin or 

placebo cream (post-cream) and at a later time point after application of a 40°C 

rekindling stimulus in the primary region (post-rekindle).  Subjects displayed 

mechanical allodynia to von Frey stimulation in both primary and secondary 

regions following capsaicin-heat and heat-only sensitization.  Areas of allodynia 

to mechanical stimuli were significantly larger following capsaicin-heat 

sensitization compared to heat-only sensitization (ANOVA, treatment effects, p = 

0.0093, Fig. 2B).  Areas of mechanical allodynia increased over the duration of 

each session (post-cream vs. post-rekindle) following both capsaicin-heat and 

heat-only sensitization (ANOVA, time effects, p = 0.0003). 

 

3.2.  Capsaicin-Heat Sensitization Alters the Relationship between Areas of Mechanical 

Allodynia and Heat Pain Sensitivity at the Later Time Point 

Following heat-only sensitization, areas of mechanical allodynia for both 

time points (post-cream and post-rekindle) were correlated with subjects’ 

individual heat pain sensitivity (mean sensitivity to 49°C, R2 = 0.3439, p = 0.0105; 

R2 = 0.2449, p = 0.0368; respectively, Fig. 3).  Following capsaicin-heat 

sensitization, however, the post-cream areas were correlated with individual 
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sensitivity (R2 = 0.2876, p = 0.0218) whereas post-rekindle areas were not (R2 = 

0.0088, p = 0.7101).  

 

 

Figure 3.  Areas of Mechanical Allodynia vs. Individual Differences in Thermal 
Sensitivity.  Subjects’ average VAS ratings to 49°C (5 s) were significantly related to 
areas of mechanical allodynia at both time points after heat-only sensitization, but only 
for the early time point after capsaicin-heat sensitization. VAS, Visual Analog Scale. 
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3.3.  Changes in Thermal Sensitivity 

3.3.1.  Hyperalgesia to Constant Long-Duration Stimuli (Peak VAS) 

Peak VAS values, the maximum VAS rating from constant 49°C stimuli, 

significantly increased in the primary and secondary regions following both 

capsaicin-heat and heat-only sensitization [ANOVA, time / region effects p = 

0.0011 (pre vs. primary p = 0.0009, pre vs. secondary p = 0.0028), treatment 

effects not significant p = 0.2016, time / region by treatment interaction not 

significant p = 0.2040 (pre vs. primary interaction p = 0.444, pre vs. secondary 

interaction p = 0.2165), Fig. 4A, 4B]. 
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Figure 4.  Alterations in Thermal Sensitivity: Peak VAS and MaxT2.  A.  Peak VAS 
values, maximum VAS ratings from the constant stimulus (49°C, 40 s), significantly 
increased following both capsaicin-heat and heat-only sensitization [heat-only 
sensitization pre (HP), heat-only sensitization post-primary (H1), heat-only sensitization post-
secondary (H2), capsaicin-heat sensitization pre (CHP), capsaicin-heat sensitization post-
primary (CH1), capsaicin-heat sensitization post-secondary (CH2); ANOVA, time / region 
effects p = 0.0011 (pre vs. primary p = 0.0009, pre vs. secondary p = 0.0028), treatment 
effects not significant p = 0.2016, time / region by treatment interaction not significant p 
= 0.2040] (Mean ± SEM).  B.  Real-time continuous VAS data to constant 49°C stimuli 
(Mean ± SEM).  C.  MaxT2 values, the maximum VAS rating during the T2 time window 
of the experimental three-temperature stimulus (49-50-49°C), were not significantly 
altered following capsaicin-heat and heat-only sensitization.  However, the direction of 
change was opposite after capsaicin-heat sensitization compared to heat-only 
sensitization as indicated by a significant interaction effect [ANOVA, time / region 
effects not significant p = 0.3856, treatment effects not significant p = 0.1101, time / 
region by treatment interaction effects p = 0.0061 (pre vs. primary interaction p = 0.0178, 
pre vs. secondary interaction p = 0.0026)] (Mean ± SEM).  Significant interaction effects 
denoted by **.   D.  Real-time continuous VAS data to 49-50-49°C stimuli (Mean ± SEM).  
E. MaxT2-35 values, maximum VAS ratings from the T2 time window of control stimuli 
(49-50-35°C), showed significant effects of treatment with values increasing following 
the heat-only condition but remaining constant following capsaicin-heat sensitization 
(ANOVA, time / region effects not significant p = 0.3130, treatment effects p = 0.0298, 
time / region by treatment interaction effects not significant p = 0.2446).  F.  Real-time 
continuous VAS data to 49-50-35°C control stimuli (Mean ± SEM).  Since T1 and T2 
durations were varied, 49-50-49°C and 49-50-35°C stimuli are temporally aligned to the 
start of the T2-T3 temperature decrease. VAS, Visual Analog Scale. 

 

Peak VAS values were also used to assess effects of stimulus order on 

changes in sensitivity over time.  This was to ensure that the repetition of long-

duration test stimuli was not responsible for heat hyperalgesia.  No increases in 

pain intensity ratings over time were detected.  Instead, significant reductions in 

pain intensity ratings to repeated test stimuli occurred over time in the primary 

region but not in the secondary region (Primary Region: effects of time p = 

0.0414, effects of treatment p = 0.7749, time by treatment interaction p = 0.0382; 

Secondary Region: effects of time p = 0.2472, effects of treatment p = 0.0632, time 

by treatment interaction p = 0.6074) (Fig. 5). 
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Figure 5.  Order Analysis of Repeated 
Thermal Stimuli.  A.  Peak VAS for the 
primary region revealed significant 
habituation to repeated thermal stimulation 
(effect of time p = 0.0414, effect of treatment 
not significant p = 0.7749, time by treatment 
interaction p = 0.0382).  B.  Peak VAS for the 
secondary region (3 blocks of stimuli) 
showed no significant changes in sensitivity 
due to repeated application of heat stimuli 
(effect of time not significant p = 0.2472, 
effect of treatment not significant p = 0.0632, 
time by treatment interaction not significant 
p = 0.6074).  VAS, Visual Analog Scale.  
(Mean ± SEM). 

 

 

 

 

 

 

3.3.2.  Anti-Hyperalgesia to Dynamic Thermal Stimuli (MaxT2) 

In contrast to the hyperalgesia observed for constant (49°C) stimuli, 

alterations in heat sensitivity occurred differently for the dynamic 49-50-49°C 

stimuli.  MaxT2 values were not significantly altered in the primary or secondary 

region, and there was no significant effect of treatment.  A significant time / 
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region by treatment interaction effect was observed, however, and this was due 

to the opposite directionality of changes following capsaicin-heat sensitization 

compared to heat-only sensitization [ANOVA, time / region effects not 

significant p = 0.3856, treatment effects not significant p = 0.1101, time / region 

by treatment interaction effects p = 0.0061 (pre vs. primary interaction p = 0.0178, 

pre vs. secondary interaction p = 0.0026), Fig. 4C, 4D].  These findings were 

confirmed by the results from analyses of MaxT2-35 values for control stimuli 

(49-50-35°C).  No significant alterations were observed across time / region (p = 

0.3130), however, a significant effect of treatment was observed with values 

increasing following the heat-only condition but remaining constant following 

capsaicin-heat sensitization (p = 0.0298).  The time / region by treatment 

interaction effects were not significant (p = 0.2446) (Fig. 4E, 4F). 

 

3.4.  Magnitude of Offset Analgesia 

Under baseline conditions, offset analgesia was observed in the averaged 

real-time VAS ratings to the dynamic 49-50-49°C stimuli.  The Magnitude Offset 

Analgesia was calculated by subtracting Min Offset values from MaxT2 values 

for each 49-50-49°C stimulus.  Magnitude Offset Analgesia values were positive 

pre-sensitization, before capsaicin-heat or heat-only sensitization was 

administered, indicating the presence of offset analgesia at baseline (Fig. 6A).  
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Magnitude Offset Analgesia was not significantly altered following 

capsaicin-heat or heat-only sensitization in either region (ANOVA, time / region 

effects not significant p = 0.5640, treatment effects not significant p = 0.0860, time 

/ region by treatment interaction effects not significant p = 0.8167, Fig. 6A).  

Min Offset values were not significantly altered by capsaicin-heat or heat-

only sensitization, but showed a trend for an interaction effect [ANOVA, time / 

region effects not significant p = 0.4481, treatment effects not significant p = 

0.8699, time / region by treatment interaction p = 0.0716 (pre vs. primary 

interaction p = 0.0874, pre vs. secondary 

interaction p = 0.0330), Fig. 6B].   

Figure 6.  Magnitude Offset Analgesia and 
Min Offset.  A.  Magnitude Offset 
Analgesia was calculated within the 
experimental three-temperature stimuli by 
the subtraction of MaxT2 - Min Offset 
variables and was not altered by capsaicin-
heat or heat-only sensitization conditions, or 
time / region of stimulation (ANOVA, time 
/ region effects not significant p = 0.5640, 
treatment effects not significant p = 0.0860, 
time / region by treatment interaction 
effects not significant p = 0.8167) (Mean ± 
SEM).  B.  Min Offset values were not 
significantly altered following capsaicin-
heat or heat-only sensitization, but showed a 
trend for an interaction effect [ANOVA, 
time / region effects not significant p = 
0.4481, treatment effects not significant p = 
0.8699, time / region by treatment 
interaction not significant p = 0.0716 (pre vs. 
primary p = 0.0874, pre vs. secondary p = 
0.0330)] (Mean ± SEM).  VAS, Visual Analog 
Scale. 
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3.5.  Temporal Alterations 

3.5.1.  Increased Latency of Offset Analgesia in the Primary Region 

Temporal changes in offset analgesia were assessed from real-time VAS 

data of dynamic 49-50-49°C stimuli.  Min Offset Latency, the latency to minimum 

VAS ratings following the T2-T3 temperature decrease for dynamic 49-50-49°C 

stimuli, was significantly increased following both capsaicin-heat and heat-only 

sensitization.  However, post-hoc analyses revealed that this increase was 

significant in the primary, but not in the secondary region [ANOVA time / 

region effects p = 0.0066 (pre vs. primary p = 0.0006, pre vs. secondary p = 

0.4907), treatment effects not significant p = 0.4705, time / region by treatment 

interaction p = 0.9693, Fig. 7A].  Min 35 Latency, the latency from the end of the 

stimulus (T2) to the end of the VAS rating for control stimuli (49-50-35°C), was 

not significantly altered under any condition (ANOVA time / region effects p = 

0.6065, treatment effects p = 0.2780, time / region by treatment interaction p = 

0.5485) (Fig. 7B). 
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Figure 7.  Temporal Alterations of Offset Analgesia and Control Stimuli.  A.  Min 
Offset Latency, the latency to minimum VAS ratings following the T2-T3 temperature 
decrease for experimental three-temperature stimuli (49-50-49°C), increased in the 
primary region following both capsaicin-heat and heat-only sensitization [ANOVA time 
/ region effects p = 0.0066 (pre vs. primary p = 0.0006, pre vs. secondary p = 0.4907), 
treatment effects not significant p = 0.4705, time / region by treatment interaction not 
significant p = 0.9693].  B. Min 35 Latency, for the 49-50-35°C stimuli, was calculated as 
the time from the end of the T2 (50°C) stimulus to the end of VAS ratings (VAS = 0), and 
was not significantly altered under any condition (ANOVA time / region effects p = 
0.6065, treatment effects p = 0.2780, time / region by treatment interaction p = 0.5485).  
VAS, Visual Analog Scale.  (Mean ± SEM). 
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3.5.2.  Painful Aftersensations in the Primary Region 

The presence of aftersensations was assessed from real-time VAS data of 

constant, dynamic and control stimuli.  VAS End Latency, the latency from the 

end of the stimulus to the end of the VAS rating for constant 49°C stimuli (40 s), 

was significantly increased following both capsaicin-heat and heat-only 

sensitization.  Post-hoc analyses revealed that these increases were significant in 

the primary region but not in the secondary region [ANOVA time / region 

effects p = 0.0038 (pre vs. primary p = 0.0206, pre vs. secondary p = 0.7543), 

treatment effects p = 0.2716, time / region by treatment interaction p = 0.7110, 

Fig. 8A].  Additionally, VAS End Latency 49-50-49°C, the latency from the end of 

the stimulus (T3) to the end of the VAS rating for dynamic stimuli (49-50-49°C), 

displayed a high degree of variability especially in the primary region following 

capsaicin-heat sensitization, however, was also not significantly altered (ANOVA 

time / region effects p = 0.5674, treatment effects p = 0.3211, time / region by 

treatment interaction p = 0.1443) (Fig. 8B). 
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Figure 8.  Painful Aftersensations in the Primary Region to Constant but not Dynamic 
Stimuli.  A. VAS End Latency, the latency to the end of VAS ratings for constant 49°C 
stimuli, showed a main effect of time / region with significantly increased latency in the 
primary region after both capsaicin-heat and heat-only sensitization [ANOVA time / 
region effects p = 0.0038 (pre vs. primary p = 0.0206, pre vs. secondary p = 0.75430), 
treatment effects p = 0.2716, time / region by treatment interaction p = 0.7110].  B. VAS 
End Latency 49-50-49°C, was calculated as the latency from the end of the T3 stimulus to 
the end of VAS ratings, and showed a high degree of variability, however, was not 
significantly altered (ANOVA time / region effects p = 0.5674, treatment effects p = 
0.3211, time / region by treatment interaction p = 0.1443).  VAS, Visual Analog Scale.  
(Mean ± SEM). 
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4.  Discussion 

 

The capsaicin-heat sensitization model produces a centrally sensitized 

state in healthy humans, and it was therefore hypothesized that offset analgesia 

would be altered by central changes induced during capsaicin-heat sensitization.  

Changes in sensitivity to both mechanical and thermal stimuli were observed 

following both capsaicin-heat and heat-only sensitization, consistent with 

successful generation of central sensitization.  Responses to heat stimuli were 

temporally altered in the primary region under conditions of capsaicin-heat and 

heat-only sensitization.  However, contrary to the main hypothesis, the 

magnitude of offset analgesia remained notably unaltered following both 

capsaicin-heat and heat-only sensitization.   

 

4.1.  Mechanical Allodynia 

Mechanical hyperalgesia that occurs outside of the directly treated region, 

or secondary region, is evidence of central sensitization (Lewis, 1936; Hardy et al., 

1950; LaMotte et al., 1991).  The present results confirm previous evidence that 

large, stable regions of mechanical allodynia are produced by capsaicin-heat 

sensitization (Petersen and Rowbotham, 1999; Dirks et al., 2003).  Heat-only 

sensitization produced smaller regions of mechanical allodynia, which is not 

surprising since regions of mechanical hyperalgesia remain consistent across 

conditions of combined topical capsaicin-heat, heat alone, and topical capsaicin 
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alone (Dirks et al., 2003).  The combination of capsaicin-heat produced larger 

areas of secondary mechanical allodynia compared to heat-only sensitization.  

Further, areas of mechanical allodynia increased over time following both 

capsaicin-heat and heat-only sensitization.  This may have been due to the 

application of the rekindling stimulus, repeated application of test stimuli and / 

or the progression of sensitization, since regions of mechanical allodynia have 

been shown to expand over time after capsaicin injection (Sumikura et al., 2005). 

Pain sensitivity varies considerably between individuals (Coghill et al., 

2003).  Areas of mechanical allodynia following heat-only sensitization were 

correlated with individual differences in heat pain sensitivity, with more 

sensitive subjects exhibiting larger regions of mechanical allodynia.  In the 

capsaicin-heat sensitization session, however, this correlation disappeared post-

rekindling due to substantial enlargement of areas of allodynia in the individuals 

with less heat pain sensitivity.  Thus, at the later time point after capsaicin-heat 

sensitization, observed regions of mechanical allodynia may be more related to 

the effects of capsaicin (as opposed to heat) than at the earlier time point.  

Moreover, it is suggested that hyperalgesia to mechanical and thermal stimuli 

are mediated by distinct mechanisms (Simone et al., 1991; Treede et al., 1992; 

Sumikura et al., 2003).  The observed correlation of thermal sensitivity and areas 

of mechanical hypersensitivity is therefore surprising and suggests that these 

two stimulus modalities may share a common mechanism during acute but not 

later stages of induced central sensitization. 
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4.2.  Changes in Thermal Sensitivity 

Thermal hyperalgesia occurs in the region where capsaicin and heat 

sensitizing stimuli are directly applied (Culp et al., 1989; Baumann et al., 1991; 

LaMotte et al., 1992), as well as in the region surrounding a burn injury or 

application of topical capsaicin alone (Pedersen and Kehlet, 1998; Yucel et al., 

2002).  Although secondary heat hyperalgesia can occur following central 

sensitization (Yucel et al., 2002), this may be the first report of heat hyperalgesia 

in the secondary region produced by capsaicin-heat sensitization specifically.  In 

the present study, hyperalgesia to Constant 49°C stimuli (Peak VAS) occurred in 

primary and secondary regions after capsaicin-heat and heat-only sensitization.  

Notably, additional analyses indicated that the hyperalgesia was not produced 

by the repeated application of long-duration heat stimuli.  Therefore, the changes 

in sensitivity were due to the sensitization procedures.  In contrast, analysis of 

MaxT2 values (49-50-49°C and 49-50-35°C stimuli) revealed that secondary 

hyperalgesia to heat occurred following heat-only sensitization but not following 

capsaicin-heat sensitization.  The anti-hyperalgesic effect produced by capsaicin-

heat sensitization indicates that analgesia in the primary region reduced 

sensitivity to thermal stimuli in the secondary region as well.  Studies report 

conflicting observations of altered heat sensitivity outside of the directly treated 

region following application of capsaicin alone (topical or injection) or heat (burn 

injury) (Hardy et al., 1950; Raja et al., 1984; Treede et al., 1992; Ali et al., 1996; 

Pedersen and Kehlet, 1998; Drummond and Blockey, 2009).  This may be due to 
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mixed effects of sensitization as well as fatigue of sensory afferents since 

paradoxical decreases in activity are also known to occur following application 

of sensitizing stimuli (Nolano et al., 1999; Fuchs et al., 2000; Peng et al., 2003).  

The present observations indicate that secondary thermal hyperalgesia may vary 

due to complex sensitizing / desensitization effects of capsaicin, and that 

dynamic phases of stimulation may be more susceptible to an anti-hyperalgesic 

effect of capsaicin than stimuli of constant temperature. 

 

4.3.  Offset Analgesia and Capsaicin-Heat Sensitization 

The study of temporal processing of nociceptive information has mainly 

focused on temporal summation of pain and aftersensations (LaMotte et al., 1984; 

Magerl et al., 1998; Gottrup et al., 2003; Staud et al., 2003; Sarlani et al., 2004; 

Granot et al., 2006).  Offset analgesia has been proposed to function as a temporal 

contrast mechanism that sharpens awareness of decreases in noxious thermal 

temperature (Grill and Coghill, 2002) and has been shown to involve central 

mechanisms (Derbyshire and Osborn, 2009; Yelle et al., 2009).  While the specific 

mechanisms that subserve offset analgesia are unknown, it was hypothesized 

that experimentally induced central sensitization would diminish offset 

analgesia by disruption of central inhibitory mechanisms.  Contrary to 

expectations, the magnitude of offset analgesia was not altered following 

capsaicin-heat sensitization.  Further, the present data indicate that sensitization 
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of central neurons sufficient to produce secondary mechanical and thermal 

hyperalgesia does not abolish offset analgesia.  NMDA activity plays a 

substantial role in central sensitization (Park et al., 1995).  Recent evidence shows 

that offset analgesia is not altered by administration of ketamine (Niesters et al., 

2011), a NMDA antagonist.  Thus, the present findings of the preservation of 

offset analgesia during acute central sensitization caused by capsaicin are 

consistent with the observation that the mechanisms supporting offset analgesia 

are NMDA independent. 

Capsaicin sensitization produces a set of complex sensory changes beyond 

mechanical allodynia.  Analgesic effects can be produced by desensitization of C-

fibers (Nolano et al., 1999).  The lack of thermal hyperalgesia to the dynamic 

stimuli following capsaicin-heat sensitization indicates that some desensitization 

may have occurred, and this may have potentially masked a minor portion of 

alterations in offset analgesia.  However, offset analgesia may be altered under 

another form of central sensitization that does not involve the mechanisms that 

support capsaicin sensitization.   

 

4.4.  Alterations in the Time-course of Offset Analgesia and Aftersensations 

Altered temporal processing of pain is classically observed as symptoms 

of enhanced or diminished temporal summation of pain and painful 

aftersensations.  These symptoms have been observed in states of chronic pain 
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and following capsaicin injection (Lindblom, 1985; Torebjork et al., 1992; Staud et 

al., 2001; Gottrup et al., 2003).  In the present study, painful aftersensations were 

also observed.  VAS End Latency values (amount of time for ratings to reach 

VAS 0 after the stimulus end) increased in the primary region after both 

capsaicin-heat and heat-only sensitization.  Similarly, aftersensations from the 

50°C T2 stimulus may have delayed offset analgesia since Min Offset Latency 

values increased in the primary region.  Thus, direct application of capsaicin-heat 

as well as heat-only produced responses that continued past the normal end of 

the stimuli, possibly by a peripheral effect of sensitization of primary afferents.  

These results further indicate that while the magnitude of offset analgesia is 

resilient to disruption, the temporal profile of offset analgesia is susceptible to 

alterations in primary afferent activity. 

 

4.5.  Limitations 

Heat-only sensitization unexpectedly produced long lasting secondary 

thermal hyperalgesia.  At this point it is unclear how much of this effect is due to 

a nocebo effect or true sensitization caused by an innocuous warm stimulus.  

Future studies using such sham-sensitization procedures may wish to include 

testing of additional unsensitized regions to characterize potential nocebo effects.  

Nonetheless, the observation of enhanced mechanical allodynia following 

capsaicin-heat sensitization compared to heat-only sensitization indicates that 
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more pronounced central sensitization occurred following capsaicin-heat 

sensitization.  An additional limitation of the present study was the complex 

effects of capsaicin: a combination of afferent sensitization and desensitization 

which is likely responsible for previous conflicting reports of secondary thermal 

hyperalgesia.  Also, the extent of hyperalgesia depended on whether constant or 

dynamic stimuli were tested, further indicating that the central effects of 

capsaicin-heat sensitization are highly variable and require additional 

investigation. 

 

5.  Conclusions 

Capsaicin-heat sensitization was expected to disrupt offset analgesia.  

Although peripheral, spinal and supraspinal changes have been observed 

following capsaicin-heat sensitization (Treede et al., 1992; Sang et al., 1996; 

Moulton et al., 2007), the magnitude of offset analgesia remained highly 

consistent across treatment conditions and both primary and secondary regions.  

This indicates that the mechanisms subserving offset analgesia are largely 

independent of peripheral and central processes affected by capsaicin-heat 

sensitization.  Alterations in the time-course of offset analgesia were observed in 

the primary region indicating that peripheral mechanisms may be involved in 

the initial signaling of temperature change.  However, importantly, the magnitude 

of offset analgesia was not altered under any condition, even in the primary 
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region.  Therefore, other mechanisms may subserve the main component of 

offset analgesia.  Cool-sensitive primary afferents have been shown to exhibit 

marked increases in discharge frequency during the offset of a noxious heat 

stimulus (Dodt and Zotterman, 1952), and this may be sufficient to trigger 

inhibition of heat pain.  Additionally, in glabrous skin of the monkey, warm fiber 

responses are suppressed following a 1°C decrease from a maintained baseline 

temperature of 39°C; analogous suppression of nociceptors may occur to 

decreases in the noxious range and contribute to offset analgesia (Darian-Smith 

et al., 1979).  Local mechanisms of spinal cord inhibitory circuitry (Lu and Perl, 

2003) as well as supraspinal descending control from brainstem (PAG / RVM) 

regions may account for offset analgesia (Derbyshire and Osborn, 2009; Yelle et 

al., 2009).  Further investigation of offset analgesia may elucidate additional 

mechanisms supporting temporal processing of nociceptive information and, in 

turn, aspects of how tactile and thermal stimuli are abnormally perceived in 

neuropathic pain.  
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Abstract  

 The mechanisms supporting temporal processing of pain remain poorly 

understood.  To determine the involvement of opioid mechanisms in temporal 

processing of pain, responses to dynamic noxious thermal stimuli and offset 

analgesia were assessed following administration of naloxone, a !-opioid 

antagonist, and on a separate day, during and following intravenous 

administration of remifentanil, a !-opioid agonist, in 19 healthy human 

volunteers.  Multiple end points were sampled from real-time computerized 

visual analog scale ratings (VAS, 1-10) to assess thermal sensitivity, magnitude 

and duration of offset analgesia, and painful aftersensations.  It was 

hypothesized that the magnitude of offset analgesia would be reduced by direct 

opioid antagonism and during states of acute opioid-induced hypersensitivity 

(OIH), as well as diminished by the presence of exogenous opioids.  Surprisingly, 

the magnitude of offset analgesia was not altered following naloxone 

administration, during remifentanil infusion, or following the termination of 

remifentanil infusion.  Since thermal hyperalgesia was observed following both 

drugs, 8 of the original 19 subjects returned for an additional session without 

drug administration.  Thermal hyperalgesia and increased magnitude of offset 

analgesia were observed across conditions of remifentanil, naloxone and no drug 

within this subset analysis, indicating that repeated heat testing induced thermal 

hyperalgesia which potentiated the magnitude of offset analgesia.  Thus, it is 

concluded that the mechanisms subserving temporal processing of nociceptive 
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information are largely opioid-independent, but that offset analgesia may be 

potentiated by heat-induced thermal hyperalgesia in a proportion of individuals. 

 

1.  Introduction 

Alterations in temporal processing, such as aftersensations, occur during 

acute central sensitization and chronic pain (Lindblom, 1985; Eide and Rabben, 

1998; Gottrup et al., 2003).  Moreover, chronic pain patients exhibit increased 

temporal summation of pain (Maixner et al., 1998; Staud et al., 2001; Price et al., 

2002).  However, little is known about the mechanisms subserving temporal 

processing of nociceptive information.  A novel putative model of temporal 

contrast, offset analgesia, may provide insight to how pain is temporally altered 

in disease states and may be useful to test for altered temporal processing of 

nociceptive information.  Offset analgesia occurs when small incremental 

decreases in noxious stimulus intensity produce disproportionately large 

decreases in perceived pain intensity (Grill and Coghill, 2002).  Offset analgesia is 

thought to be centrally mediated since regions of the brainstem implicated in 

descending control of pain are activated during offset analgesia in healthy 

subjects (Yelle et al., 2009).  Since many of these regions, such as the 

periaqueductal gray, are associated with opioid analgesia, it was hypothesized 

that offset analgesia may be supported by opioid mechanisms.  

The most direct method to test for opioid involvement is to administer an 

opioid antagonist.  Diffuse noxious inhibitory control (DNIC), decreased pain to 
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an acute stimulus when an additional heterotopic stimulus is applied 

simultaneously, is blocked by opioid antagonists (Willer et al., 1990).  

Accordingly, it was hypothesized that naloxone (!-opioid antagonist) 

administration would decrease the magnitude of offset analgesia by direct opioid 

antagonism. 

Additionally, exogenous opioids can be administered to test for 

involvement of endogenous opioids in pain phenomena.  Exogenous opioids 

may outcompete or saturate receptors and effectively block endogenously 

released neurotransmitters.  For example, DNIC is blocked by morphine 

administration (Le Bars et al., 1992).  Thus, during opioid infusion endogenous 

opioid effects supporting offset analgesia might be eliminated or enhanced.   

Finally, states of opioid-induced hypersensitivity (OIH) provide an 

alternative method to assess mechanisms subserving offset analgesia.  During 

OIH, increased sensitivity to acute stimuli often occurs following administration 

of opioid analgesics (Mao et al., 1994; Celerier et al., 1999; Hood et al., 2003).  

Clinically, increased post-operative pain and increased morphine requirement 

occur following procedures involving high doses of remifentanil (Eisenach, 2000; 

Guignard et al., 2000), and opioid tolerance / hyperalgesia to acute stimuli 

occurs in opioid-treated patients (Fishbain et al.; Chu et al., 2006; Hay et al., 

2009).  OIH reflects similarities to states of opioid tolerance and dependence 

(Mao et al., 1995).  Interestingly, OIH is distinct from the effects of direct opioid 

antagonism and is thought to involve a more complicated sequence of 
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physiological events (Koppert et al., 2003) by several possible mechanisms 

including altered activity of opioid receptors (e.g. dynorphin), up-regulation of 

N-methyl D-aspartate receptors (NMDAR) and altered descending control of 

pain (Vanderah et al., 2001; Mao, 2002; Angst and Clark, 2006).  Thus, the final 

hypothesis was that following the period of opioid analgesia, subjects would 

exhibit increased sensitivity to noxious thermal stimuli and the magnitude of 

offset analgesia would decrease due to disruption of descending inhibition and 

local inhibitory mechanisms that may normally contribute to offset analgesia. 

To test these hypotheses, healthy volunteers were administered naloxone 

and remifentanil on separate days, and rated pain from noxious heat stimuli.  It 

was predicted that if opioid mechanisms support offset analgesia, 1) subjects 

would exhibit decreased magnitude of offset analgesia following administration 

of naloxone, 2) the presence of exogenous opioids would eliminate or enhance 

offset analgesia during remifentanil infusion, and 3) the magnitude of offset 

analgesia would be reduced during OIH. 

 

2.  Methods 

2.1.  Subjects 

All study procedures were approved by the Institutional Review Board 

(IRB) at Wake Forest University School of Medicine.  Before participating in the 

study, every subject gave written, informed consent acknowledging that they 

understood all methods and procedures used in the experiment, that they would 
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experience painful stimuli and receive intravenous administration of naloxone 

and remifentanil on separate days, and that they were free to withdraw from the 

study at any time.  Nineteen healthy, pain-free volunteers with no history of 

chronic pain or any neurological disorder participated in the study (8 females, 11 

males; 2 black, 17 white; 25 ± 5.9 yrs, mean ± SEM).  Two additional subjects were 

excluded due to insensitivity to the thermal stimuli.  All subjects were asked not 

to take analgesics within 48 hours before study sessions.  All female subjects 

reported using a reliable method of birth control and were not pregnant while 

participating in this study.  Negative urine pregnancy test results from all female 

subjects, and negative urine drug screen results from all subjects were required 

prior to administration of study drugs.  Eight control subjects were recruited 

from the original group of volunteers (3 females, 5 males; 27 ± 7.9 yrs, mean ± 

SEM). 

 

2.2.  Psychophysical Training and Assessment  

Psychophysical training and assessment was similar to that used 

previously (Martucci et al., 2011).  Subjects participated in a psychophysical 

training session prior to the study visits when drugs were administered.  

Thermal stimuli were delivered using a 16 x 16 mm2 peltier device that was 

applied to the lower left leg (Medoc, Ramat-Yishai, Israel, TSA-II).  Subjects were 

first presented with four series of thermal stimuli (35°C, 43-49°C, 5 s) to 

familiarize them with using a computerized sliding visual analog scale (VAS; 
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end points of “no pain sensation” and “most intense pain sensation imaginable”) 

(Price et al., 1983; Price et al., 1994; Koyama et al., 2004).  

Subjects were then familiarized with the sequence of thermal stimuli that 

would be used at multiple time points on the days involving drug 

administration.  At the beginning of each testing sequence, short duration stimuli 

(35, 45, and 49°C, 5 s) were presented in random order to assess thermal 

sensitivity, and subjects were asked to report pain ratings using a sliding scale 

non-electronic VAS after each stimulus.  Next, long duration (30 s) stimuli were 

presented in two pseudo-randomized blocks.  Each of these blocks consisted of 

three stimuli: a constant 49°C stimulus (30 s), a three-temperature stimulus 

[T1=49°C (5 s), T2= 50°C (5 s), T3=49°C (20 s)], and a control stimulus [T1=49°C 

(5 s), T2= 50°C (5 s), T3=35°C (20 s)] (Fig. 1).  Offset analgesia is evoked by the 

1°C decrease from 50°C to 49°C in the three-temperature 49-50-49°C stimulus.  

The order of stimuli within blocks as well as the order of block presentation was 

pseudo-randomized to minimize effects of expectation.  Additionally, after each 

stimulus, the thermal probe was moved to a completely distinct, yet adjacent 

area of skin. 

 

2.3.  Drug Administration and Thermal Testing 

Subjects were asked to fast after midnight prior to reporting in the 

morning to the General Clinical Research Center (GCRC) at Wake Forest 

University School of Medicine for study sessions involving drug administration.  
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A peripheral intravenous catheter was started in the subject’s right arm, and 

normal saline was infused for the duration of both study sessions.  A two-

session, crossover design was used.  Study days were randomized for drug, 

naloxone or remifentanil, and at least one week apart.  Subjects were not 

informed which drug they received.   

 

2.3.1.  Naloxone Administration:   

 Naloxone (naloxone hydrochloride, International Medication Systems, 

Ltd., Amphastar Pharmaceuticals, USA) was administered intravenously.  A 0.01 

mg/kg dose was infused over a period of 5 minutes according to Koppert et al. 

(Koppert et al., 2003).  Subjects were monitored for nausea and vomiting, 

sweating, possible increase in heart rate, tremor, rapid breathing, agitation, 

irritability, restlessness or excitement.  Vital signs were taken every 15 minutes 

including respiration rate, oxygen saturation, end-tidal CO2.  

 

2.3.2.  Remifentanil Administration:  

  Intravenous infusions of remifentanil (Ultiva, Glaxo, Bioniche Pharma, 

Hospira, USA LLC) were delivered according to Hood et al. (Hood et al., 2003).  

The infusions were computer-controlled using the STANPUMP algorithm to 

titrate to desired blood plasma levels (Gustafsson et al., 1992).  Initial targeted 

plasma concentrations were 1 ng/ml.  After 8-10 minutes of remifentanil 

infusion, analgesia was assessed by having subjects rate 35°C, 45°C, and 49°C 
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stimuli (5 s).  This titration was then increased by 0.5 ng/ml every 8-10 minutes 

until a sufficient rate was reached such that pain ratings to 49°C (5 s) decreased 

to approximately 50% of baseline, or until side effects prevented additional 

increases in remifentanil dose.  Once targeted analgesia was achieved, the 

infusion was maintained for 60 minutes.  Subjects received supplemental oxygen, 

and vital signs of peripheral oxyhemoglobin saturation, blood pressure, heart 

rate, respiration rate and end-tidal carbon dioxide were monitored and recorded 

every 5 minutes during the infusion (and every 15 minutes after drug infusion) 

to minimize risks associated with respiratory and / or cardiovascular 

suppression. 

 

 

2.4.  Time Course of Psychophysical Assessment 

Hood et al. found effects of OIH up to 4 hours following discontinuation 

of remifentanil infusion, therefore we tested responses to sequences of thermal 

stimuli at multiple time points throughout the sessions up to 4 hours post-

infusion (Hood et al., 2003).  Each testing sequence included two blocks of three 

long-duration stimuli (constant 49°C, 49-50-49°C, 49-50-35°C, see above) in 

addition to other thermal stimuli not reported here.  Sequences of thermal 

stimuli were administered at matched time points on both drug days: prior to 

drug administration (Pre), immediately after delivery of the drug (0 hr), and 

every half hour following drug infusion for 4 hours (time points of 0.5 hr, 1.0 hr 
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… 4.0 hr).  Two additional testing sequences were used on the remifentanil day 

during the 60 minute steady-state infusion period, one at 0 minutes (Inf1) and a 

second testing block at 30 minutes into the steady-state infusion period (Inf2).  

Control data (noxious heat testing with no drug administered) were 

acquired from 8 of the original 19 subjects during a separate visit.  This served to 

measure effects of possible sensitization over time due to repeated application of 

thermal stimuli.  Time points of heat testing on the control day were matched to 

time points of the remifentanil session (including Inf1 and Inf2 time points). 

 

2.5.  End Points of Real-Time VAS Data 

Subjects reported real-time pain ratings using an electronic visual analog 

scale (VAS, 0-10) during delivery of each heat stimulus.  The real-time VAS 

ratings were digitally recorded (Powerlab, Chart Software, ADInstruments, USA) 

and analyzed using custom-made programs (IDL).  

Several end points were extracted from the real-time data to assess 

changes in sensitivity and the magnitude and duration of offset analgesia.   

• Peak VAS, the maximum VAS rating from the constant 49°C stimulus, was 

the primary end point to assess changes in sensitivity following drug 

infusions.   

• MaxT2 was the maximum VAS rating during the T2 time period (5 s plus an 

additional 3 s to account for delayed temporal summation and response time) 

for the 49-50-49°C stimulus.   
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• Min Offset, was designed as the minimum VAS rating following the T2-T3 

temperature decrease in the 49-50-49°C stimulus (window of stimulus time 

after the T2-T3 shift to just before the end of the T3 stimulus).   

• Magnitude Offset Analgesia was calculated by subtracting Min Offset values 

from MaxT2 values from the VAS response to the same applied 49-50-49°C 

stimulus (within-stimulus difference).   

• Min Offset Latency, the measure of time for offset analgesia to occur, was 

calculated from the 49-50-49°C stimulus as the difference in time from the T2-

T3 shift until the time at which Min Offset occurred (within stimulus-

calculation).   

• VAS End Latency values were calculated from the constant 49°C stimulus as 

the time between the start of the T3 decrease to the end of the real-time VAS 

rating (VAS=0) to assess duration of aftersensations.  

 

2.6.  Statistical Analysis 

Post-stimulus ratings of 49°C, 5 s stimuli obtained during drug titration 

were assessed with a paired t-test to determine if remifentanil significantly 

reduced pain ratings compared to baseline.  Next, a linear regression was used to 

assess the relationship between remifentanil induced analgesia (% reduction 

from baseline) and final steady-state infusion dose remifentanil.   

Real-time VAS end points were averaged per subject for each testing time 

point and then analyzed using within-subjects, two-way repeated measures 
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analysis of variance (ANOVA) with variables of time, condition, and time by 

condition interaction (JMP statistical software, SAS Institute Inc., Cary, NC, 

USA).  Missing data for each end point were interpolated across neighboring 

time points to ensure that all subjects were included in the analyses.  Significance 

level p < 0.05.  Control 49-50-35°C stimuli were not analyzed and served only as 

a control for expectations. 

 

3.  Results 

3.1.  Naloxone Infusion 

Naloxone was administered calculated based on subject weight (0.01 

mg/kg) and ranged from 0.46 – 1.20 mg total administered per subject (0.77 ± 

0.19 mg, mean ± SD).  No side effects were observed or reported for subjects 

following naloxone administration.  

 

3.2.  Remifentanil Infusion 

Individual differences in metabolism of and sensitivity to opioids exist, 

therefore an individualized titration of remifentanil was used (Smith, 2009).  

Total dosage of remifentanil administered ranged from 0.269 mg – 1.333 mg per 

subject (0.675 ± 0.285 mg, mean ± SD).  In all subjects, VAS ratings to 49°C stimuli 

(5 s) were significantly reduced from baseline (p = 0.0002) (Fig. 1).  Most subjects 

displayed moderate sedation during the remifentanil administration but were 

able to attend to and adequately rate thermal stimuli and respond to the study 
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staff.  Additional side effects were observed in a majority of the subjects 

including nausea (7/19), vomiting (4/19), pruritus (13/19), sweating (5-19), dry 

mouth (1/19), light-headedness (2/19), dizziness (3/19), headache (3/19) and 

anxiety (2/19).  These occurred during or immediately after the 60 minute 

infusion, and most side effects were resolved by 15 minutes post-infusion.  

 

 

 

 

Figure 1.  Remifentanil Analgesia.  A. Remifentanil produced a mean 56% decrease in 
VAS pain ratings to 49°C stimuli (5 s) at the final dose (Mean ± SEM).  B.  Final analgesia 
(percent decreases in VAS ratings) was not significantly related to final steady-state 
infusion doses (maximum titration rate, ng/ml) per subject (N=19*).  *Two subjects 
showed 100% reductions (VAS=0) at each dose of 2 and 2.5 ng/ml (large dots).  VAS, 
visual analogue scale. 
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3.3.  Thermal Assessment during Remifentanil Infusion 

Thermal sensitivity and offset analgesia were assessed during remifentanil 

infusion at two time points: Inf1 (immediately following the titration period / at 

the beginning of the 60 minute steady state infusion) and Inf2 (30 minutes into 

the steady-state infusion). 

During remifentanil infusion Peak VAS values from constant 49°C stimuli 

decreased significantly at the Inf1 time point compared to baseline (p = 0.0093), 

however, the decrease was not significant at the Inf2 time point (p = 0.3318) 

(overall effect of time p = 0.0050, Fig. 2A).  

MaxT2 values were significantly decreased at remifentanil infusion time 

points compared to baseline with an overall effect of time (p = 0.0023), but post-

hoc tests revealed that the decrease was only significant for the Inf1 time point (p 

= 0.0014) and not at the Inf2 time point (p = 0.2228) (Fig. 2B).  Min Offset values 

also significantly decreased during remifentanil infusion compared to baseline (p 

= 0.0184), and post-hoc tests showed that the decrease was significant at the Inf1 

time point (p = 0.0048) but not at the Inf2 time point (p = 0.1694) (Fig. 2C).  

Analysis of Magnitude Offset Analgesia for the infusion time points revealed no 

significant effect of time (p = 0.9310) (Fig. 2D). 

 Min Offset Latency values were not significantly altered at infusion time 

points (p = 0.3816) (Fig. 2E).  Similarly, VAS End Latency values were not altered 

during the remifentanil infusion compared to baseline (p = 0.9664) (Fig. 2F). 
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Figure 2.  Sensitivity to Noxious Heat Stimuli and Offset Analgesia during 
Remifentanil Infusion (N=19).  Reductions in maximum VAS ratings to constant 49°C 
stimuli, 40 s (A, Peak VAS) and to 49-50-49°C stimuli (B, MaxT2) occurred at the Inf1 
time point, but not at the Inf2 time point.  Similarly, Min Offset values from 49-50-49°C 
stimuli were significantly reduced at the Inf1 time point (C).  However, the difference 
between MaxT2 and Min Offset values was not significantly altered during infusion, 
resulting in no reductions in Magnitude Offset Analgesia (D).  No significant temporal 
alterations in offset analgesia were observed during remifentanil infusion (E, Min Offset 
Latency) and aftersensations did not occur (F, VAS End Latency).  Mean ± SEM; VAS, 
visual analogue scale. 
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3.4.  Naloxone vs. Remifentanil 

Responses to thermal stimulation were compared over time, initially 

across conditions of remifentanil and naloxone administration (N=19), since it 

was expected that drug effects would follow highly distinct time courses.  

However, increased sensitivity was observed at several time points with a 

similar time course after administration of both drugs.  Peak VAS ratings 

increased significantly over time (p = 0.0014) but were not significantly altered 

by drug effects (p = 0.1220).  However, Peak VAS values showed a trend for an 

overall time by drug interaction (p = 0.0582) with post-hoc tests indicating 

significantly lower Peak VAS values post-naloxone compared to post-

remifentanil at 0.5 hr (p = 0.0133) and 1.0 hr (p = 0.0166) post-administration (Fig. 

3A).   

MaxT2 values similarly increased over time (p = 0.0001) but showed no 

effect of drug (p = 0.6936) and no time by drug interaction (p = 0.1743) (Fig. 3B).  

Min Offset values were not significantly altered over time (p = 0.8726), by drug 

(p = 0.1881), or time by drug interaction effects (p = 0.2457) (Fig. 3C).   

The Magnitude Offset Analgesia (calculated as MaxT2 – Min Offset) was 

not significantly altered over time (p = 0.4148), or by drug (p = 0.3211), and no 

interaction was observed (p = 0.1088) (Fig. 3D).   

Min Offset Latency values were significantly longer post-naloxone 

compared to post-remifentanil (p = 0.0430), however, there was no significant 

effect over time (p = 0.3209), and no time by drug interaction (p = 0.8951) (Fig. 
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3E).  VAS End Latency values were not significantly altered over time (p = 

0.5636), by drug (p = 0.3040), or by time / drug interaction effects (p = 0.5752) 

(Fig. 3F). 

 
 
Figure 3.  Sensitivity to Noxious Heat Stimuli and Offset Analgesia at Time Points 
after Termination of Remifentanil Infusion and after Administration of Naloxone 
(N=19).  Subjects displayed increased sensitivity over time to constant 49°C, 40 s stimuli 
(A, Peak VAS) and to 49-50-49°C stimuli (B, MaxT2).  However, minimum values during 
offset analgesia were not significantly altered following naloxone or remifentanil 
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administration (C, Min Offset).  Likewise, Magnitude Offset Analgesia (MaxT2 – Min 
Offset) was also not significantly altered (D).  Time to the minimum ratings of offset 
analgesia was shorter following remifentanil compared to naloxone (E, Min Offset 
Latency), however, no aftersensations were observed (F, VAS End Latency).  Mean ± 
SEM; VAS, visual analogue scale. 
 

3.5.  Naloxone vs. Remifentanil vs. Control 

Thermal hypersensitivity was evident after both naloxone and 

remifentanil administration (described above).  Although it was expected that 

changes in thermal sensitivity would follow highly distinct time courses for both 

conditions, the time course of hyperalgesia was similar under both conditions.  

Therefore, 8 of the original 19 subjects were recruited for a follow-up visit that 

consisted of identical thermal testing procedures without drug administration.  

The following results reflect analyses conducted across conditions of naloxone, 

remifentanil and control.  

Peak VAS values increased over time for all three conditions (N=8, 

ANOVA, time p = 0.0016).  The magnitude of hyperalgesia observed after 

remifentanil analgesia and naloxone administration was not significantly 

different from the hyperalgesia for the control condition (condition effect p = 

0.1918).  However, hyperalgesia occurred differently over time for remifentanil 

and naloxone compared to control (interaction p = 0.0128), with post-hoc tests 

indicating significantly lower Peak VAS values at 0.5 hr (p = 0.0322) and 1.0 hr (p 

= 0.0473) time points following naloxone compared to control (Fig. 4A). 

MaxT2 ratings significantly increased over time for all conditions (overall 

effect of time p = 0.0001).  No significant overall effect of condition was observed 
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for remifentanil and naloxone compared to control (overall effect of condition p = 

0.9862).  However, there was a significant time by condition interaction (p = 

0.0046) indicating that at later time points during the remifentanil condition 

MaxT2 ratings increased more than control [rem vs. con, post-hoc test 3.5 hr (p = 

0.0446)], while at earlier time points MaxT2 ratings were slightly lower post-

naloxone compared to control [nal vs. con, post-hoc test 0.5 hr (p = 0.0171), 1 hr 

(p = 0.0346)] (Fig. 4B).  Min Offset values were not significantly altered over time 

(p = 0.2195), by conditions of remifentanil or naloxone compared to control 

(condition p = 0.1082), or by time / condition interaction (p = 0.5567) (Fig. 4C). 

In contrast to the N=19 remifentanil vs. naloxone data, the N=8 analysis 

including control data showed that Magnitude Offset Analgesia significantly 

increased over time under all conditions (p = 0.0026).  No significant overall 

effect of condition was observed (p = 0.0956).  No significant time by drug 

interaction effect was observed (p = 0.2371) (Fig. 4D). 

Min Offset Latency values were not significantly altered over time (p = 

0.3643), but were significantly increased following naloxone compared to control 

(overall effect of condition p = 0.0421, post-hoc naloxone vs. control p = 0.0409), 

however, only a trend for an interaction effect was observed (p = 0.0790) (Fig. 

4E).  VAS End Latency values were significantly altered over time (p = 0.0326), 

but this was likely due to outlier effects at the 0 hr time point.  These values were 

not significantly altered by condition (p = 0.8196) or interaction (p = 0.0612) (Fig. 

4F). 
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Figure 4.  Sensitivity to Noxious Heat Stimuli and Offset Analgesia after Naloxone 
and Remifentanil Compared to Control Condition with No Drug Infusion (N=8).  
Increased sensitivity occurred over time under all conditions for constant 49°C stimuli, 
40 s (A, Peak VAS), and for 49-50-49°C stimuli (B, MaxT2).  Conversely, Min Offset 
values remained unaltered under all conditions (C).  The Magnitude Offset Analgesia 
increased over time under all conditions reflecting heat-induced hyperalgesia in this 
subset analysis (D).  The time to minimum values during offset analgesia were 
significantly longer following naloxone compared to control condition (E, Min Offset 
Latency) and VAS End Latency values significantly decreased over time, but this was 
influenced by aftersensations at the 0 hr time point in the remifentanil condition (F).  
Mean ± SEM; VAS, visual analogue scale. 
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4.  Discussion 

The main finding of this study was that the magnitude of offset analgesia 

was not reduced following naloxone infusion or at any time point during or 

following remifentanil infusion.  These multiple converging lines of evidence 

indicate that the inhibitory mechanisms supporting offset analgesia are largely 

opioid-independent.  

 

4.1.  Offset Analgesia under Altered Opioid States 

4.1.1.  Naloxone 

 At the same dose used in the present study, naloxone (0.01 mg/kg) 

effectively produces hyperalgesia to electrical and mechanical stimuli in humans, 

presumably through blockade of endogenous opioids (Koppert et al., 2003).  

Similarly, diffuse noxious inhibitory control (DNIC), an opioid-mediated 

inhibitory phenomenon, is blocked from 5 minutes until almost an hour after 

administration of naloxone (0.4 mg total dose) (Willer et al., 1990).  Finally, 

naloxone (0.02 mg/kg) can completely reverse the analgesia produced by small 

doses of morphine in humans (0.1-0.3 mg/kg) (Willer, 1985).  In the present 

study, similar doses of naloxone (0.01 mg/kg) failed to block offset analgesia, 

and provide evidence for distinct mechanisms subserving DNIC and offset 

analgesia. 

Naloxone, at the same dose used in the present study, produces increased 

pain ratings (anti-analgesia to endogenous opioids) with rapid onset and 
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maximum effects after 30 minutes (Koppert et al., 2003).  The average duration of 

action of naloxone is 2 hrs (elimination half-life of 4 hrs) (Brenner and Stevens).  

Therefore, in addition to reversal of offset analgesia, we expected thermal 

hyperalgesia between the 0 and 2 hr time points.  However, we observed trends 

consistent with weak analgesia from naloxone.  First, temporal alterations were 

observed following naloxone with latencies to the minimum values of offset 

analgesia (Min Offset Latency) significantly increasing compared to remifentanil 

(N=19) and to control (N=8).  This increase in latency is suggestive of an 

increased duration of offset analgesia.  Similarly, VAS End Latency values were 

shorter, although not significant, following naloxone administration (N=19) 

suggesting that naloxone may reduce aftersensations.  One explanation for these 

results is that small doses of naloxone can produce paradoxical analgesia in 

humans (0.4 and 1.0 mg doses) (Levine et al., 1979; Levine and Gordon, 1986). 

 

4.1.2.  Remifentanil 

 Significant analgesia was produced among all subjects during the 

remifentanil infusion, however, contrary to the hypothesis, no changes in the 

magnitude of offset analgesia were observed during the remifentanil infusion.  

The stability of offset analgesia is surprising since other pain inhibitory 

phenomena are typically altered by the presence of opioids.  Temporal 

summation of pain is decreased by opioid administration in both humans and 

animals (Price et al., 1985; Lomas and Picker, 2005).  Additionally, DNIC 
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(reduced electrical pain to sural nerve by conditioning stimulus of 46°C on the 

arm for 2 minutes) is blocked 15-20 minutes after low dose administration of 

morphine (0.05 mg/kg) (Le Bars et al., 1992).  Surprisingly, Min Offset Latency 

and VAS End Latency values were not significantly altered by sedation during 

remifentanil infusion.  Thus, changes in reaction times and motor coordination 

were not responsible for the altered latencies between conditions. 

 While we did not detect enhanced sensitivity after remifentanil infusion, 

we did observe acute tolerance during the later half of the infusion.  Subjects no 

longer exhibited significant analgesia at the Inf2 time point.  Also, subjects (7/19) 

displayed side effects reminiscent of opioid withdrawal after termination of the 

steady-state infusion including anxiety (2/7), dysphoria (3/7), sweating (3/7), 

tachycardia (1/7) and vomiting (4/7).  Acute tolerance during remifentanil 

infusions has been observed previously (Vinik and Kissin, 1998).  These points 

indicate that although thermal hyperalgesia did not occur specifically following 

remifentanil, the infusion regimen was sufficient to produce a state of OIH.  In 

humans, OIH produces increased pain to acute electrical, mechanical and 

noxious heat stimuli (Koppert et al., 2003; Wanigasekera et al., 2011).  Additional 

studies demonstrate increased post-operative pain and enlarged regions of 

secondary mechanical hyperalgesia following opioid analgesia (Bowdle et al., 

1996; Hood et al., 2003).  Conversely, some studies show a lack of OIH to short 

duration thermal stimuli (Hood et al., 2003) and do not detect a change in 

thermal thresholds (Luginbuhl et al., 2003).  These studies are in agreement with 
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the present findings that OIH does not occur to long duration thermal stimuli.  

Accordingly, stimuli that evoke acute central sensitization may be required for 

OIH in humans.   

 Nonetheless, the primary interest was not to assess hyperalgesia to 

thermal stimuli during OIH but rather to assess whether offset analgesia was 

disrupted during the state of OIH.  Temporal summation of pain is increased in 

opioid-treated patients compared to non-opioid treated patients (Chen et al., 

2009).  Also, DNIC is reduced in opioid-treated chronic pain patients compared 

to non-opioid treated patients (Ram et al., 2008).  Therefore, it was expected that 

offset analgesia would also be altered under states of opioid tolerance, however, 

no changes in offset analgesia were observed following opioid analgesia.  

Recently, the NMDA antagonist ketamine has been shown to eliminate DNIC but 

not alter offset analgesia (Niesters et al., 2011).  This finding supports the present 

results that offset analgesia was not altered during the post-analgesic period 

since OIH is subserved, in part, by NMDA mechanisms (Mao et al., 1994; Celerier 

et al., 1999; Celerier et al., 2000).  Thus, the mechanisms supporting offset 

analgesia are independent from mechanisms that contribute to OIH and DNIC. 

 

 

4.2.  Alternative Mechanisms Supporting Offset Analgesia 

Activation of brainstem regions consistent with the periaqueductal gray, 

rostral ventral medulla and locus coeruleus as well as thalamic and cortical 
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regions occurs during offset analgesia (Yelle et al., 2009).  These regions are 

modulated by the presence of opioid antagonists (Borras et al., 2004) and 

exogenous opioids (Casey et al., 2000; Wise et al., 2002), and therefore activation 

of these regions may represent supraspinal opioid mechanisms of offset 

analgesia.  However, since offset analgesia was not altered by the presence of 

opioids or during opioid antagonism, several alternative hypotheses are 

proposed.  One possibility is that since offset analgesia is dynamic in nature, it 

may involve both facilitatory and inhibitory mechanisms.  Both descending 

facilitation and inhibition are thought to increase during OIH, thus overall 

changes in thermal sensitivity, and possibly offset analgesia, at later time points 

may be cancelled out (Celerier et al., 2001).  

 Another possibility is that offset analgesia may be supported by non-

opioid supraspinal mechanisms since noradrenergic, dopaminergic, serotonergic 

and cannabinergic processes are also involved in pain modulation (Yaksh and 

Wilson, 1979; Jones, 1991; Meng et al., 1998; Millan, 2002; Hayashida et al., 2007; 

Potvin et al., 2009).  For example, the nucleus accumbens has been implicated in 

reward-like activity at the offset of noxious heat stimuli suggesting activation of 

supraspinal glycinergic and dopaminergic pathways under these conditions 

(Becerra and Borsook, 2008; Baliki et al., 2010).  In contrast to placebo effects by 

expectation or conditioning with opioids, placebo effects produced by 

conditioning with non-opioid analgesics (e.g. ketorolac) are naloxone-insensitive 

and therefore involve non-opioid mechanisms (Amanzio and Benedetti, 1999).  
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Recent evidence further shows that naloxone fails to block analgesia produced by 

the presentation of highly pleasant emotional picture stimuli (Kut et al., 2011).  

Similar non-opioidergic mechanisms that occur under these conditions may 

therefore also be supporting pain relief during offset analgesia.  Additionally, 

supraspinal activation during offset analgesia could be in response to perceived 

decreases in pain, with the analgesia being mediated primarily by spinal 

GABAergic / glycinergic or serotonergic mechanisms such as those involved in 

analgesia by spinal cord stimulation (Cui et al., 1997; Song et al., 2011).  Spinal 

neurons that follow a time course of activation similar to offset analgesia have 

been observed, with these neurons being inhibited during presentation of a 

noxious stimulus and displaying strong afterdischarges following the end of the 

noxious stimulus (McGaraughty and Henry, 1997, 1998).  Administration of the 

glycine antagonist strychnine has been shown to block the inhibition phase and 

enhance the afterdischarge phase of the neural responses.  However, the 

enhancement of afterdischarges by strychnine does not significantly exceed 

baseline levels in spinalized rats, suggesting a supraspinal component.  Thus, 

spinal neurons such as these may be involved in offset analgesia with a similar 

combination of spinal and supraspinal mechanisms across phases of the 

response.  
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4.3.  Study Limitations: Heat-Induced Hyperalgesia 

Delayed thermal hyperalgesia occurred after administration of both 

naloxone and remifentanil with similar time courses.  Consequently, we 

employed an additional control condition without drug administration, which 

also revealed thermal hyperalgesia over time.  Therefore, repeated 

administration of heat stimuli was a putative contributor to thermal hyperalgesia 

and presents a potential confound for testing thermal sensitivity over long 

periods of time.  Importantly, however, the magnitude of offset analgesia 

remained unaltered under all conditions despite thermal hyperalgesia. 

Unexpectedly, in the N=8 analyses, the magnitude of offset analgesia 

increased over time across all conditions, and this was apparently due to effects 

of heat-induced thermal hyperalgesia.  However, minimum VAS ratings during 

offset analgesia (Min Offset) remained notably constant under all conditions 

(N=19 and N=8 analyses) indicating that the lowest limit of offset analgesia is not 

altered by heat-induced thermal hyperalgesia. 

 

 

5.  Conclusions 

 The magnitude of offset analgesia was not reduced or significantly altered 

following naloxone administration, during remifentanil analgesia, or following 

remifentanil infusion.  Therefore, endogenous opioids do not constitute the 

primary mechanism subserving offset analgesia.  Additionally, these 
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observations support the conclusion that offset analgesia is distinct from other 

pain processing phenomena such as temporal summation of pain and DNIC.  

While the precise mechanisms responsible for offset analgesia remain unknown, 

a combination of peripheral and central mechanisms may contribute to offset 

analgesia and may involve opioid-independent spinal and /or supraspinal 

antinociceptive activity. 
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Abstract 

 Symptoms and effective treatments are highly variable across patients 

with complex regional pain syndrome (CRPS).  Temporal processing of pain is 

altered in patients with CRPS and includes altered temporal summation of pain 

and aftersensations.  Additionally, alterations in thalamic activity / blood flow 

have been observed in CRPS.  Offset analgesia provides an additional test for 

disrupted mechanisms of temporal sharpening of nociceptive information in 

chronic pain.  Also, altered thalamic activity has not been correlated with specific 

sensory abnormalities and temporal alterations; thus the functional implications 

of abnormal thalamic processing in chronic pain are currently unknown.  In the 

present study, CRPS patients were assessed psychophysically and using 

functional imaging (Arterial Spin Labeling fMRI) in an attempt to correlate 

alterations in sensitivity and temporal processing of pain (offset analgesia) to 

alterations in thalamic regional cerebral blood flow (rCBF).  Seven patients were 

tested for thermal and mechanical thresholds and offset analgesia.  The majority 

of these patients had elevated cold pain thresholds in the affected region.  Most 

patients also exhibited decreased magnitude of offset analgesia, and two 

patients’ responses to noxious thermal stimulation were highly temporally 

altered with no offset analgesia.  Thalamic rCBF data were obtained from six 

patients:  four patients showed normal thalamic rCBF values, one patient 

exhibited bilaterally low thalamic rCBF and another patient exhibited elevated 

rCBF contralateral to the affected region.  Although interpretation of the present 
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results is limited, offset analgesia is disrupted in a subset of CRPS patients, and 

thalamic activity may play a role in altered temporal processing of pain. 

 

1.  Introduction 

 Chronic pain usually involves the combination of multiple signs and 

symptoms (Woolf, 2011).  Painful or non-painful aftersensations are one 

symptom observed in multiple states of chronic pain (Noordenbos, 1959; 

Lindblom, 1985; Eide and Rabben, 1998; Staud et al., 2001; Gottrup et al., 2003). 

These aftersensations occur when an innocuous or noxious stimulus produces a 

non-painful or painful sensation that long outlasts the duration of the actual 

stimulus.  The presence of aftersensations reflects possible alterations in temporal 

processing of nociceptive information manifested as a lack of inhibition at the 

end of a stimulus.  Temporal summation of pain is another phenomenon used to 

investigate the temporal processing of pain, and altered temporal summation of 

pain occurs in many states of chronic pain (Price et al., 1989; Maixner et al., 1998; 

Staud et al., 2001).  Aftersensations and temporal summation of pain have been 

observed and investigated in patients for several decades, however, how these 

aspects of pain processing are altered in patients remains unclear. 

 Offset analgesia is a novel pain phenomenon characterized as a 

disproportionately large decrease in pain intensity that is evoked by a small 

incremental decrease in noxious stimulus intensity (Grill and Coghill, 2002).  Due 

to its inherent temporal structure, it was proposed to reflect temporal sharpening 
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mechanisms that function to enhance the detection of the end of a noxious 

stimulus.  Similarly, real-time VAS ratings in healthy human volunteers indicate 

that the perception of stimulus fall rates is largely independent of actual 

decreases in stimulus intensity (Yelle et al., 2008).  This suggests that temporal 

sharpening mechanisms occur within the nervous system at the end of a noxious 

stimulus.  Supraspinal activation also has been shown to coincide with offset 

analgesia in the periaqueductal gray, thalamus, and multiple cortical regions 

(Derbyshire and Osborn, 2009; Yelle et al., 2009).   

 Altered temporal summation of pain and aftersensations are observed in 

CRPS and other neuropathic pain states (Lindblom, 1985; Price et al., 1992; Eide 

and Rabben, 1998; Gottrup et al., 2003).  Because CRPS typically presents in a 

limb or is otherwise localized, it allows for testing in both the affected and 

unaffected regions, or at least the affected and unaffected sides of the body.  By 

comparing responses in differently afflicted regions, conclusions can be made as 

to whether symptoms are localized to the affected regions (peripheral 

mechanisms) or widespread across the whole body (central mechanisms).  Offset 

analgesia was therefore tested in a group of CRPS patients and matched healthy 

controls in order to assess alterations in temporal processing that may be present 

in this specific type of chronic pain.  Thermal and mechanical sensitivity were 

also measured in patients across connections between sensory symptoms and 

temporal processing.   
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 Supraspinal mechanisms of temporal processing of pain have been 

described in previous research (Casey et al., 1994; Casey et al., 2001; Staud et al., 

2007).  Altered thalamic activity has been observed in several studies of patients 

with CRPS and other forms of neuropathic pain (Di Piero et al., 1991; Iadarola et 

al., 1995; Saitoh et al., 2004; Walton et al., 2010).  Additionally, changes in 

temporal processing have been correlated with alterations in supraspinal activity 

in fibromyalgia patients (Staud et al., 2008).  Thus, cerebral blood flow data were 

acquired using fMRI to further investigate possible relationships between 

disrupted temporal processing and altered supraspinal activity in CRPS patients. 

 

2.  Methods 

 All study procedures were approved by Wake Forest School of Medicine 

Institutional Review Board (IRB).  Prior to their participation in the study 

sessions, all participants signed an approved consent form to certify that they 

read and understood the procedures of the study, would receive innocuous and 

noxious stimulation, that they had the option to not participate in any portion of 

the study procedures, and that they were free to withdraw participation in the 

study at any time.   
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2.1.  Subjects 

2.1.1.  Patients 

 Patients were recruited from the Carolinas Pain Institute in Winston-

Salem, North Carolina.  All patients were initially screened on a questionnaire 

assuring that they did not have any contraindications for MRI scanning (no 

pacemakers, spinal cord stimulators, drug pumps, or any other magnetic metal 

plates or pins in the body) and were not claustrophobic (to their knowledge).  All 

patients had been previously clinically diagnosed as having complex regional 

pain syndrome (CRPS) in one or more limb of the body.  The inclusion criteria 

for patients were not based on limitations to specific limbs affected, laterality of 

pain, duration or severity of disease, or responsiveness to medications.  

Although recruitment of a highly specific type / region of CRPS would have 

benefited the analyses, the recruitment criteria were purposely broad due to 

known challenges in recruitment of CRPS patients that are MRI-compatible and 

willing to undergo lengthy experiments without the possible treatment benefits 

of a clinical trial.  Thus, the population of CRPS patients was highly variable 

across all of the above listed criteria (see Table I. Patient Demographics).  The 

following is a series of case studies for each individual patient involved. 
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Table I.  Patient Demographics.

Patient Gender Age (yrs)                 Affected Region Duration CRPS (months) Bilateral Symptoms

Case 1    M    50  Right Arm   171  Yes (neck, head, L. arm) 

Case 2    M    51  Left Arm   73  Yes (neck, face, R. arm) 

Case 3    M    35  Right Arm   48  No 

Case 4    F    18  Left Leg   24  No 

Case 5    F    26  Right Foot/Ankle  96  No (pre-CRPS LBP) 

Case 6    F    37  Right Leg   202  Yes (Left Leg) 

Case 7    M    35  Left Leg   12  Yes (back / shoulders) 

Case 8    F    54  Left Knee   285  No 

Case 9    F    24  Right Arm   33  No

Table I.  Patient Demographics.  Patients were assigned numbers in the order of their participation in the study (Cases 1-
9).  Gender (male, M; female, F).  Age in years (yrs) is at the time of the initial study visit.  Affected region refers to the 
initially affected and diagnosed region of CRPS (and excludes later regions of bilateral symptoms, described in the 
rightmost column).  Duration of CRPS in months was estimated as the time from patient reported onset of CRPS-related 
symptoms to the initial study visit.  Low back pain (LBP). 

 

Case 1 - Male, Right Upper Extremity 

 A 50 year old right-handed male began having symptoms of work-related 

repetitive stress injury to his right elbow 15 years prior to his participation in the 

study.  It was initially diagnosed as cubital tunnel syndrome and was treated 

about 1 year later with a surgery to transpose the nerve to the outside of the 

medial epicondyle.  A second surgery was performed about one year later, and 

after a few months, a third final surgery was performed to release part of the 

nerve embedded in scar tissue. The patient reported that the repeated surgeries 

made the pain worse. Physical evidence of injury included formation of 

neuromas, inflammation and that the affected nerves were embedded in scar 

tissue.  At the time of the study, the patient reported numbness in the right 

forearm, twitching of the 4th and 5th digits of the right hand, circulation problems 
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and that the right hand would become cold.  He also reported that “gripping is 

hard to do” and that he no longer would drive much because of this.  The patient 

also reported that his left elbow burns, swells and sometimes has sharp pain.  

The patient had several other health conditions including neck pain that started 

in his early 20’s with aching and tightening in the neck and shoulders which, 

after the elbow injury, developed into a more severe condition of red, inflamed 

skin on the back of the neck that was diagnosed as lupus (a form of discoid lupus 

erythematosus; deep ache, extremely stiff, and sometimes sharp pain).  The 

patient also reported having a “24-7” headache and migraines, in addition to 

knee and hernia pain.  Interventions besides the surgeries, included physical 

therapy four years prior to the visit (for three years) and cortisone injections 

(more than 15 in both elbows and left shoulder joint).  He stated that the physical 

therapy helped somewhat until his lupus condition flared-up and he became 

sensitive to heat.  The lupus condition was treated with an icepack on the back of 

the neck, and the migraines were treated with botox shots in the neck and 

forehead.  The patient’s medications included a fentanyl patch (synthetic opioid), 

oxymophone  (semi-synthetic opioid), cyclobenzaprine (muscle relaxant), 

ibuprofen (non-steroidal anti-inflammatory drug, NSAID), temazepam 

(benzodiazepine), duloxetine (serotonin-norepinephrine reuptake inhibitor, 

SNRI) for reported depression, and lubiprostone (laxative).  He was also using 

clindamycin phosphate topical solution and taking hydroxychloroquine sulfate 

for treatment of the lupus.  He appeared to be in a fragile condition during the 
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study visit and clutched his right arm close to the body with his hand in a fist at 

all times. 

 

Case 2 - Male, Left Upper Extremity 

 A 51 year old left-handed male had been healthy until about six years 

prior to the study visit when he tripped and dislocated his left shoulder.  He 

reported that his shoulder was constantly sore since the initial injury.  Physical 

therapy was administered soon after the injury, but the shoulder would “pop all 

the time” during treatment.  He had an initial MRI, was referred to the 

orthopedics department, and had surgery on the shoulder about four months 

after the initial injury.  Following the surgery, he began to experience numbness 

and tingling in his left hand.  An electromyogram (EMG) test showed slowing of 

the ulnar nerve, and an ulnar nerve transposition surgery was performed.  Three 

months of physical therapy followed but were discontinued due to continued 

pain.  A second MRI showed a tear in his left shoulder, and a second shoulder 

operation was performed about a year after the initial injury, followed by 

additional physical therapy.  At this point, burning and swelling started in his 

left arm that continually became worse, at which time he was diagnosed with 

CRPS.  Further therapy included ganglion nerve blocks (thirteen treatments over 

four months) that “helped a little at first” and a partial spinal cord nerve block by 

fluoroscopy that gave the patient a headache for almost a year.  Approximately 

two years after the initial injury, the patient was in a car accident and injured his 
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right shoulder.  An MRI indicated that he had a torn rotator cuff in the right 

shoulder.  After the right shoulder was surgically repaired, he underwent an 

additional surgery on the right elbow that had become affected after the right 

shoulder injury.  This was followed by a month of physical therapy on the right 

arm.  The patient tried additional therapies including a spinal cord stimulator 

trial that provided no relief, in addition to medications and counseling.  At the 

time of the study the patient was taking oxycodone (opioid), hydroxyzine 

pamoate (antihistamine), promethazine (antihistamine) for nausea, lorazepam 

(benzodiazepine) for panic attacks caused by CRPS, triazolam (benzodiazepine) 

for sleep aid, and several other medications for additional conditions including 

heart disease and acid reflux.   

 

Case 3 - Male, Left Upper Extremity (Claustrophobic) 

 A 35 year old male had been well until about four years prior to the study 

visit when he had extended his right arm to grab a thick sheet of metal that was 

falling and immediately felt severe pain in his shoulder and neck.  He took two 

weeks off from work, wore a sling, and underwent a few days of physical 

therapy which seemed to make the pain worse.  After returning to work, his arm 

would go completely numb.  The patient reported that he had constant pain 

everyday that alternated with numbness ever since the injury.  Soon after the 

incident, x-rays failed to show signs of injury.  At least one year after the initial 

injury, MRIs showed a pinched nerve and disk deterioration, and nerve 
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conduction studies indicated damage to the ulnar nerve and cervical spinal 

nerves (IV and V).  About a year and a half after the initial accident, the patient 

underwent carpal tunnel and ulnar nerve surgeries on the right arm.  The 

surgeries seemed to make the condition worse soon afterwards, and he was 

diagnosed with CRPS about 1 year prior to his participation in the present study.  

Additional treatments included nerve blocks (ganglion and others) which made 

the pain worse, a spinal cord stimulator trial that helped only a small amount 

(15-20% reduction), and current use of a TENS (transcutaneous electrical nerve 

stimulation) unit up to 4 times per day.  At the time of the study, the patient was 

taking oxymorphone (opioid), duloxetine (SNRI), baclofen (GABAB agonist) and 

buspirone (for anxiety).  He had obvious swelling on all of his right hand, and 

during the visit his right hand / arm changed color (white to red to blue).  These 

changes were most obvious on the hand but slight color changes could be 

detected on the arm as well. 

 

Case 4 - Female, Left Lower Extremity 

 An 18 year old female had been completely well up until two years prior 

to participation in the study.  She had been active in many sports and developed 

patellar tendonitis (commonly referred to as Jumpers Knee) in both her knees.  

Following successful surgery of the right knee, the surgery of the left knee 

resulted in an unreasonable amount of stabbing pain that “felt like a knife in the 

knee and twisting”.  This pain continued and worsened over the course of the 
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next year without any visible signs of injury or nerve damage, during which time 

she was referred to several different doctors.  She received a nerve block into the 

lower spinal cord and was on crutches for a year and a half until she was able to 

“push the pain into remission”.  However, a few months prior to the present 

study visit, the pain returned and she couldn’t walk as well anymore.  She was at 

this time referred to a pain clinic and diagnosed with CRPS.  At the first visit for 

the present study, her left leg was entirely wrapped in gauze up to the mid-

thigh, and she wore soft shoes, but was not using crutches or any brace.  She 

described her leg as “sensitive to everything” and that “even air hurts it”.  At the 

time of the study she was taking gabapentin (GABA agonist, antiepileptic), 

tapentadol (!-opioid agonist / norepinephrine reuptake inhibitor, NRI) as 

needed, and lisdexamfetamine for attention deficit hyperactivity disorder 

(ADHD).  Her participation in the study was just prior to a trial for a spinal cord 

stimulator, which was successful, and was followed by implantation of a 

permanent spinal cord stimulator. 

 

Case 5 - Female, Right Foot and Ankle (Claustrophobic) 

 A 26 year old female had chronic herniated discs since she was a child 

which were treated with physical therapy that had been working well for short-

term maintenance.  However, eight years prior to her participation in the present 

study, manipulation of her back during physical therapy caused her right foot to 

turn purple, swollen and very hypersensitive (even to air).  The foot stayed this 
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way for several weeks while she continued to do physical therapy since her 

physician did not know how to diagnose her condition.  She eventually was 

diagnosed with RSD by a pain clinician and was treated with nerve blocks, 

steroid injections and physical therapy. Over the years with CRPS, her foot was 

not always purple and swollen but would vary day-to-day; at times it would be 

hypersensitive but it was always burning at varied intensity levels.  Her back 

was also always painful but not burning pain.  She was using crutches at the time 

of the study and reported that sometimes her pain would radiate up her leg to 

the mid-knee if she was really active and on her foot a lot.  At the time of the 

study, she was taking pregabalin (GABA agonist), milnacipran (SNRI), 

tapentadol (opioid / NRI), tizanidine (!2 adrenergic agonist, mulcle relaxant), 

prednisone (synthetic corticosteroid), vitamin D and Zegerid (omeprazole and 

sodium bicarbonate, proton pump inhibitor and antacid) for acid reflux.  The 

study was performed just prior to a spinal cord stimulator trial. 

 

Case 6 - Female, Lower Extremities (Ketamine Therapy) 

 A 37 year old left-handed female had been well except for knee issues 

until 16 years prior to the present study when she sustained an injury to her right 

knee during arthroscopic / lateral release surgery.  Following the initial surgical 

injury, she had continuous burning pain from her mid-thigh to below the knee, 

and was diagnosed with CRPS.  About a year later, the pain spread to the left 

knee following a surgery to the right saphenous nerve.  Almost two years later 
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she had to quit her job due to the pain.  A spinal cord stimulator was then 

permanently implanted but was removed about six years later.  She was also 

treated for multiple other health issues including fibromyalgia, acute deep vein 

thrombosis in the left calf, occipital neuralgia, and fractures in her lumbar (L1) 

and thoracic (T12) vertebrae due to a fall.  At the time of the study, she was 

scheduled for subanesthetic ketamine infusion therapy and was only able to 

participate in the MRI portion of the study due to time constraints.  She had been 

taking tizanidine (!2 adrenergic agonist) for muscle spasms and pain but had 

discontinued it at the time of the study to prepare for the ketamine infusion 

therapy.  She was also taking buspirone for anxiety, omeprazole for acid reflux, 

in addition to warfarin sodium (anticoagulant), escitalopram (selective serotonin 

reuptake inhibitor), simvastatin (cholesterol medication), trazodone (serotonin 

antagonist and reuptake inhibitor, SARI), ibuprofen (NSAID), robaxin 

(methocarbamol, muscle relaxant), promethazine (antihistamine), meclizine 

(antihistamine / antiemetic) and lorazepam for temporary anxiety. 

 

Case 7 - Male, Lower Extremity (Severely Claustrophobic)(Ketamine Therapy) 

 A 35 year old male, about a year prior to the present study, had fallen and 

injured his left leg.  The injury was initially diagnosed as a sprain, and the left 

foot was put in a boot.  After removal of the boot, nerve conduction testing 

identified three crushed nerves in the left leg.  He was treated with physical 

therapy and visited numerous doctors (about thirteen) within the same year and 
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was eventually diagnosed with CRPS.  A spinal cord stimulator was implanted 

earlier in the year, but it was removed because the leads had moved out of place.  

The patient also had pain in his shoulders and neck, and ganglion nerve blocks 

were routinely administered to relieve some of the pain in his shoulders.  He said 

that the pain remains in his shoulders, and he now gets headaches and seizures 

from the pain.  He also explained that his whole body seems to be in pain and 

that the pain from his legs radiates all the way up to his shoulders.  At the time 

of the study, the patient could not walk and used an electric scooter.  The patient 

had sores on the top of his foot that had appeared almost immediately after the 

pain started (two defined ones were visible on the top of the left foot, some 

smaller scratches and lesions were visible on the right foot).  His skin was very 

shiny on the shins and there was obvious bilateral hair loss on both legs.  He also 

said that he had hair loss on his face and some on the head.  Other visible signs 

included degraded / fallen off toenails on both feet, small bumps and dry skin 

on legs, pinkish color of feet and reddish coloring of the lower legs up to the 

knees.  Since the patient was scheduled for subanesthetic ketamine infusion 

therapy later the same day of the study, there was only time for the MRI portion 

of the study.  However, once the patient entered the MRI scanner bore, he 

became severely claustrophobic.  He was immediately removed from the scanner 

bore and at this time seemed highly relieved and more coherent than he had 

been all morning.  Unfortunately, no data except for an oral history and signs / 

symptoms were attained from this patient. 
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Case 8 - Female, Left Knee 

 A 54 year old female had been healthy until about 24 years prior to the 

study visit when she injured her left knee (struck the lateral side of her left knee 

on a pole causing her knee to shift with the top popping outwards).  By the next 

morning, it was very swollen and painful even at rest.  She continued to work 

and x-rays at a clinic showed no damage.  Her leg was put in a knee immobilizer, 

and she used crutches upon returning to work.  Her knee continued to become 

more swollen until she had surgery to repair a meniscal tear.  Following the 

surgery, her pain became sometimes burning, sometimes electric jolts / shocks, 

stinging, and sensitive to light touch.  She continued physical therapy and had 

additional surgeries to again repair the meniscal tear and torn scar tissue, which 

continued to worsen the pain.  As of 22 years prior to the study visit, she was 

diagnosed with CRPS, her pain would sometimes radiate from the knee down to 

the foot, or from the knee up to the hip, but it would usually not spread past the 

ankle or the hip regions.  She had been treated with steroid injections into the 

knee and spinal nerve blocks, but she had never tried spinal cord stimulation.  At 

the time of the study, she was wearing a removable knee brace, and her pain was 

being managed with morphine injections into the knee joint once every eight 

weeks, which would make the pain tolerable for six to eight weeks.  Additional 

medications at the time of the study included celecoxib (NSAID) for swelling, 

duloxetine (SNRI), clonazepam (benzodiazepine, muscle relaxant / 

anticonvulsant) to prevent knee jerks at night, and omeprazole (proton pump 
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inhibitor) for acid reflux. 

 

Case 9 - Female, Right Upper Extremity (Ketamine Therapy) 

 A 24 year old right-handed female had been entirely well until two years 

prior when she dislocated and sustained a rotator cuff injury to her right 

shoulder after reaching out with the arm to grab a falling child.  Right after the 

injury, her shoulder was iced for 24 hours, and she underwent surgery a few 

months after the initial injury.  Following surgery, her pain continued to worsen, 

and she started having seizures / blacking out.  She was then sent to a 

neurologist and a pain clinician who diagnosed her with CRPS.  She reported 

that she was unable to sleep for more than two hours at a time and usually wears 

heated pads on her upper arm and neck.  At the time of the study, she was only 

taking muscle relaxants and had discontinued use of opioid medications 

(oxymorphone) about a month prior to the study, as she was scheduled to begin 

subanesthetic ketamine infusion therapy later the same day.  During the MRI 

scan, she reported pain intensity of 6.5-7.5/10.  Following the ketamine 

treatment, her pain was reduced to 3/10.  She also reported that the pain was just 

due to soreness of her shoulder and back muscles because she had not used them 

for a while. 
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2.1.2.  Matched Control Subjects 

 Healthy controls for each patient involved in the study were matched for 

age, gender, race, and handedness.  Healthy subjects were required not to have 

any form of ongoing or chronic pain, not be on pain-relieving medications or 

mood-altering drugs, and be MRI compatible.  All control subjects were asked to 

participate in the same procedures as their matched patient.  Currently, controls 

for the 54 year old right-handed female patient and the 37 year old left-handed 

female patient are not included. 

 

2.2.  Psychophysical Visit 

 Patients were asked to describe their pain, sensory abnormalities and 

changes in skin temperature, color or appearance.  All patients also completed a 

Short Form McGill Pain Questionnaire and indicated their location of pain on a 

body map with shading (Melzack, 1987).  Some patients with upper extremity 

CRPS were also assessed for motor deficits using tests from the Halstead-Reitan 

neuropsychological test battery including a grip test (twice per limb) and a finger 

tapping task (twice per hand) (Reitan and Wolfson, 1985).  The affected areas of 

most patients were also assessed with an infrared camera for temperature 

differences between affected and unaffected limbs using a thermal imaging 

camera (Extech i5 Compact IR Camera, Extech Instruments Corporation, 

Waltham, MA, USA).  Additional optional questionnaires were administered to 

patients but are not presented in this manuscript. 
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2.2.1.  Assessment of Thermal Thresholds 

 A 30 x 30 mm2 probe was used for the testing of thermal thresholds.  Most 

patients were able to tolerate threshold testing on all four limbs, however, some 

patients were not tested as thoroughly due to fatigue and time constraints.  Each 

threshold test consisted of up to 6 repetitions each at distinct locations of skin 

and were separated by a minimum interval of 15 seconds.  Thresholds were first 

measured for innocuous cool “when the baseline temperature changes to a cool 

sensation”, and innocuous warm “when the baseline temperature turns into a 

warm sensation”.  Pain thresholds were then assessed on the limbs for painful 

cold “when non-painful cool sensation changes into a painful cold sensation” 

and painful hot “when non-painful warm sensation changes into a painful heat 

sensation”.  Patients were required to click a button on a hand-held mouse to 

indicate changes in sensation.  The probe was moved to a completely distinct yet 

adjacent region after each stimulus. 

 

2.2.2.  Assessment of Mechanical Thresholds 

  Thresholds were tested using von Frey filaments (calibrated for size 1.65-

6.65, logarithm of 10 times the bowing force in mg) to determine the mechanical 

detection threshold and pain threshold for each limb.  Patients were also tested 

for mechanical allodynia to cotton swab and hyperalgesia to pin prick on the 

affected and unaffected limbs (optional). 
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2.2.3.  Noxious Thermal Stimulation Procedures 

 Suprathreshold noxious thermal stimuli were tested primarily on patients’ 

unaffected limbs, and patients’ affected limbs when tolerated.  Sets of four 

suprathreshold stimuli were administered once to each limb to assess offset 

analgesia.  Each set included two constant 49°C (30 s) stimuli and two dynamic 

stimuli to assess offset analgesia (49°C, 5 s; 50°C, 5 s; 49°C, 20 s).  If patients could 

not tolerate the 49-50-49°C stimuli, a lower temperature stimulus was used 

instead (48-49-48°C).  Also, if the patients had difficulty tolerating stimuli, only 

one constant stimulus or only 49-50-49°C stimuli were tested in order to 

minimize patients’ pain but still obtain offset analgesia testing.  Control subjects 

were tested on the same limbs as their matched patients.   

 

2.2.4.  Present Pain Intensity Ratings  

 Patients were asked to provide intensity ratings of their chronic pain using 

a 15 cm plastic sliding visual analogue scale (VAS) with a minimum end-point of 

“No pain sensation” and a maximum end-point of “Most intense pain sensation 

imaginable” (Parisian Novelty Company, Chicago, IL)(Price et al., 1983; Price et 

al., 1994).  Intensity ratings were taken at least once during the psychophysical 

visit and twice during the MRI visit – before and after the scanning procedures. 
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2.2.5.  Real-time VAS Ratings  

 All patients that were able to tolerate the suprathreshold noxious thermal 

stimuli were asked to provide real-time VAS intensity ratings for the stimuli.  

Patients were instructed to rate pain intensity, not temperature, on the VAS.  

Stimulus temperatures and real-time VAS ratings were digitally recorded (100 

Hz sample frequency) and analyzed using custom-made programs (PowerLab 

Data Acquisition System, ADInstruments; IDL).  Due to time constraints and 

patient conditions, a shortened version of real-time VAS training was used in the 

present study compared to that previously employed in studies of healthy 

volunteers (Martucci et al., 2011b; Martucci et al., 2011a).  In the abbreviated 

training, a real-time VAS device was used to rate pain intensity to an ascending 

set of 8 temperatures (35°C - 49°C, 5 second duration).  This training served to 

give the patients practice using the real-time VAS scale and to familiarize them 

with the stimulus temperatures.  All stimuli were separated by a minimum of 30 

s, and the probe was moved after each stimulus to a distinct area of skin to 

reduce sensitization and / or habituation. 

 

2.2.6.  Analysis of Signs / Symptoms and Psychophysical Data 

 Thermal thresholds from patients were averaged across repetitions (6 per 

limb) and reported as mean ± SEM.  Mechanical detection and pain thresholds 

were reported for patients as measured (von Frey filament size).  Thermal and 

mechanical thresholds from matched controls were averaged across subjects and 
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presented as mean ± SEM.  

 Real-time VAS ratings were analyzed using custom-made IDL programs 

(Interface Definition Language software, Research Systems, Inc., CO).  End-

points included MaxT2 and Min Offset, and the Magnitude Offset Analgesia was 

calculated by subtracting Min Offset values from MaxT2 values for each stimulus 

separately.  Mean Magnitude Offset Analgesia was calculated for each region 

tested in patients and control subjects.  Possible differences of Magnitude Offset 

Analgesia were assessed between tested regions using a matched pairs t-test 

separately for patients (affected vs. unaffected) and controls (left vs. right). Mean 

Magnitude Offset Analgesia was calculated for each patient and control, and 

group means of Magnitude Offset Analgesia were calculated from these 

individual values.  Between group differences were assessed using an unpaired 

t-test. 

 

2.3.  Functional Imaging Visit 

 Patients and control subjects were asked to report to the MRI center for 

the functional imaging visit.  This visit consisted of a scan lasting up to 1.5 hours 

and included several series in order to obtain multiple types of data from the 

patients.  A high-resolution structural image was first acquired.  Two functional 

series were also acquired to measure cerebral blood flow (CBF) using Arterial 

Spin Labeling functional Magnetic Resonance Imaging (ASL fMRI).  During all of 

these series, patients were directed to relax with their eyes closed.  Patients were 
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asked to report their overall pain intensity at the beginning and end of the 

scanning session.  Additional functional imaging series and data were obtained 

during the MRI visit as well but are not presented here. 

 

2.3.1.  Structural and Functional MRI Image Acquisition 

 All imaging data were acquired on a 1.5T General Electric Twin-Speed LX 

Scanner with a birdcage quadrature head coil (General Electric Medical Systems, 

Milwaukee, WI).  A high-resolution T1-weighted structural image was acquired 

using a three-dimensional spoiled gradient-echo sequence (inversion time, TI, 

600 ms; flip angle, 12°; echo time, ET, 4.76 ms; matrix, 200 x 200; slice thickness, 

1.5 mm; number of slices, 124; in plane resolution 0.93 x 0.93 mm; field of view, 

FOV, 256 x 256). 

 ASL fMRI, a non-invasive functional imaging method involving 

magnetically tagged water as an endogenous tracer, was implemented for 

quantifiable measurement of CBF.  The specific contrast parameters consisted of 

a pulsed arterial spin labeling (PASL) sequence using Q2TIPS-FAIR (quantitative 

imaging of perfusion using a single subtraction, second version with interleaved 

thin-slice TI1 periodic saturation – flow-sensitive alternating inversion recovery) 

(Kim, 1995; Luh et al., 1999).  Image acquisition was performed using a 3D 

GRASE PROPELLER sequence which has been shown to improve signal to noise 

ratio for ASL imaging (3D gradient echo and spin echo, GRASE; periodically 

rotated overlapping parallel lines with enhanced reconstruction trajectory, 
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PROPELLER) (Pipe, 1999; Gunther et al., 2005; Tan et al., 2011).  Specific 

parameters were as follows, [echo time (TE), 18.1 ms; repetition time (TR), 2700 

ms; inversion time (TI), 2000 ms; 13 x 5 mm-thick slices; in-plane resolution 1.88 x 

1.88 mm; flip angle 90°, no gap between slices].  For patients involved in the 

subanesthetic ketamine infusion therapy (Case 6 and Case 9) and their matched 

controls, 2D gradient echo EPI (echo planar imaging) was used for image 

acquisition (TE, 17.1 ms; TR 2500 ms; TI, 1700 ms; 14 x 8 mm-thick slices; 3.75 x 

3.75 in-plane resolution; flip angle 90°; no gap between slices).  

 The initial image in the PASL time series (volume 1) was acquired with all 

inversion and saturation pulses turned off and was used as the M0 image for 

scaling perfusion values into quantified CBF values.  The next several volumes 

were discarded (volumes 2-9) since they were implemented in order to establish 

a steady-state for later volumes.  Raw time series data (the remaining volumes) 

were filtered for motion-corrupted images according to Tan et al. (Tan et al., 

2009).  Perfusion weighted images (PWI) were then calculated by subtracting 

label images from control images, and CBF quantification was completed using 

the general kinetic model (Buxton et al., 1998).  For images acquired using 3DGP 

sequence, white matter signal intensity measured from the M0 image was scaled 

to account for differences in receiver gains between the M0 image and the ASL 

image.  All additional CBF quantification procedures were identical for images 

acquired with 2D EPI and 3DGP sequences.  
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2.3.2.  Image Analysis 

 The functional image analysis package FSL [Functional Magnetic 

Resonance Imaging of the Brain (FMRIB) Software Library (Center for FMRIB, 

University of Oxford, Oxford, UK)] was used for image processing.  Mean 

bilateral thalamic regional CBF values were calculated separately from each 

quantified CBF image.  Regions of Interest (ROIs) were created for the right and 

left thalamus separately using the subcortical segmentation tool FIRST (FMRIB's 

Integrated Registration and Segmentation Tool)(Patenaude et al., 2011).  

Functional CBF data were registered to the appropriate subject’s structural data 

using a seven-parameter linear three-dimensional transformation (FMRIB’s 

Linear Image Registration Tool)(Jenkinson et al., 2002).  The masks created using 

FIRST were applied to the registered functional data, and a mean CBF value was 

calculated from each ROI. 

 

 

3.  Results 

3.1.  Reported Symptoms / Observed Signs 

 A total of nine CRPS patients participated in the present study.  Seven 

(7/9) patients completed the psychophysical visit and provided data for thermal 

thresholds, mechanical thresholds, and magnitude of offset analgesia.  Six (6/9) 

of the patients also participated in the fMRI session so that thalamic rCBF data 

were obtained from these patients.  Three of the patients did not complete the 
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MRI session due to claustrophobia discovered immediately prior to the time of 

scanning (they had not reported claustrophobia during the initial screening).  

Patient-reported symptoms and signs observed at the time of the study were 

categorized for each individual patient according to the CRPS Budapest 

Diagnostic Criteria (Harden 2007, 2010).  All of the patients reported symptoms 

and displayed signs under most of the categories (Tables II and III). 
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3.2.  Mechanical Thresholds 

 Four patients reported some degree of a loss in mechanical sensitivity in 

localized areas within their affected regions (4/9).  All patients reported 

hypersensitivity to mechanical stimuli in their affected regions; specifically the 

painful area was overly-sensitive to touch (9/9) and in some cases the affected 

area was hypersensitive to air / cool breeze (4/9).  Von Frey measurements 

indicated that several patients had variable changes in threshold sensitivity and 

mechanical pain thresholds (Table IV). 

 

Table IV.  Mechanical Detection and Pain Thresholds.

Patient Affected Region Right Arm  Left Arm         Right Leg          Left Leg 

Case 1 Right Arm  2.83, NT  2.44, NT         2.44, NT           2.44, NT 

Case 2 Left Arm  1.65, >5.18 2.36, 4.74         NT, NT           NT, NT 

Case 3 Right Arm  5.07, NT  3.84, NT         3.84, NT           4.74, NT 

Case 4 Left Leg  2.44, NT  3.22, NT         3.22, >6.65           1.65, 1.65 

Case 5 Right Foot 4.08, >6.65 4.08, >6.65        3.84, 5.18           4.08, >6.65 

Case 6 Right Leg     (Not Tested) 

Case 7 Left Leg     (Not Tested)   

Case 8 Left Knee  2.44, >6.65 2.44, >6.65        4.08, >6.65           4.08, 5.88  

Case9 Right Arm  2.36, 2.44  3.61, >6.65        3.84, >6.65           3.61, >6.65 

Controls   N/A   3.36±0.23, >6.65  3.36±0.23, 6.61±0.04      3.49±0.25, >6.65        3.63±0.21, 6.54±0.11

Table IV.  Mechanical Thresholds.  Sensitivity to mechanical stimulation measured by plastic calibrated von Frey filaments 
(filament size 1.65 – 6.65) is presented for each limb as “detection threshold, pain threshold”.   Pain thresholds denoted 
as >6.65 indicate that no pain was reported to the maximum von Frey stimulus tested (>5.18 = no pain to 5.18 and 6.65 
was not tested).  Two patients were not tested for mechanical sensitivity due to time constraints (Case 6 and 7).  Controls: 
detection and pain thresholds were averaged across matched control subjects (N=6, Mean ± SEM).  Not Tested (NT). 
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3.3.  Thermal Thresholds  

 Patients reported increased sensitivity to heat (5/9), cool (3/9) and cold 

(7/9).  Additionally, two patients reported numbness to temperatures or 

temperature changes.  Statistical analysis of threshold data were not performed, 

however, the raw averaged data are reported (Fig. 1).  
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Figure 1.  Thermal Detection and Pain Thresholds.  Patients were tested for thermal 
thresholds using a 30 x 30 mm2 probe on each limb: right arm (RA), left arm (LA), right 
leg (RL), left leg (LL).  Affected limbs are in bold type.  Mean thresholds (temperature in 
°C, averaged across up to 6 trials per limb) are shown for cool detection (light blue) and 
warm detection (gray), and pain thresholds are shown for cold (dark blue) and hot 
(black).  Average thermal thresholds for control subjects (N=6) are shown in the first 
panel.  Mean ± SEM.  Not tested, N. 
 

3.4.  Offset Analgesia in CRPS Patients 

 Offset analgesia was assessed in seven CRPS patients and six matched 

control subjects.  All but one were tested on both sides of the body (ipsilateral 

and contralateral to their affected region), typically on the unaffected extremities 

only (i.e. if a patient’s affected region was in the upper extremity, offset analgesia 

testing was conducted bilaterally on the lower extremities).  In one patient, an 

attempt was made to test offset analgesia bilaterally, but the patient was 

extremely hypersensitive to the heat stimulus on the leg ipsilateral to the affected 

arm (the patient could not even tolerate a reduced 48-49-48°C stimulus).  Instead, 

for this patient, offset analgesia was tested on the contralateral arm and leg 
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shown for each region tested in the patients (Fig. 2).   
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Figure 2.  Patient Responses to Suprathreshold Thermal Stimuli.  Offset analgesia was 
assessed in patients using the three-temperature stimulus train, TEMP = [49°C (5 s), 
50°C (5 s), 49°C (20 s)].  All patients were tested in unaffected regions, on limbs 
ipsilateral (red) and contralateral (blue) to the affected region. Case 9 was tested only on 
the contralateral side (blue and purple) since thermal stimulation was not tolerable on 
the limb ipsilateral to the affected region.  Real-time VAS responses and corresponding 
bar graphs of the magnitude of offset analgesia are presented as the mean (± SEM) from 
two stimuli per region tested.  VAS, visual analog scale.  Time in seconds (s).  
 

 For CRPS patients, the magnitude of offset analgesia was highly consistent 

across affected and unaffected sides of the body (N=6, p = 0.6662).  The patient 

(Case 9) was only tested on her contralateral limbs.  She was excluded from the 

group analysis to be conservative.  However, she did not have any offset 

analgesia response to the stimuli on either her contralateral arm or leg.  For 

control subjects, as expected, mean differences comparing the magnitude of 

offset analgesia on the left and right sides of the body were also not significant 

(N=6, p = 0.4653).  Since side-to-side variations did not contribute to differences 

in offset analgesia across regions in patients or control subjects, the mean 

magnitude of offset analgesia combined across sides (affected/unaffected and 
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patients and controls indicated that the magnitude of offset analgesia was less in 

patients than controls, however, statistical analysis using an unpaired t-test 

revealed that this difference was not significant between groups (N=13, p = 

0.0845) (Fig. 3).  

 

 
 
 
 
Figure 3.  Magnitude of Offset 
Analgesia – Patients vs. Controls.  
The group mean magnitude of 
offset analgesia is presented for 
CRPS patients (N=7, red) and 
control subjects (N=6, blue).  VAS, 
visual analog scale.  Mean ± SEM. 
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greater rCBF compared to the ipsilateral thalamus.  Another patient displayed 

abnormally low thalamic rCBF in both hemispheres (Case 1).  A realistic 

although not fully quantified calculation of the rCBF indicated values around  

14 ml/100g tissue/minute. 

 

Table V.  Thalamic Regional Cerebral Blood Flow. 

Patient  L. Thal. rCBF R. Thal. rCBF           Control L. Thal. rCBF         Control R. Thal. rCBF

Case 1  14.82  14.83      

Case 2  28.13  29.21 

Case 3  (Claustrophobic, Not Collected) 

Case 4  63.21  82.43   47.71   42.41 

Case 5  (Claustrophobic, Not Collected) 

Case 6  57.99  61.43   NC   NC 

Case 7  (Claustrophobic, Not Collected) 

Case 8  55.76  48.18   NC   NC 

Case 9  54.43  55.03   46.99   45.28 

Table V.  Thalamic Regional Cerebral Blood Flow.  Thalamic regional cerebral blood flow values (Thal. rCBF) are reported 
for each hemithalamus:  Left (L.), Right (R.).  All values are in units of quantified perfusion (ml/100g tissue / minute).  
Control subject values are also reported in the rightmost columns for comparison (Con.).  Not Collected (NC).  Currently 
this table is incomplete due to technical difficulties with quantifying CBF. 

 

4.  Discussion 

 Complex regional pain syndrome is a debilitating form of chronic pain 

that may be neuropathic or of unknown origin (Bruehl et al., 1999; Harden et al., 

2007) (Albazaz et al., 2008).  It is typically characterized as spontaneous burning 

pain that is disproportionate to the initial injury or any observable damage in the 

limb or affected region (Veldman et al., 1993; Schwartzman et al., 2009).  Patients 

may report a variety of symptoms including mechanical allodynia and 
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hyperalgesia to cold or hot stimuli (Price et al., 1992; Rommel et al., 2001).  

Additionally, CRPS is often associated with a sympathetic component (Wasner et 

al., 2002).  The present study attempted to collect a large set of data from CRPS 

patients willing to participate in a study without treatment benefits.  Both 

psychophysical and functional CBF data were collected from several patients to 

potentially correlate sensory abnormalities to altered supraspinal processing 

(specifically in the thalamus).  Although patient recruitment proved to be very 

challenging, some inferences can be drawn from the present data set. 

 

4.1.  Offset Analgesia and CRPS 

 It was hypothesized that offset analgesia would be disrupted in CRPS 

patients due to a disruption of temporal sharpening mechanisms.  Although 

patients generally exhibited less offset analgesia (smaller magnitude) compared 

to matched controls, the difference was not significant.  However, two of the 

patients (Case 1 and Case 9) displayed severely altered responses to the 

suprathreshold stimuli and had no offset analgesia.  Therefore, the present 

results suggest that offset analgesia may be disrupted in a subset of patients, but 

do not indicate a generalized lack of offset analgesia in CRPS patients.  Since 

individual differences produce highly variable responses to pain and offset 

analgesia, an individualized analysis of offset analgesia in CRPS is likely to 

provide more conclusive data and more useful / valid interpretation.  While 

slight overall differences in offset analgesia were observed between patients and 



Chapter IV.  Offset Analgesia in Complex Regional Pain Syndrome 

 172!

controls, the large individual (between patient) differences suggest that sub-

categories of CRPS may exist.  The attention to individual differences within a 

group of patients may allow for improved diagnoses (sub-categorization) and 

provide additional biomarkers for identification of ideal treatment selection. 

 Previous studies have shown that offset analgesia is not altered during 

states of acute central sensitization (Martucci et al., 2011a).  Additionally, 

although endogenous opioid release is a logical explanation for the production of 

analgesia during offset analgesia, it has been shown that opioids are not the 

primary mechanism subserving offset analgesia (Martucci et al., 2011b).  Further, 

N-methyl D-aspartate (NMDA) antagonists do not have an effect on offset 

analgesia as shown by Niesters et al. (Niesters et al., 2011).  These consistent 

results indicate that offset analgesia functions by mechanisms that are complex 

and possibly intrinsically established in the central nervous system.  The absence 

of offset analgesia in a subset of CRPS patients suggests that these patients may 

possess a more advanced CRPS, in which spinal and supraspinal mechanisms of 

temporal processing of nociceptive information are greatly disrupted.   

 

4.2.  Thalamic Asymmetry 

 Although it was hypothesized that CRPS patients would exhibit 

asymmetric thalamic rCBF similar to the findings in previous studies, none of the 

patients in the present study had decreased thalamic activity contralateral to the 

affected region as documented in previous studies (Iadarola et al., 1995).  While 
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CBF data was obtained from six patients, only two of the patients displayed clear 

abnormalities in thalamic rCBF.  Case 1 demonstrated severely low rCBF in both 

thalamic hemispheres, and Case 4 displayed dramatically increased rCBF in the 

hemithalamus contralateral to her affected region.  The remaining four patients 

did not show obvious alterations in thalamic rCBF.  The lack of findings of 

asymmetrical rCBF in the present study may in part be due to the recruitment of 

a heterogenous population of CRPS patients, especially since several of the 

patients had some degree of bilateral symptoms (including Cases 1, 2, and 6).  

However, patients that reported unilateral pain localized to a single limb/region 

also failed to exhibit differences in thalamic rCBF (Cases 8 and 9).  Unfortunately, 

the variations between symptoms and small number of patients limit the ability 

to make interpretations beyond the present observations. 

 

4.3.  Effect of Duration of CRPS on Thalamic Activity 

 A previous PET study found asymmetric thalamic rCBF in CRPS patients 

with relatively decreased rCBF within the hemithalamus contralateral to the 

patients’ affected regions compared to the ipsilateral thalamus (Iadarola et al., 

1995).  While the present study failed to detect similarly altered thalamic rCBF, 

this may have been due to differences in the duration and progression of disease.  

The patients included in the study by Iadarola et al. (1995) had been diagnosed 

with CRPS for a maximum of 2.5 years (symptoms had been exhibited for 2 years 

in two patients and for 2.5 years in the other two CRPS patients).  Symptom 
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durations for patients in the present study were generally longer (see Table I.  

Patient Demographics).  The exception was Case 4 who had symptoms for 2 

years at the time of the study and did show asymmetrical thalamic rCBF.  

However, this was in the opposite direction with increased rCBF in the thalamus 

contralateral to the affected region.    

 An additional study showed that patients’ symptoms displayed different 

states of altered thalamic activity depending on the duration of CRPS (Fukumoto 

et al., 1999).  Thalamic rCBF was studied using single-photon emission computed 

tomography (SPECT) in 10 CRPS patients.  It was found that patients with short 

symptom durations ranging from 3-7 months showed hyperperfusion (increased 

thalamic uptake index) of the hemithalamus contralateral to the affected region, 

while patients with longer durations of 24-36 months showed hypoperfusion of 

the contralateral thalamus.  Patients within the middle duration range of 10-13 

months showed no asymmetry in the Fukumoto et al. study.  The majority of the 

patients in the present study typically had longer duration of CRPS symptoms 

than the patients with the longest duration of RSD in the Fukumoto et al. study 

except for the patient (Case 4) with two-year duration of CRPS.  However, in the 

present study this patient had hyperperfusion of the contralateral thalamus, while 

her duration (24 months) matched the longer duration class (24-36 months) with 

contralateral hypoperfusion in the Fukumoto et al. study.  While the present 

results do not match the results from the previous studies of thalamic rCBF in 

CRPS patients, they supplement the earlier findings by indicating that thalamic 



Chapter IV.  Offset Analgesia in Complex Regional Pain Syndrome 

 175!

rCBF may again become balanced at time points longer than two-year durations 

(e.g. Case 8, 24 years).  The present findings further indicate that these alterations 

are highly variable across individual patients with miscellaneous symptoms. 

 

4.4.  Implications of Altered Thalamic Activity from the Present Findings 

 Interestingly, the patient with dramatically increased rCBF contralateral to 

the affected region (Case 4) responded positively to the spinal cord simulator 

trial that was initiated soon after participation in the study.  This suggests that 

increased rCBF in the contralateral thalamus might indicate a higher chance of 

efficacious spinal cord stimulation therapy.  Additionally, Case 1 who had CRPS 

symptoms for approximately 15 years (and bilateral symptoms at the time of the 

study) displayed substantially decreased rCBF across both hemispheres of the 

thalamus compared to the matched control.  This finding suggests that overall 

decreased thalamic activity may occur during prolonged severe cases of CRPS.  

The same patient (Case 1) showed real-time VAS responses that were 

consistently highly abnormal across both limbs tested, completely failed to detect 

the 1°C decrease that would be expected to initiate offset analgesia, and 

displayed pronounced thermal aftersensations.  Thus, the overall decreased 

thalamic inhibitory control might contribute to the progression of CRPS 

symptoms and a lack of temporal processing of nociceptive information in this 

patient. 
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5.  Conclusions 

 Similar to other chronic pain conditions, individual CRPS patients present 

highly variable combinations of signs and symptoms.  However, investigation of 

individual patients using novel pain phenomena, such as offset analgesia, may 

be beneficial to identify subcategories of CRPS, so that improved and more 

specific diagnoses may be achieved in the future.  While the present study was 

not able to provide conclusive evidence of correlations between patient 

symptoms and altered thalamic rCBF, the continued use of this approach may be 

beneficial to patients since it may allow for more appropriate prescription of 

therapies as part of individualized treatment regimens.  As an example from the 

present study, Case 4 demonstrated hyperperfusion of the thalamus contralateral 

to the affected region, and her condition was later found to be sufficiently 

responsive to spinal cord stimulation.  Likewise, certain characteristics of specific 

patients’ chronic pain conditions might be useful to identify subgroups of 

patients that are more responsive to certain therapies (eg. opioids, stimulators, 

antidepressants).
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CHAPTER V.  DISCUSSION 

 

 From the present investigations, the temporal processing of pain appears 

to be highly complex and deeply integrated within the nervous system and likely 

involves multiple mechanisms.  Further, offset analgesia is a very robust 

phenomenon.  Offset analgesia was not altered during acute central sensitization, 

by direct opioid antagonism, during administration of exogenous opioids, or 

during the state of opioid-induced hyperalgesia.  However, the preliminary 

findings in complex regional pain syndrome patients suggest that offset 

analgesia may be altered during states of chronic pain.  The mechanisms 

supporting offset analgesia require further investigation since offset analgesia 

may be useful as a test to identify specific types of alterations in pain processing 

within a subset of patients and as a tool to clarify how nociceptive processing is 

altered in these patients.   

 

1.  Summary of Findings 

1.1.  Capsaicin-Heat Sensitization Study Summary of Conclusions 

 It had been originally hypothesized that offset analgesia would be 

disrupted following capsaicin-heat sensitization.  The multiple factors that 
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contribute to acute sensitization were expected to alter pain-inhibitory 

mechanisms contributing to offset analgesia.  Previous studies documented 

increased temporal summation of mechanical stimuli (pressure and punctate) 

(Yucel et al., 2004) and intraneural microstimulation (Torebjork et al., 1992) 

following sensitization by capsaicin injection.   Additionally, it has been shown 

that topical capsaicin reduces the temperature required for temporal summation 

(Yeomans et al., 1996) and lowers the threshold for temporal summation to 

repeated electrical stimulation (Andersen et al., 1996).  However, in contrast to 

previous findings of altered temporal summation of pain, the present 

investigation revealed that the magnitude of offset analgesia was not 

significantly altered following capsaicin-heat sensitization or sham sensitization 

(heat only and placebo cream).  Although changes in mechanical hyperalgesia 

and thermal sensitivity were induced, the magnitude of offset analgesia 

remained constant while the VAS ratings were shifted slightly upwards by the 

heat hyperalgesia following sham sensitization.  In a previous study, pain 

intensity responses to repeated pin prick stimuli increased following 

sensitization by capsaicin injection, however, the gain of temporal summation 

was not enhanced (Magerl et al., 1998).  This finding is consistent with the 

present observations that the magnitude of offset analgesia was not altered by 

conditions of increased sensitivity, rather the magnitude remained the same 

despite increasing or decreasing shifts of the entire VAS rating. 
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 It was further expected that both mechanical and heat hyperalgesia would 

occur following capsaicin-heat sensitization, but not following sham 

sensitization.  This would indicate the enhancement of pain by central 

sensitization processes.  Although mechanical hyperalgesia in the secondary 

region was observed following capsaicin-heat sensitization, it was also 

surprisingly observed following sham sensitization.  Additionally, analysis of 

Peak VAS values for the thermal stimuli revealed that heat hyperalgesia was 

produced following sham sensitization but not following capsaicin-heat 

sensitization.  This unexpected and intriguing observation suggests that the 

capsaicin-heat sensitization produced some degree of anti-hyperalgesia to the 

test thermal stimuli that did not occur following sham sensitization.  The anti-

hyperalgesia may have been due to de-sensitizing effects of capsaicin, which are 

known to occur in addition to sensitization (Simone et al., 1998; Nolano et al., 

1999).  

 Aftersensations have been observed in previous studies of acute central 

sensitization in healthy volunteers following capsaicin injection (Torebjork et al., 

1992; Gottrup et al., 2003).  In the present study, prolonged aftersensations were 

observed in the primary region but not in the secondary region.  This finding 

indicates that following capsaicin-heat sensitization, aftersensations to noxious 

heat stimuli may be primarily mediated by peripheral mechanisms.  Capsaicin 

injection is a highly salient noxious stimulus compared to topical capsaicin and 

may therefore be more likely to evoke central alterations in temporal processing 
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that contributed to aftersensations in other studies (Gottrup et al., 2003).  

Additionally, in previous studies the aftersensations observed were to repeated 

mechanical stimuli.  Therefore the present investigation of noxious heat stimuli 

provides novel evidence of thermal aftersensations in the primary region. 

 

1.2.  Opioid Study Conclusions 

 It was hypothesized that offset analgesia would be altered during 

manipulation of the opioidergic system indicating that endogenous opioid 

release is involved in the mechanisms of offset analgesia.  Contrary to 

expectations, the magnitude of offset analgesia was not significantly altered by 

opioid antagonism or by administration of exogenous opioids.  Opioid 

antagonism was expected to block any effects of endogenous opioid release 

during offset analgesia, in a similar fashion as how administration of an opioid 

antagonist blocks DNIC and placebo effects.  Administration of an opioid agonist 

was expected to decrease the magnitude of offset analgesia since exogenous 

opioids would saturate the opioid receptor sites and block endogenous opioid 

actions.  This result would be consistent with the effects of exogenous opioid 

administration on DNIC (Le Bars et al., 1992).  Conversely, if enhancement of 

offset analgesia was observed during opioid administration, it could have been 

interpreted as the addition of exogenous opioid effects to the endogenous opioid 

mechanisms.  However, the present observation that the magnitude of offset 
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analgesia was not significantly altered under either condition firmly indicated 

that endogenous opioid release is not a primary mechanism of offset analgesia.   

 Offset analgesia was assessed at multiple time points for up to four hours 

following both drug administrations (separate days of opioid antagonist and 

opioid agonist administration).  This allowed for assessment of the time course of 

opioid-induced hyperalgesia (OIH) and its comparison of its effects on offset 

analgesia to alterations occurring during opioid antagonism.  While the 

involvement of opioid-mediated mechanisms in OIH is debated (Chu et al., 

2011), it is not considered the primary contributor to increased sensitivity 

following the termination of opioid administration.  Multiple mechanisms are 

thought to be responsible for OIH including NMDAR activity, increased 

descending facilitatory control, and dynorphin activity (Celerier et al., 2000; 

Vanderah et al., 2001).  Therefore, the period following opioid administration, 

during which changes in sensitivity may occur, offers a rich environment to test 

for involvement of multiple mechanisms at once.  Since the magnitude of offset 

analgesia was not altered following opioid administration, these additional 

mechanisms, to the degree that they existed during OIH in the present study, 

also do not appear to be the primary contributors to offset analgesia.  These 

findings are consistent with a recent study showing that the NMDA receptor 

antagonist, ketamine does not alter offset analgesia (Niesters et al., 2011).  

Additionally, aftersensations were not altered during conditions of opioid 

antagonism, opioid agonist administration or during OIH.  This suggests that 
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endogenous opioids do not contribute to mechanisms of temporal sharpening 

that may occur at the end of a noxious stimulus.   

 

1.3.  CRPS Study Conclusions 

 It was hypothesized that patients with complex regional pain syndrome 

(CRPS) would exhibit altered offset analgesia, specifically a decreased magnitude 

of offset analgesia, due to disruption of temporal sharpening mechanisms.  From 

a group of nine CRPS patients, seven were tested for offset analgesia.  Within this 

group of seven patients, the majority (except for one who did not have a matched 

control) exhibited less offset analgesia than compared to their matched controls, 

however, most of these patients displayed a normal degree of offset analgesia.  

Two patients displayed dramatically altered temporal processing of nociceptive 

information and completely failed to detect of the 1°C decrease that typically 

triggers offset analgesia.  The two patients with the most abnormal real-time VAS 

responses (Case 1 and Case 9) both had CRPS primarily in the right arm, 

however, besides this obvious similarity their conditions were different in many 

ways (e.g. bilaterality, duration, degree of function, type of initial injury).  

Importantly, offset analgesia as tested in the present study was specific to 

noxious thermal stimulation.  Thus, it may have been useful to assess responses 

to mechanical stimulation (aftersensations and temporal summation) as well in 
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these patients since temporal processing of thermal and mechanical stimuli may 

occur by distinct mechanisms and may be altered differently in disease states.  

 It was also hypothesized that CRPS patients would have altered thalamic 

regional cerebral blood flow (rCBF) since previous studies indicated that 

thalamic activity is altered in chronic pain states (Di Piero et al., 1991; Hsieh et 

al., 1995; Iadarola et al., 1995; Fukumoto et al., 1999).  Further, since the thalamus 

has shown activation correlated with offset analgesia (Yelle et al., 2009) and is an 

integral structure for the supraspinal processing and transmission of nociceptive 

information (Turnbull et al., 1980; Leijon et al., 1989; Duncan et al., 1998; 

Sherman, 2007), it was also thought that altered thalamic activity may be 

correlated with alterations in temporal processing manifested as decreased (or 

absent) offset analgesia.  Therefore, thalamic rCBF was assessed in six CRPS 

patients using a fully quantifiable method (ASL fMRI)(out of the nine initially 

recruited patients, three were found to be extremely claustrophobic at the time of 

scanning and rCBF fMRI data could not be obtained from these patients).  Five of 

these patients were also tested for offset analgesia (one was not tested due to 

time limitations).  Analysis of the data from these patients revealed that the 

thalamic rCBF values for each hemithalamus were balanced in four (4/6) of the 

patients.  One of the patients, however, exhibited dramatically low rCBF in both 

hemispheres of the thalamus (Case 1).  Another patient exhibited substantially 

increased rCBF in the thalamus contralateral to the affected region (Case 4).  

Interestingly, the patient with the decreased rCBF was also the patient with the 
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most altered real-time VAS responses, and he exhibited no offset analgesia and 

pronounced aftersensations.  In contrast, the patient with increased rCBF in the 

contralateral thalamus exhibited normal offset analgesia responses and no 

aftersensations to suprathreshold thermal stimuli.  Although the conclusions 

from these data were limited by difficulty in patient recruitment and confounds 

including claustrophobia and the fragile psychological state of many of the 

patients, they provide implications for future studies of altered thalamic activity 

and temporal processing of nociceptive information. 

 

2.  Relationships between Offset Analgesia and Other Pain Phenomena 

 Since the present investigations provide novel information about the 

mechanisms supporting offset analgesia, additional comparisons can now be 

made between offset analgesia and other classic pain phenomena including 

DNIC, temporal summation and aftersensations.  DNIC is a phenomenon of pain 

inhibition while temporal summation and aftersensations occur by pain 

facilitatory mechanisms, or a lack of inhibition.  Therefore, each of these pain 

phenomena likely has a unique mechanistic relationship to offset analgesia. 
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2.1.  Relationship between Inhibitory Pain Phenomena:  DNIC and Offset Analgesia 

 Diffuse noxious inhibitory control (DNIC) is a well-established inhibitory 

phenomenon characterized by reduced pain at one location when a more-intense 

stimulus is applied heterotopically (Le Bars et al., 1979a, b).  DNIC functions by 

both spinal and supraspinal mechanisms that involve multiple neurotransmitters 

and has also been shown to be opioid-dependent (Dickenson and Le Bars, 1983; 

Willer et al., 1990; Le Bars et al., 1992).  DNIC is blocked during administration of 

opioid antagonists as well as during administration of opioid agonists (Willer et 

al., 1990; Le Bars et al., 1992).  Effects of acute central sensitization on DNIC have 

not been demonstrated, however, DNIC can reduce pain to capsaicin and brush-

evoked pain intensity (Witting et al., 1998).   

 DNIC has not been directly associated with NMDA receptor activity.  

However, induction of spinal neuron hyperexcitability by intrathecal injection of 

NMDA agonists can be blocked by DNIC (Sher and Mitchell, 1990), and this 

indicates a potential interaction between the mechanisms subserving DNIC and 

NMDA receptor activity.  Also, DNIC recently has been shown to be altered by 

administration of NMDA receptor antagonist (ketamine) in humans (Niesters et 

al., 2011).  However, contrary to expectations that NMDA antagonism would 

enhance DNIC, this study found decreased DNIC, possibly due to pro-

nociceptive actions of ketamine.  Interestingly, offset analgesia was tested in the 

same study but was not altered by NMDA antagonism.   
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 In addition to spinal inhibitory processes, DNIC is thought to involve 

supraspinal mechanisms since rats with spinal cord transection at the cervical 

level do not exhibit DNIC (Villanueva and Le Bars, 1995).  Further, human 

tetraplegic patients from clinically complete traumatic spinal cord transection fail 

to exhibit DNIC-like inhibition (Roby-Brami et al., 1987).  Investigations of 

supraspinal mechanisms have shown that DNIC involves activation of multiple 

regions including, in particular, subnucleus reticularis dorsalis in the midbrain 

(Bouhassira et al., 1992), however, lesions of the PAG, RVM and other regions do 

not specifically inhibit DNIC (Bouhassira et al., 1993; Villanueva and Le Bars, 

1995).  Changes in cortical regions that possibly reflect the overall decreases in 

perception of pain have also been observed during DNIC, and these regions are 

differently activated in irritable bowel syndrome (IBS) patients with disrupted 

DNIC (Wilder-Smith et al., 2004).  Additional studies have shown that DNIC is 

diminished in fibromyalgia as well, and these findings are typically interpreted 

as a lack of descending inhibition of pain (Staud et al., 2003; Julien et al., 2005). 

 Offset analgesia is similar to DNIC in that they are both phenomena of 

pain inhibition.  While offset analgesia pertains to a single localized stimulus and 

is triggered by a decrease in stimulus intensity over time, DNIC is a spatially-

driven phenomenon that is initiated by the addition of a heterotopically applied 

stimulus.  The present investigations provide evidence that offset analgesia is 

opioid-independent.  This is therefore a novel major difference between the two 

inhibitory phenomena since DNIC is influenced by opioids (Willer et al., 1990; Le 
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Bars et al., 1992).  In addition, NMDA antagonism alters DNIC but not offset 

analgesia (Niesters et al., 2011).  Taken together, the findings suggest that despite 

their similarities, offset analgesia and DNIC occur by distinct mechanisms. 

 

2.2.  Relationship of Offset Analgesia to Temporal Summation and Aftersensations 

 Wind-up is the mechanism behind the phenomenon of temporal 

summation of pain (Mendell, 1966; Price et al., 1977).  Repeated noxious stimuli 

produce significant increases in perceived pain (temporal summation), and the 

increase is mediated by central sensitization of spinothalamic neurons to inputs 

from small diameter, unmyelinated C-fibers (wind-up) (Price et al., 1977; Price et 

al., 1978b).  Aftersensations are thought to occur by similar mechanisms (WDR 

neurons) and often occur with temporal summation (Price et al., 1978b, a). 

 Temporal summation of pain and aftersensations are altered during states 

of acute central sensitization by capsaicin (Torebjork et al., 1992; Andersen et al., 

1996; Yeomans et al., 1996; Gottrup et al., 2003; Yucel et al., 2004).  Also, temporal 

summation of pain is decreased by opioid administration (Price et al., 1985; 

Cooper et al., 1986).  The production of wind-up by spinothalamic neurons, 

which supports the behavioral correlate of temporal summation of pain, is 

mediated in part by NMDA-dependent mechanisms (Price et al., 1994; Arendt-

Nielsen et al., 1995; Vierck et al., 1997).  Additionally, temporal summation of 

pain has been shown to involve activation of supraspinal regions including the 
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thalamus, PAG, and multiple cortical areas (insula, anterior cingulate, primary 

and secondary somatosensory cortices) (Casey et al., 2001; Staud et al., 2007).  

Further, alterations in temporal summation of pain and aftersensations have 

been documented in numerous states of chronic pain (Noordenbos, 1959; 

Lindblom, 1985; Eide and Rabben, 1998; Maixner et al., 1998; Staud et al., 2001; 

Price et al., 2002; Gottrup et al., 2003).   

 While offset analgesia is a pain inhibitory phenomenon, temporal 

summation of pain and aftersensations may occur by both pain facilitation, as 

well as a lack of inhibition (Price et al., 1978b).  Even though these temporal 

phenomena are inherently opposite, they could be related to each other through 

opposing mechanisms.  However, based on the present findings and additional 

evidence, this does not appear to be true in all cases.  It has now been shown that 

offset analgesia is not altered during acute central sensitization by capsaicin.  The 

mechanisms supporting offset analgesia therefore sharply contrast with the 

mechanisms of temporal summation since it has been consistently shown that 

temporal summation increases following acute central sensitization (Gottrup et 

al., 2003; Yucel et al., 2004).  Further, increased NMDA activity contributes to 

both central sensitization and temporal summation (Price et al., 1994; Andersen 

et al., 1996).  It is therefore consistent that, unlike temporal summation, offset 

analgesia is not altered by administration of NMDA antagonists (Niesters et al., 

2011).  This is further confirmed by the present finding that offset analgesia is not 

altered during OIH, since OIH has been identified as a NMDA dependent 
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phenomenon (Mao et al., 1994; Celerier et al., 2000).  Mechanisms supporting 

offset analgesia are therefore distinct from the NMDA-dependent mechanisms of 

temporal summation.  Additionally, while temporal summation is decreased by 

opioid administration (Price et al., 1985), offset analgesia has now been shown to 

be opioid-insensitive.  In summary, due to offset analgesia’s overall insensitivity 

to effects of NMDA antagonism, central sensitization and opioid administration, 

offset analgesia appears to be mechanistically separate from temporal 

summation.  However, from the present investigation in chronic pain patients, 

the co-occurring lack of offset analgesia and aftersensations in one patient with 

severe bilateral CRPS (Case 1) suggests that the mechanisms of offset analgesia 

may overlap with those responsible for aftersensations.  

 

3.  Alternative Possible Mechanisms Subserving Offset Analgesia 

 Since offset analgesia does not appear to be primarily subserved by opioid 

mechanisms or mechanisms that support acute central sensitization, as well as, 

NMDA dependent processes (Niesters et al., 2011), alternative mechanisms of 

offset analgesia must exist.  Additionally, the highly robust nature and 

individual differences in offset analgesia strongly suggest that several 

mechanisms at multiple levels of the peripheral and central nervous system 

contribute to offset analgesia. 
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3.1.  Peripheral Mechanisms that Potentially Initiate Offset Analgesia 

 Offset analgesia may be initiated by peripheral mechanisms.  DNIC is 

initiated by peripheral input and has been shown to be enhanced by peripheral 

sensitization processes including sensitization of primary afferent fibers and 

sprouting of axons following experimentally induced chronic constriction injury 

in rats (Danziger et al., 2001).  Several classes of peripheral nerve fibers are likely 

to be activated by a continuous and dynamic noxious heat stimulus, and the 

variations in their signaling may encode an overall signal that produces an 

analgesic response responsible for enhancing the detection of the end of a 

noxious stimulus.  Rapidly conducting A! fibers produce first pain, the sharp 

pricking pain felt initially, and more slowly conducting small unmyelinated C-

fibers are responsible for the dull aching pain that follows (Price and Dubner, 

1977).  Since the transmission of thermal heat stimuli into the skin is relatively 

slow, typically the first pain response from A! fibers is not distinguishable from 

the second pain of C-fibers.  The majority of both A! heat and C-fibers (heat and 

polymodal) exhibit overall suppression to repeated noxious heat stimuli (but not 

electrical stimulation) (Price et al., 1977).  Therefore the summation of pain that 

occurs to the period of stimulation prior to offset analgesia is likely due to central 

mechanisms.  However, during the slight decrease in pain intensity (1°C) 

required to initiate offset analgesia, a decreased signal from the remaining 

minority of unsuppressed primary afferents (< 50%) could initiate spinal 

processes and, in turn, activate mechanisms supporting offset analgesia.   
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 It has been suggested that aftersensations may be due to a loss of A! fibers 

so that C-fiber information is not controlled (Noordenbos, 1959).  It was shown in 

cats that gentle brushing (light tactile sensory information) involves activation of 

numerous fibers of different transmission rates.  Since information from all of the 

fibers has to therefore be encoded correctly, the loss of certain fibers might alter 

the overall signal received by the spinal cord.  In turn, the interpretation of the 

combined signal may be incorrect so that for example, a sharp long-lasting 

pricking sensation is perceived from the stimulus of a gently stroking cotton ball.  

While Noordenbos suggested primarily a peripheral rationale for alterations in 

sensory perception, the source for incorrect interpretation of the complex afferent 

signal may also result from alterations at the location where the afferent signals 

are interpreted, specifically in the circuitry of the dorsal horn or further 

downstream in the central nervous system. 

 Additionally, activation of A! cool fibers may occur during the decrease in 

noxious stimulus intensity and provide an afferent signal to initiate central 

mechanisms of offset analgesia.  Paradoxical activation of cold afferent fibers has 

been shown to occur to heat stimuli above the noxious range (45-48°C) and these 

fibers show rapid responses (0.140 second delay) immediately following the 

initial decrease at the end of a 48.5°C stimulus (Dodt and Zotterman, 1952).  The 

onset of similar cold afferent fibers might serve to initiate offset analgesia.  

Additionally, TRPV1 (capsaicin/heat-sensitive) and TRPM8 (menthol/cool-

sensitive) receptors exist in distinct populations of C-primary afferents and are 
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not colocalized (McKemy et al., 2002; Story et al., 2003; Kobayashi et al., 2005; 

McKemy, 2005).  Thus, the decrease in temperature perceived in the periphery 

could activate TRPV1-expressing and TRPM8-expressing afferents in a rapid 

sequential pattern and trigger additional central mechanisms of temporal 

sharpening.   

 In experiments in the glabrous skin of monkeys, C-fibers responding to 

warm stimuli and maintained at a baseline temperature of 39°C show 

pronounced suppression of responses when the temperature is decreased by 1°C 

(Darian-Smith et al., 1979).  While this observation is an interesting parallel to 

offset analgesia, it has only been shown at innocuous temperatures.  

Additionally, the same study showed that while warm fibers respond to noxious 

temperatures above 45°C, they typically fail to respond to temperatures of 49°C 

and higher.  However, it is possible that a percentage of warm fibers that 

continue to respond to temperatures greater than 48°C could respond to the 1°C 

decrease (exhibit suppressed responses) during offset analgesia and might 

therefore initiate or contribute to offset analgesia.  Further, temperatures in the 

noxious range above 48°C would likely involve C-polymodal fibers (Beitel and 

Dubner, 1976), which might respond to 1°C decreases in temperature with 

suppressed responses similar to warm fibers.  
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3.2.  Possible Spinal Processes Contributing to Offset Analgesia 

 Numerous inhibitory processes exist in the dorsal horn of the spinal cord 

involving multiple neurotransmitters and connections (Todd and Spike, 1993; Lu 

and Perl, 2003), and such spinal mechanisms of inhibition are involved in the 

shaping of afferent information (Hwang and Yaksh, 1997).  Thus, inhibitory 

mechanisms may support offset analgesia and the enhancement of changes in 

noxious stimulus intensity.  Future experiments that aim to clarify the role of the 

spinal cord in processing of noxious information may provide better 

understanding of how pain is temporally processed. 

 Interestingly, in a study of dorsal horn convergent neurons (WDR), 

neurons that possess both excitatory and inhibitory mechano-receptive fields on 

the rat hindpaw showed overall suppressed responses when the receptive field 

(hindpaw of the rat) was immersed in a noxious temperature water bath (50°C) 

(McGaraughty and Henry, 1997).  Further, these “immersion inhibited” neurons 

responded with strong afterdischarges following removal of the hindpaw from 

the noxious water.  The inhibition of these neurons was found to involve spinal 

glycinergic mechanisms since administration of strychnine (glycine antagonist) 

blocked the inhibition in both spinalized and intact rats.  Additionally, the 

afterdischarges were increased by strychnine only in rats with intact spinal cords 

indicating involvement of supraspinal mechanisms in this phase (McGaraughty 

and Henry, 1998).  Since these spinal neurons are inhibited during the 

application of noxious stimulation and respond greatly to the termination / later 
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absence of noxious stimulation, they may represent a subset of wide dynamic 

range neurons that function to signal the end of a noxious stimulus and 

contribute to temporal sharpening mechanisms.   

 

3.3.  Supraspinal Involvement of Midbrain Regions in Offset Analgesia 

 Supraspinally, in the rostral ventral medulla (RVM), on-cells and off-cells 

are established components of analgesia and descending facilitation of pain 

(Barbaro et al., 1986; Fields et al., 1991; Behbehani, 1995).  The on-cells fire 

immediately prior to tail flick response in rats, while off-cells terminate their 

tonic firing immediately prior to the tail flick (Fields et al., 1983).  It is thought 

that off-cells may be responsible for tonic pain-inhibition, while on-cells initiate 

pain-facilitation so that noxious stimuli are enhanced and attended to in the 

midst of background sensory noise (Fields et al., 1991).  The delicate balance of 

on-cell and off-cell activation and their alternating activity at the end of a noxious 

stimulus is therefore another possible mechanism that could support temporal 

enhancement of the end of a noxious stimulus and may play a role in temporal 

processing of nociceptive information.  Offset analgesia could thus be mediated 

by slight temporal overshoot of the descending control by off-cells and delayed 

pain-facilitatory response of on-cells. 

 Activation of the periaqueductal gray (PAG) occurs in healthy volunteers 

during offset analgesia (Derbyshire and Osborn, 2009; Yelle et al., 2009).  



Chapter V.  Discussion 

 !"!#

However, it is unknown whether this PAG activation contributes to offset 

analgesia, or whether it is a phenomenon secondary to (i.e. in response to) spinal 

inhibitory processes.  The descending control exerted by mechanisms within the 

PAG and RVM is both opioidergic and serotonergic (Behbehani, 1995; Pan and 

Fields, 1996; Marinelli et al., 2002).   Administration of GABA antagonists 

(bicuculline, picrotoxin) into the PAG can also mediate analgesia, while injection 

of a GABA agonist (muscimol) can reverse morphine-induced analgesia (Moreau 

and Fields, 1986).  Therefore, any of these neurotransmitters or a combination of 

several neurotransmitters could contribute to temporal sharpening mechanisms 

that would occur both within the PAG and via its connections with cortical and 

related midbrain nuclei (Mantyh, 1983b, a; Sillery et al., 2005). 

 Further, dopamine activity in the midbrain has been shown to play a role 

in pain processing since wind-up is decreased by activation of dopamine D2-like 

receptors and DNIC is decreased by blockade of D2-like receptors (Lapirot et al., 

2011).  Thus, the same tonic descending inhibition by dopaminergic mechanisms 

that supports DNIC may contribute to offset analgesia, and blockade of D2-like 

receptors may similarly decrease the magnitude of offset analgesia. 

 

3.4.  Possible Higher-Order Influences on Offset Analgesia 

 Temporal summation involves the activation of multiple cortical regions 

associated with pain including the thalamus, primary and secondary 
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somatosensory cortices, insular cortex, and anterior cingulate cortex (Staud et al., 

2007).  Another study using PET to investigate early and late responses to 

repeated heat stimuli revealed that early effects of temporal summation involve 

anterior brain regions including the prefrontal, anterior cingulate, premotor and 

anterior insular cortices; later effects were found to be mediated by more 

posterior regions including the primary and secondary somatosensory, mid-

insular, thalamus and cerebellum, which were correlated with increases in 

intensity and unpleasantness (Casey et al., 2001). 

 Studies of offset analgesia in healthy human volunteers showed activation 

of several cortical and subcortical regions correlated in time to offset analgesia.  

In addition to increased activation of the PAG and caudal medulla during offset 

analgesia, the study by Yelle et al. found increased cortical activation of the 

dorsolateral prefrontal, insular, and mid-cingulate cortices as well as activation 

of the thalamus and cerebellum (Yelle et al., 2009).  Deactivations correlated with 

offset analgesia were found in the contralateral primary somatosensory cortex, 

and enhanced deactivations occurred in the ventromedial prefrontal and 

subgenual anterior cingulate cortices.  In a different analysis by Derbyshire et al., 

increased activation of the midbrain region (consistent with the location of the 

PAG-RVM) was observed during offset analgesia, while an overall decreased 

activation was found elsewhere in multiple regions of the brain typically 

activated during pain (Derbyshire and Osborn, 2009).  Additionally, the nucleus 

accumbens, a region implicated in reward-aversion processing is positively 
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activated (positive signal change) at the offset of a long-duration noxious 

stimulus (Becerra and Borsook, 2008), and this region may be involved in 

temporal sharpening mechanisms that contribute to offset analgesia as well. 

 Cognitive/evaluative processes have a substantial effect on how noxious 

stimuli are perceived and may play a role in the temporal processing of 

nociceptive information.  Meditation can reduce the experience of pain intensity 

in healthy volunteers undergoing noxious heat stimuli following short-term 

training (4 days, 20 minutes per day) of mindfulness meditation (Zeidan et al., 

2011).  This effect has been tied to activation of the anterior cingulate cortex and 

insular cortices, while the meditation-induced reduction of pain unpleasantness 

was associated with an increase in activation of the orbitofrontal cortex and 

decreased activation of the thalamus.  Further, expectations can drastically alter 

perceived pain intensity by supraspinal mechanisms (Koyama et al., 2005).   Also, 

offset analgesia has been shown to increase due to repeated testing sessions, 

which indicates that expectations may contribute to the magnitude of offset 

analgesia (Derbyshire and Osborn, 2008).  Following the initial decrease in pain 

(from the 1°C T2-T3 decrease) cognitive-evaluative processes (subconscious) may 

be triggered and promote expectations of continued decreases in pain that 

enhance the observed effect on real-time pain ratings during offset analgesia.  

The analgesia produced by midbrain inhibitory mechanisms that are 

initiated/regulated by nociceptive input from the spinal cord (Swett et al., 1985) 

may in itself also contribute to a feed-forward loop of analgesia -> expectation -> 
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more inhibition -> more analgesia.   This loop of expectation-enhanced analgesia 

would then continue during offset analgesia (approximately 15 seconds) and the 

pain from the noxious T3 stimulus would subsequently return (Grill and Coghill, 

2002; Yelle et al., 2008). 

 Catastrophizing enhances temporal summation of pain (Edwards et al., 

2006).  State (situation-specific) catastrophizing is related to enhanced temporal 

summation as measured by reported pain intensity.  However, the same 

catastrophizing does not modulate temporal summation of repeated stimuli as 

measured by the nociceptive flexion reflex (NFR), which occurs via a spinal 

reflex arc and does not require supraspinal projection.  Thus, it was concluded 

that the enhancement of temporal summation by catastrophizing is supraspinally 

mediated (Rhudy et al., 2011).  These findings can be applied to offset analgesia 

and would suggest that supraspinal processes (e.g. catastrophizing) could reduce 

offset analgesia by similar mechanisms since it is measured using pain-reporting 

which involves both spinal and supraspinal processes.  Another recent study 

showed that for stimuli applied to the trunk site in healthy volunteers, anxiety 

sensitivity was associated with greater temporal summation, and fear of pain 

was a positive predictor for aftersensations (Robinson et al., 2010).  Therefore, 

temporal processing of nociceptive information may be modulated by anxiety 

and fear in healthy volunteers, and these factors may similarly influence offset 

analgesia. 
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4.  Temporal Processing of Long-Duration Stimuli 

 Long-duration constant temperature stimuli show summation of pain 

over time (Koyama et al., 2004), but with a different time course compared to 

repeated application of brief noxious stimuli (Vierck et al., 1997).  Constant 

noxious heat stimuli (47-51°C, ~30 s duration) evoke responses that typically 

show initial increases in pain intensity followed by a plateau in intensity ratings 

after the initial 10 seconds of stimulation.  This is thought to result from either an 

initial burst in primary afferent activity followed by a period of sustained 

decreased responses, or central inhibitory processes that suppress the continued 

summation of pain intensity.  The supraspinal contribution to temporal 

summation (initial increase and later plateau) of long-duration constant 

stimulation has been shown to involve thalamocortical modulatory mechanisms 

(Tran et al., 2010).  The understanding of temporal summation of these long-

duration noxious heat stimuli is important in that it provides the baseline for 

testing of offset analgesia.  Further, the stimuli administered in these 

investigations of temporal summation of constant long-duration noxious heat are 

highly similar to the constant 49°C (30 s) stimuli that serve as controls in studies 

of offset analgesia. 

 An accumulated set of data from multiple monkey physiology studies 

were integrated into the sixth figure in the article by Tran et al. to provide a 

summary of the time courses of primary afferent, spinothalamic tract, thalamic 

and cortical activity during noxious heat stimulation of various durations (5 s, 10 
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s, and 20 s) (Tran et al., 2010).  The 20 second stimulus is comparable to the 30 

second constant 49°C stimulus used in offset analgesia studies and allows for 

prediction of the time courses of activation that would occur if offset analgesia 

was not evoked by a 1°C decrease in stimulus intensity.  The figure shows that in 

the periphery, A!-II and C-fibers would be expected to decrease their responses 

to the stimulus over time, and that A!-I heat nociceptors would be expected to 

decrease and then plateau after about 10 seconds.  Spinothalamic tract neurons 

and thalamic activity would be expected to decrease with a similar time course 

and then plateau within approximately 10 seconds.  Cortical activation would be 

expected to begin after increases in spinothalamic and thalamic activity and then 

continue with a steady activation level until the end of the stimulus.  Together, 

the overall activity across multiple neural components suggests that while C-

fiber and A!-II fiber activity would already be at a minimum when offset 

analgesia is triggered, offset analgesia may occur by initiating a decreased 

response of A!-I fibers, spinothalamic cells and/or thalamic and cortical activity.  

Supplemented by the results gained from supraspinal studies of offset analgesia 

showing correlated PAG activity, inhibitory projections from the midbrain could 

result in decreased thalamic activity and modulate multiple cortical regions 

during offset analgesia as well. 
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5.  Temporal Sharpening and Temporal Processing 

5.1.  Definition of Temporal Sharpening 

 It is initially a challenge to find an example of temporal sharpening in 

daily life.  However, temporal aspects of stimulation can be compared to edge 

discrimination in a visual stimulus, for example, the line dividing a brown object 

on a white background.  If the picture is dark with less contrast (here the white is 

actually more of a grayish color), the edge will not be sharp but instead will be 

slightly blurred.  However, if the color is improved and brightness is increased 

so that the white is very light and the brown is highly distinct from the white, the 

enhancement of the white and brown colors will make the edge much clearer, 

especially if seen from a distance.  The same might occur with how neurons fire 

over time.  When a stimulus is presented the neurons fire steadily, but at the end 

of the stimulus the neurons will cease their firing.  Just as the edge was enhanced 

with the brown/white image, so also the discrimination of the time when the 

neurons were on/off could be made more obvious by enhancing the “on” 

responses and depressing the “off” phase.  This enhancement of the “on” and 

depression of the “off” is an example of temporal sharpening, in that the 

differences in perceived experience over time are being amplified.  Temporal 

processing encompasses all of the ways that sensory information are perceived 

and analyzed over the time course of a stimulus, and includes temporal 

sharpening as a feature that allows for simplification and increased accuracy in 

the perception of changes in stimuli over time. 
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5.2.  Comparison of Temporal Processing of Pain vs. Other Sensory Modalities 

 Similar to the aftersensations in pain processing described above, 

aftersensations also occur in vision.  Shadows appear in the visual field after a 

bright image is removed.  These afterimages appear due to reductions in the 

transmission of light energy from the exposed regions of the retina that persist 

after the focus has shifted.  Similar inhibitory controls may be activated during a 

long-duration noxious stimulus (that would here equal the bright light) that may 

continue to leave their inhibitory impression after the stimulus is relieved, or in 

the case of offset analgesia only partially relieved (Wilson, 1997).  Temporal 

processing mechanisms are also vital to the function of hearing and the detection 

of the location of a sound in space.  Interaural time differences processed within 

the inferior colliculus allow for sound localization.   Auditory information 

received by each ear is transmitted to the inferior colliculus where the co-

activation of laterally arranged cells occurs by simultaneously received 

information from both right and left ears.  Specifically for example, a delayed 

signal from the right ear and a faster signal from the opposite left ear would be 

interpreted as a sound coming from the left auditory field (McAlpine, 2005).  

Interestingly, inhibitory (glycinergic) inputs from the brainstem play a role in 

slowing axonal transmission of auditory information to enhance the accuracy of 

interaural time difference processing (Brand et al., 2002).  Olfactory information 

also has been shown to involve temporal processing mechanisms that enhance 

the detection and recognition of a particular scent.  Varied rates of sniffing in 
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rodents produces shorter and faster responses of mitral/tufted cells compared to 

olfactory receptor neurons indicating the presence of temporal sharpening 

mechanisms in olfaction (Carey and Wachowiak, 2011). 

 Ongoing thermal stimulation is transmitted via C-afferents with 

conduction velocities as low as 2 m/s (Zotterman, 1939), and this information 

must transverse distances greater than 1 meter in many instances especially for 

stimulation at the extremities of the body.  Thus, the relatively slow and variable 

conduction velocity of C-afferents and the transmission over fairly long distances 

may limit the temporal accuracy of the responses to warm and painful stimuli 

(Darian-Smith et al., 1979).  Conversely, frequencies of mechanical stimuli 

(including vibratory stimulation) can be discriminated up to 50 Hz (LaMotte and 

Mountcastle, 1975).  The apparent physiological deficit in temporal resolution of 

heat information in itself implicates the need for temporal sharpening 

mechanisms in the central nervous system that would function to both interpret 

and refine sensory information.  Inhibitory connections are very useful for 

enhancement and temporal sharpening of responses to afferent information 

(Moldakarimov et al., 2006).  Similar mechanisms involving a combination of 

inhibition and excitation may occur spinally and supraspinally to enhance 

nociceptive information. 
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6.  Limitations 

 The use of real-time VAS ratings provides an invaluable tool for 

documenting the moment-to-moment experience of pain in a particular 

individual.  Original studies of offset analgesia employed VAS ratings at specific 

time points during the noxious heat stimulus, which provided a somewhat 

simpler analysis (Grill and Coghill, 2002).  The present studies of offset analgesia 

presented in this thesis, used real-time VAS ratings and custom-made computer 

programs to analyze the collected data.  While this allows for a comprehensive 

analysis of alterations in pain ratings, the amount of data provided by the real-

time ratings is enormous and care has to be taken to focus only on certain end-

points in order to avoid statistical issues of multiple comparisons (Kriegeskorte 

et al., 2009).  Additionally the complexity of the analysis is increased by the 

multiple ways to assess and quantify the magnitude of offset analgesia.  In the 

present studies, subtraction of Min Offset values from MaxT2 values was used in 

order to simplify the analysis and allow for more clarity in the interpretation of 

the results.  The initial studies of offset analgesia used a within stimulus 

comparison of offset analgesia to constant stimuli, specifically to compare offset 

analgesia in the multi stimulus (49-50-49°C) to habituation that occurs during the 

constant 49°C stimulus (comparing the Min Offset from 49-50-49°C stimuli to 

VAS ratings at a matched time point in constant 49°C stimuli).  While in the 

preliminary analyses we tested multiple formulas for calculating offset analgesia, 

all of these methods gave similar results.  The simple subtraction formula 
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(MaxT2 - Min Offset) seemed to be the most straightforward for interpretation.   

Nonetheless, it is important to keep in mind that this formula does not take into 

account the effects of the subjects’ sensitivity on the magnitude of offset 

analgesia (i.e. if the magnitude of offset analgesia is very large, which in some 

cases may be partially due to the subjects VAS ratings being very high, for 

example 9/10).  Alternative ratio calculations are complicated by interstimulus 

differences since the constant 49°C stimulus is separate from the one evoking 

offset analgesia [e.g. (MaxT2 - Min Offset values from 49-50-49°C stimuli) / (Peak 

VAS – Min Offset Matched from constant 49°C stimuli)].  For example, if the 

“Peak VAS – Min Offset Matched” value is relatively low due to interstimulus 

variability, it will artificially enhance offset analgesia.  Therefore, even though it 

does not account for effects of individual sensitivity on the magnitude of offset 

analgesia, and since it avoids these issues in calculation, the simple within-

stimulus calculation of MaxT2 - Min Offset was used in the present studies and is 

recommended for future studies involving offset analgesia.  If necessary, 

additional correlation analyses can be conducted between the magnitude of 

offset analgesia and individual sensitivity to noxious heat stimuli.  
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7.  Concluding Statements 

 While negative findings are discouraging, they are critical for the forward 

movement of science.  John R. Platt described in his 1964 Science article the value 

of disproving hypotheses (Platt, 1964), and states that the most important 

question is “But sir, what hypothesis does your experiment disprove?”.   The 

present findings convincingly disprove the hypotheses that offset analgesia is 

supported by endogenous opioid mechanisms and that offset analgesia is 

disrupted in states of central sensitization.  From these conclusions, numerous 

alternative hypotheses can be made about the mechanisms supporting offset 

analgesia, as mentioned above.  The most direct experiments would probably 

include recording from primary afferents (C mechano-heat / polymodal fibers, 

and A!-heat), and spinothalamic neurons (WDR) in the dorsal horn to determine 

how neural firing patterns might encode offset analgesia.  If neurons in these 

locations show inhibition / excitation consistent with the human psychophysical 

responses to offset analgesia, the administration of glycinergic / GABAergic 

antagonists could allow for additional experiments to determine which 

neurotransmitter mechanisms subserve these alterations in activity.  However, if 

the neural experiments fail to find patterns of activity consistent with offset 

analgesia, it may be supported by primarily supraspinal mechanisms.   

 Although offset analgesia was found to be highly resistant to acute central 

nervous system manipulations, a few cases of dramatic alterations were observed 

in chronic pain patients.  The present findings from the CRPS study showed that 
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some patients exhibited severely altered offset analgesia and temporal 

processing of noxious thermal stimuli, while other patients’ responses remained 

intact.  This suggests that the mechanisms of offset analgesia, whether initiated 

by peripheral, central or supraspinal activity, can be highly altered in individual 

cases of CRPS.  The disruption of offset analgesia in these patients suggests that 

offset analgesia may be useful for the identification of a specific class of CRPS 

that has advanced to a stage of severely disrupted temporal processing of 

noxious heat information.  Future investigations are needed to further delineate 

the mechanisms supporting offset analgesia so that firm conclusions can be made 

as to how these mechanisms are altered in CRPS patients.  These findings may in 

turn lead to identification of necessary new targets for treatment in chronic pain.  

Finally, the present investigations have provided novel evidence that offset 

analgesia occurs by mechanisms independent of those altered by acute central 

sensitization by capsaicin, and that offset analgesia is not altered by the 

administration of opioid agonists and antagonists.  Temporal sharpening 

mechanisms that support offset analgesia are therefore proposed to occur by 

alternative processes within the central and/or peripheral nervous system.  

Thus, the conclusions from the present observations provide a foundation and 

expose new avenues for further investigation of temporal processing of 

nociceptive information in healthy and clinical pain states. 
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