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The medical impact of pain is such that much effort is being applied to develop novel analgesic drugs directed towards new
targets and to investigate the analgesic efficacy of known drugs. Ongoing research requires cost-saving tools to translate basic
science knowledge into clinically effective analgesic compounds. In this review we have re-examined the prediction of clinical
analgesia by human experimental pain models as a basis for model selection in phase | studies. The overall prediction of
analgesic efficacy or failure of a drug correlated well between experimental and clinical settings. However, correct model
selection requires more detailed information about which model predicts a particular clinical pain condition. We hypothesized
that if an analgesic drug was effective in an experimental pain model and also a specific clinical pain condition, then that
model might be predictive for that particular condition and should be selected for development as an analgesic for that
condition. The validity of the prediction increases with an increase in the numbers of analgesic drug classes for which this
agreement was shown. From available evidence, only five clinical pain conditions were correctly predicted by seven different
pain models for at least three different drugs. Most of these models combine a sensitization method. The analysis also
identified several models with low impact with respect to their clinical translation. Thus, the presently identified agreements
and non-agreements between analgesic effects on experimental and on clinical pain may serve as a solid basis to identify

complex sets of human pain models that bridge basic science with clinical pain research.

Introduction

Pain is the most frequent reason for visiting a doctor. Large-
scale studies in Western countries have shown that a fifth
of the adult population suffer from chronic pain (http://
www.iasp-pain.org). Despite several available analgesics,
unrelieved pain remains a major health care issue. For
example, in the USA the annual cost for medical treatment
and lost productivity due to pain is 635 billion US$ (Com-
mittee on Advancing Pain Research, 2011). The current strat-
egies of the pharmaceutical industry for analgesic drug
development include (i) reformulations of known substances,

(ii) repurposing of known drugs to address new indications
and patient populations and (iii) the development of new
drugs with novel mechanisms of action. The immense costs
of these development efforts need to be limited by strategies
that allow the prediction of clinical success without the need
for large clinical trials.

Experimental pain models have been established as cost-
effective tools for assessing analgesic drug efficacy. However,
their translation into new clinically effective compounds
seems to be unsatisfactory (Mogil, 2009). The prediction of
clinical efficacy of analgesics obtained in human pain models
has not been reviewed in this manner and there is no
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immediate reason why they would be better than animal
models. This assessment is a prerequisite to fully exploit the
cost-saving potential of experimental methods in analgesic
drug development. It can be based on knowledge about anal-
gesic drug effects in both, experimental and clinical settings.

As a basis of this review, we hypothesized that if an anal-
gesic drug was effective in an experimental model and also in
a clinical setting, then the experimental model might be
predictive for the particular clinical setting. For example,
from the observations that pregabalin was effective in neuro-
pathic pain treatment (Moore etal.,, 2009j) and reduced
experimental cold pain thresholds (Altis et al., 2009), experi-
mental cold pain could be used to predict whether a drug will
also be an effective analgesic for clinical neuropathic pain.
Therefore, in the present review we have analysed the infor-
mation about efficacies of analgesic drugs in both human
experimental models and clinical assessments to establish
probable predictive relationships as model selection guidance
and to direct future developments of predictive human pain
models.

Classical and new analgesic drugs
tested experimentally and clinically

Increasingly severe chronic pain is treated according to the
stepladder of the World Health Organization for the treat-
ment of cancer pain (http://www.who.int/cancer/palliative/
painladder/en/). This guides the selection (Table 1) of
increasingly potent analgesics ranging from non-opioid (e.g.
classical NSAIDs non-selectively inhibiting COXs, selective
COX-2 inhibitors, paracetamol, metamizol), via so-called
weak opioids (e.g. codeine, dihydrocodeine, tramadol, tilid-
ine) to highly potent opioids (e.g. morphine, fentanyl,
buprenorphine). The main target of most of the clinically
available opioids is the p-opioid receptor; however, they also
bind to other opioid receptors but with comparatively low
binding affinity (Emmerson et al., 1994), with a few excep-
tions x-opioid agonists (e.g. pentazocine, nalbuphine, butor-
phanol, levallorphan and norbinaltorphine) are of fading
clinical importance. Further classical analgesics include flu-
pirtine, an activator of G-protein coupled inwardly rectifying
K* channels (Kornhuber et al., 1999), cannabinoids, which
activate cannabinoid CB; and CB, receptors and are an
approved for the treatment of multiple-sclerosis-associated
neuropathic pain, and several NMDA ion channel antago-
nists such as ketamine (Smothers and Woodward, 2007).
Co-analgesics are primarily used for clinical indications other
than pain relief but have demonstrated analgesic effects in
particular pain conditions such as neuropathic pain. This
includes anti-epileptic drugs such as pregabalin and gabap-
entin, which modulate the a8 subunit of L-type voltage-
gated calcium channels (Field et al., 2006); carbamazepine
and lamotrigin, which modulate the voltage-gated sodium
channel subunits Na,1.5 and Na,1.2 (Lipkind and Fozzard,
2005; Yang et al., 2010), respectively; and tricyclic or hetero-
cyclic antidepressants that increase noradrenergic and
5-hydroxytryptaminergic neuronal signalling by inhibiting
transmitter re-uptake and inhibit sodium channels (Dick
et al., 2007).

Human pain models predict clinical analgesia

The recognition of chronic pain as a major public health
care problem has triggered the development of new analge-
sics (Table 1), which so far has led to several new substances
being approved, such as the N-type voltage-gated calcium
channel inhibitor ziconotide (Miljanich, 2004), or currently
being tested in clinical trials. Using publicly available sources
of information (http://www.clinicaltrials.gov, company web-
sites, presentations and press releases), several new analgesic
drug targets have been revealed (Lotsch and Geisslinger,
2011), such as various transient receptor potential (Patapou-
tian et al., 2009), sodium (Clare, 2010) and calcium channels
(Schmidtko et al., 2010).

Efficacy of analgesic drugs

Due to the complexity of pain with many different molecular
components and pathways (Julius and Basbaum, 2001), clini-
cal pain displays a pattern of different phenotypes for which
different analgesics provide therapies of varying success.
Choosing the right analgesic for a particular pain in an indi-
vidual patient is a major therapeutic challenge. Therefore, the
efficacy of analgesic drugs has been assessed separately for
various clinical settings and by different experimental
models. This has produced a complex pattern of drug effica-
cies for particular pain conditions.

Efficacy of analgesics on clinical pain
Classifications of clinical pain. Pain is defined as an unpleas-
ant sensory and emotional experience associated with actual
or potential tissue damage, or is described in terms of such
damage (International Association for the Study of Pain, IASP,
at http://www.iasp-pain.org/AM/Template.cfm?Section=
Pain_Definitions#Pain). Pain is thus primarily a biological
warning system, which becomes evident from the severe
pathologies associated with complete insensitivity to pain in
patients with familial syndromes of hereditary autonomic
and sensory neuropathies (Oertel and Lotsch, 2008). When
pain loses its warning function or chronifies, it becomes a
disease requiring treatment. A simple classification based on
pain duration distinguishes acute and chronic pain. However,
this classification is unsatisfactory as a basis for individual-
ized clinical analgesia and is therefore not suitable for drug
development. Alternative classifications provide better guid-
ance, such as the differentiation of nociceptive, neuropathic
and mixed pain (Basbaum etal., 2009; Woolf, 2010).
However, these classifications are not precise enough to
address individual pain settings. Therefore, in the present
report we have used the classification of pain used for the
analysis of analgesic efficacy stored in the Cochrane library
(http://www.thecochranelibrary.com). This detailed classifi-
cation of clinical pain conditions (Table 2) was considered to
be the best basis for drug development targeted at particular
populations of pain patients.

Search strategy. A Cochrane library search for ‘pain’ in July
2012 yielded 1161 hits, from which 35 clinical pain condi-
tions were identified (Table 2). These settings were considered
to adequately reflect the majority of clinical targets of anal-
gesic drugs. To identify drugs tested for their analgesic
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Human pain models predict clinical analgesia

Table 2

Clinical pain conditions as described in The Cochrane library (sorted alphabetically) (http://www.thecochranelibrary.com)

Clinical pain

condition Description
Acute One of the top three symptoms in the emergency room (5% and 10% of all the illnesses treated in the ED);
abdominal commonly caused by appendicitis, cholecystitis, intestinal obstruction, urinary colic, gastritis, perforated peptic
pain ulcer, gastroenteritis, pancreatitis, diverticulitis, gynaecological disorders in women and non-surgical abdominal
pain
Acute migraine Disabling headache disorder, affecting about 12% of Western populations; more prevalent in women than men
(on the order of 18% vs. 6% 1-year prevalence), and in the age range 30 to 50 years
Atypical facial Syndrome encompassing a wide group of facial pain problems including continuous burning, aching or
pain cramping; occurs on one side of the face, often in the region of the trigeminal nerve and can extend into the

upper neck or back of the scalp; few, if any periods of remission

Burn injury See trauma
Burning mouth Burning sensation on the lips, tongue or within the mouth; mouth dryness, altered taste; Cause: unknown;
syndrome women after menopause are at highest risk; common in people with anxiety, depression and personality
disorders
Cancer pain Caused by the disease itself or by treatments
Central Conditions arising from injury or disease of the CNS, such as spinal cord injury (SCI), syringomyelia, multiple
neuropathic sclerosis (MS), stroke (infarction or haemorrhage), traumatic brain injury, Parkinson’s disease, tumours and
epilepsy
Chemotherapy See cancer pain
induced
Child Painful intermittent, accompanying uterine contractions
birth/labour
Diabetic Nerve damage due to high blood sugar levels mostly affecting nerves in legs and feet; symptoms ranging from
neuropathy mild to disabling to even fatal
Dysmenorrhoea Painful cramps accompanying menstruation; high levels of prostaglandins and hormones known to cause
(prim.) cramping abdominal pain
Endometriosis Common gynaecological condition due to presence of endometrial tissue outside the normal uterine cavity, often
associated with dysmenorrhoea, dyspareunia and pelvic or lower abdominal pain
Fibromyalgia Common syndrome associated with long-term, body-wide pain and tenderness in the joints, muscles, tendons
and other soft tissues (common among women aged 20 to 50); cause: unknown
Herpes zoster Originating from inflammation after growth of herpes zoster viruses in the infected nerves
infection
(shingles)
HIV related Pain due to HIV itself, other illnesses and infections or side effects of HIV drugs; variable symptoms including
peripheral neuropathy, abdominal pain, headache, joint, muscle and bone pain or herpes pain.
Inflammatory group of chronic inflammatory rheumatic diseases including rheumatoid arthritis, ankylosing spondylitis, psoriatic
arthritis arthritis and undifferentiated spondyloarthritis; progressive diseases, characterized by pain, joint destruction
and decreased patient function
Intrauterine Pain due to intrauterine device insertion
devices
Irritable bowel Chronic gastrointestinal disorder characterized by fluctuating complains of abdominal pain or discomfort and an
syndrome altered bowel habit resulting in diarrhoea or constipation; pathophysiology is still unclear

Often associated with depressive and anxiety disorders as well with somatic co-morbidities including
fibromyalgia, chronic fatigue syndrome and chronic pelvic pain

Mixed Neuropathic pain from diabetic peripheral neuropathy, post-herpetic neuralgia, traumatic/surgical nerve injury,
neuropathic incomplete spinal cord injury, trigeminal neuralgia, multiple sclerosis or HIV-associated peripheral neuropathy
Musculoskeletal Pain due to repetitive strain, overuse and work-related musculoskeletal disorders; injuries include a variety of

disorders causing pain in bones, joints, muscles or surrounding structures; acute or chronic, focal or diffuse;
includes e.g. low back pain, neck disorders, tendonitis and tendinosis, neuropathies, myalgia and stress
fractures; pathophysiology not completely clear, but inflammation, fibrosis, tissue degradation,
neurotransmitters and neurosensory disturbances seem to play a role

Osteoarthritis Most common rheumatic disease; predominantly a non-inflammatory disease, but frequently treated with
NSAIDs; affects the synovial joints with the hands, knees, hips and spine being the most commonly affected
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Table 2

Continued

Clinical pain
condition

Description

Pain-related
functional Gl
disorders

Perioperative

Phantom limb

Post-herpetic
neuralgia

Post-mastectomy
pain

Postoperative

Postoperative
cancer pain

Renal colic

Sickle cell
disease

Spinal cord /
Nerve injury
Temporomandibular
joint disease

Tension type
headache

Trauma

Trigeminal
neuralgia

Clinically apparent, non-organic, chronic or recurrent abdominal pain in children, with three or more episodes
within 3 months that are severe enough to interfere with daily activities; attributed to several known
pathophysiological determinants, including altered Gl motility, enhanced visceral hypersensitivity, altered
mucosal immune and inflammatory function, as well as altered central nervous or enteric nervous regulation;
classified as ‘somatoform disorders’

Pain during surgery

Affects about 80% of amputees; occurs as early as within a week after amputation in 72% of patients; incidence
at 6 months and 2 years not considerably different from that at onset; described as cramping, burning,
tingling, sharp shooting to mixed burning-tingling or burning—cramping; aetiology not well understood;
considered as neuropathic pain due to spontaneous and abnormal evoked activity in pain processing
pathways.

Pain lasting longer than 3 months after an acute herpes infection; spontaneous remission of pain unlikely.

Caused by nerve damage or eventually haematoma; causes numbness, a burning pain or a dull ache; may affect
the chest area as well as the armpit and arm on the operated side; varying degree of pain ranging from mild
to severe

Pain following surgery

See cancer pain

Common cause: passage of urinary tract calculi; sudden onset of severe pain radiating from the flank to the
groin; sometimes associated with nausea, vomiting, hypertension and haematuria; origin: obstruction of
urinary flow with subsequent increasing wall tension in the urinary tract; prostaglandins play an important role

Periodic episodes of pain due to obstructed blood vessels; occurs unpredictably in any body organ or joint;
frequency (1-15 periods per year), amount of pain (mild to very severe) and length of painful periods (hours
to months) varies largely

Pain due to spinal cord or nerve injury

Disorders affecting the joint between the temporal bone on the side of the head and the mandibular (jaw) bone
of the face, and the associated muscles caused by muscular hyper- or parafunction

Dull, aching and non-pulsating pain affecting both sides of the head; not vascular or migrainous, not related to
organic disease; most common form of headache; may be related to muscle tightening in the back of the neck
and/or scalp; classified in episodic and chronic, differentiated by frequency and severity of symptoms

Pain due to physical trauma, e.g. burn injuries

Chronic syndrome of neuropathic pain affecting the facial area; severe pain affecting even simple physiological
functions, such as chewing, swallowing, tooth brushing, washing, touching the face, etc.; pathophysiology
unclear, probably induced by compression of the trigeminal nerve at its origin by the brain stem, blood vessels

or a tumour; local pressure causes demyelination resulting in abnormal depolarization and ectopic pulses

efficacy in these 35 pain conditions, the search was narrowed
by adding the keyword ‘analgesia’, which yielded 126 hits. In
addition to the aforementioned analgesics and co-analgesics,
benzodiazepines and clonidine were also identified. While
not belonging to a particular class of analgesic, these sub-
stances have been assessed for their analgesic efficacy in both
clinical and experimental settings.

In the Cochrane reviews, analgesic efficacy was assessed
based on primary outcomes such as changes in pain intensity
by at least 50 %; ratings of pain intensity were obtained from
visual analogue or categorical scales, or third-party pain
scoring. Secondary outcomes were opioid dosing require-
ments for breakthrough analgesia, time elapsed until
administration of rescue analgesics, opioid-sparing effects of
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non-opioid drugs, patients’ preference, therapy withdrawals
due to adverse events or lack of efficacy. The 126 hits were
classified into positive (+) or negative (-) evidence for anal-
gesic efficacy, separately for drugs or drug classes (Table 3). If
the Cochrane review stated that the available evidence did not
allow a final conclusion to be reached, the study was rated as
neither positive nor negative (*).

Evidence for clinical efficacy of analgesic drug classes. The find-
ings of positive, negative or undefinable evidence with
respect to the analgesic efficacy of drugs or drug classes in the
335 clinical pain settings addressed in the Cochrane reviews are
summarized in Table 3. As opioids have been used as analge-
sics for thousands years, their effects in a large number of
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Drugs
Opioids strong

NSAIDs

Antiepileptics (Gabapentin)
Ketamine

Antiepileptics (Pregabalin)
Dipyrone

Antidepressants
Antiepileptics (Carbamazepine)
Opioids weak

Paracetamol / Acetaminophen
Clonidine

COX-2 inhibitors

AZD-1386

Capsaicin

Flupirtine

Benzodiazepines

Cannabis

Antiepileptics (Lamotrigin)

-10 -5

o

Sum of positive and negative evidence

Figure 1

5

Clinical
. Experimental

10 15 20 25 30

Drug class and sum of successful and unsuccessful applications in clinical pain conditions (max. number possible: 35) and experimental pain
models (max. number possible: 33). The graphs suggest a correlation between positive and negative outcomes in clinical and experimental pain
conditions. This correlation was indeed present as indicated by a Spearman’s ¢ of 0.71 (P < 0.001).

clinical pain settings were analyzed in the Cochrane reviews
(n =15 clinical pain conditions). From the results, opioids are
ineffective in inflammatory arthritis, which is consistent with
their lack of anti-inflammatory effects but does not accord
with results showing the presence of peripheral opioid effects
in inflammatory environments (Stein etal., 1989; 1990).
Antidepressants were also thoroughly assessed for their effects
in different (n = 14) pain settings. According to the results,
when used as co-analgesic, they are effective in several types
of neuropathic pain but fail, for example, in phantom limb
pain. NSAIDs have been reviewed for n = 13 clinical pain
settings. Surprisingly, an efficacy of NSAIDs in inflammatory
arthritis does not unequivocally emerge from the present
evidence. Similarly, the unexpected finding that patients
chronically treated with NSAIDs experienced more pain was
hypothesized to be caused by the suppression of anti-
inflammatory lipid mediators as a consequence of chronic
COX inhibition (Lotsch et al., 2010). When the data were
sorted for the sum of positive and negative evidence
(Figure 1; undecided outcomes were considered the same as
no evidence) for analgesic efficacy, the order was opioids
(+13/-0/ = 2), NSAIDs (+9/-1/ = 3) and gabapentin (+8/-1/
+ 0). The drug with most negative evidence (analgesic inef-
ficacy) was lamotrigin (+0/-7/ = 0).

Efficacy of analgesics on experimental pain
Experimental human pain models. As pain is a subjective per-
ception, it cannot be measured but is communicated by the

542 British Journal of Pharmacology (2013) 168 534-553

subject (McCaffery and Moss, 1967). The development of
human pain models was a consequence of the quantification
of pain by using objective measures to reflect subjective
responses (Beecher, 1959). However, the fundamental limita-
tion applies; the data recorded are not pain itself but a psy-
chophysical or bioresponse to nociceptive stimulation
(Handwerker and Kobal, 1993). The major components of
pain models are (i) the nociceptive stimuli occasionally com-
bined with tissue priming such as intentional local inflam-
mation and (ii) the readouts of the responses to these stimuli.
For ethical reasons, human pain models are more limited in
these components than animal models and still largely follow
the criteria defined in 1956 by Beecher (1956) to quantify
analgesic drug effects; these include minimal tissue damage,
correlation between stimulus strength and pain intensity,
stability over time and sensitivity (Gracely and Melzack,
1989). Several types of pain stimuli have been established and
are classified according to their physical properties into elec-
trical, thermal (contact or laser heat, contact or immersion
cold), mechanical (blunt or punctate pressure), ischaemic and
chemical pain stimuli. Established psychophysical readouts
include visual analogue and numerical rating scales or
dichotomous measures such as pain threshold (i.e. the stimu-
lus strength at which the evoked sensation changes from
mere perception to mild pain) and pain tolerance (i.e. the
stimulus strength at which pain becomes unbearable). It
should be noted that most of these pain measurements are
obtained from the quantification of the physical strength of



nociceptive stimuli associated with certain perceptional
changes.

Apart from psychophysiological measures, human pain
sensation is accessible by several electrophysiological meas-
urements. The negative-mucosa potential (NMP) represents
the sum of generator potentials of trigeminal receptor
neurons in response to nociceptive stimulation (Kobal, 1985).
NMPs have been used to separate peripheral from central
components of the analgesic action of NSAIDs (Lotsch et al.,
1997). In contrast, the EEG-derived pain-related potentials
(ERP) are direct correlates of neuronal activation following
chemosensory, electrical or laser heat stimulation and allow
for the investigation of the central processing of painful
information, which is thought to depend less on the
subject’s response bias than psychophysiological measures
(Hummel et al., 1994; Thiirauf et al., 1994). Finally, magnet-
encephalography (Huttunen et al., 1986) and functional mag-
netic resonance imaging has opened up the field of imaging
to study the human nociceptive system in detail (Tracey,
2001), including the identification of different effects of anal-
gesics (Oertel et al., 2008b).

Search strategy. For all the analgesics for which the Cochrane
library provided evidence of efficacy in clinical pain, their
efficacy in human experimental pain models was searched in
two comprehensive recent reviews (Staahl et al., 2009a,b) and
supplemented by a PubMed search for ‘experimental pain +
human + randomized’ with the extension of the keywords
(Table 1) ‘opioid’, ‘NSAID’, ‘dipyrone’, ‘paracetamol OR aceta-
minophen’, ‘coxib*, ‘flupirtine’, ‘nefopam’, ‘capsaicin OR
TRPV1’, ‘cannabinnoids OR THC’, ‘anticonvulsant’, ‘antide-
pressant’, ‘ketamin* OR NMDA’ and additionally ‘benzodi-
azepin OR *zepam*’ and ‘clonidine’. Furthermore, the TRPV1
antagonist AZD-1386 was included as an example of a newly
developed analgesic (Table 1). This search identified 33 dif-
ferent setups of experimental pain models (Table 4). A study
was classified as reporting positive (+) evidence if a drug
produced analgesia in an experimental pain model indicated
by a statistically significant reduction in pain intensity, an
increase in pain threshold or tolerance, a decrease in area of
hyperalgesia or a decrease in the amplitudes of pain-related
evoked potentials. Since the information available on drug-
induced analgesia in experimental pain models did not fulfil
the Cochrane criteria and was based on published results
from single experiments, evidence was only rated as positive
if all major readouts of a specific test indicated analgesia.
Negative (-) evidence was treated similarly. Some studies
failed to provide clear results and were rated as neither posi-
tive nor negative (=, Table 5).

Evidence for clinical efficacy of analgesic drug classes. Table 5
lists the positive, negative and indefinable evidence for all
analgesics in the experimental pain conditions identified.
Based on these criteria, the effects of opioids were assessed in
the greatest number of experimental pain models (n = 22),
followed by NSAIDs (1 = 19) and NMDA receptor antagonists
(n = 15). When sorted for cumulative positive or negative
evidence (undefined results were regarded as no evidence) of
analgesic efficacy (Figure 1), the drug order in the experimen-
tal models agreed with that observed in clinical pain. Opioids
(+18/-1/%£3 positive, negative and undecided outcomes,

Human pain models predict clinical analgesia

respectively) were the most effective analgesics, followed by
NSAIDs (+9/-3/%7) and, in contrast to the clinical studies,
ketamine (+8/-0/%7). The drug class with most negative evi-
dence was cannabinoids (+1/-6/%2). Despite their approval
for neuropathic pain associated with multiple sclerosis, can-
nabinoids were rarely demonstrated to provide analgesia and
sometimes increased experimental pain (Kraft et al., 2008).

Agreement and non-agreement
between experimental and
clinical analgesia

A hypothesis pursued in this review was that when a drug is
effective in both an experimental pain model and a clinical
setting, then the experimental model may predict the efficacy
of further drugs in this particular clinical setting. The overall
agreement between outcomes in experimental and clinical
assessments (Figure 1) suggested a correlation between the
results of both approaches, which was statistically significant
(sum of positive and negative evidence of drug efficacy in
either clinical or experimental settings, respectively: Spear-
man'’s p: = 0.71, P < 0.001). However, contradictory results
were observed, for example, weak opioids shown to be effec-
tive in five of six clinical pain conditions were more rarely
shown to be effective in experimental studies.

However, a general correlation between the positive and
negative findings in experimental and clinical pain assess-
ments does not provide the necessary basis for selecting pain
models to develop analgesics for particular clinical pain set-
tings. Identification of the pain model or set of models best
suited for this purpose requires more detailed information
about which experimental models identified analgesics that
were also effective in the clinical pain setting (Figure 2). Most
agreements, however, were based on single reports. The valid-
ity of predicting the efficacy of a drug on a particular clinical
pain condition from its effects in a particular experimental
pain model increases with an increase in the number of
different drugs for which results in experimental and clinical
assessments agreed. On this basis, the largest selection of
experimental pain models exists for postoperative pain.
Agreement across several drug classes was found for (i) UV-B
induced hyperalgesia combined with punctate pressure,
which predicted analgesia for five drugs (i.e. strong opioids,
NSAIDs, paracetamol, COX-2 inhibitors and gabapentin)
(Figure 2). In decreasing order, further agreement for postop-
erative pain was found in (ii) UV-B induced hyperalgesia
combined with contact heat stimuli (four drugs: strong
opioids, NSAIDs, paracetamol and gabapentin), (iii) blunt
pressure (strong opioids, NSAIDs and dipyrone), (iv) electrical
hyperalgesia plus punctate pressure (strong opioids, paraceta-
mol and gabapentin) and (v) chemical hyperalgesia with or
(vi) without punctate pressure (both models: strong opioids,
NSAIDs and gabapentin). Other clinical pain conditions in
which analgesia was correctly predicted by a pain model for
at least three drugs included mixed neuropathic pain, which
was predicted by chemical hyperalgesia in combination with
punctate pressure for strong opioids, gabapentin and lamot-
rigin, whereas lamotrigin was correctly predicted to be inef-
fective. Note that ‘correct’ is being used for the prediction of
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Table 4

Experimental pain models that are frequently used according to the literature (Staahl et al., 2009a,b) and PubMed

Experimental pain condition

Chemical (punctate, nasal)

Chemical hyperalgesia

Chemical hyperalgesia (visceral)

Chemical hyperalgesia + Cold (contact)
Chemical hyperalgesia + Heat (contact)
Chemical hyperalgesia + Pressure (blunt)
Chemical hyperalgesia + Pressure (punctate)

Cold thermode (contact)
Cold water (contact)

Electrical hyperalgesia + Pressure (punctate)
Electricity

Heat (contact)

Heat (punctate)

Heat (visceral)

Inflammatory hyperalgesia

Inflammatory hyperalgesia (punctate, nasal)
Inflammatory hyperalgesia + Electricity
Inflammatory hyperalgesia + Heat (contact)
Inflammatory hyperalgesia + Pressure (punctate)
Ischaemic pain

Mechanical hyperalgesia + Pressure (punctate)
Muscle ache

Pressure (blunt)

Pressure (punctate)

Pressure (visceral)

Thermal hyperalgesia

Thermal hyperalgesia + Heat (contact)

Thermal hyperalgesia + Pressure (punctate)

Experimental stimulus/model

Gaseous CO, stimulus

Capsaicin

Hypertonic saline

Hydrochloric acid

Menthol + Medoc-TSA (cold)
Capsaicin + Medoc-TSA (heat)
Glutamate injection + Algometry
Capsaicin + von Frey

Capsaicin + Pinprick

Hypertonic saline + Pinprick

Medoc-TSA (cold)
Ice Water

Neurometer + Pinprick
Neurometer

Medoc-TSA (heat)

Laser

Balloon heat

Freeze lesion

Dry air

Freeze lesion + Electrical stimulus
Freeze lesion + Medoc-TSA (Heat)
Freeze lesion + Pinprick
Tourniquet

Repeated Pinprick

Delayed onset muscle soreness

Algometry

Pinprick

Balloon distension

Heat lesion

Heat lesion + Medoc-TSA (heat)

Heat lesion + Pinprick

Stimulation site

Nasal mucosa

Skin (topical, intracutaneous)

Skin (intracutaneous), intramuscular

Gastrointestinal tract (oesophagus, gut)

Skin (topical)

Skin (topical, intracutaneous)

Intramuscular injection (masseter, splenius)

Skin (topical, intracutaneous)

Skin (topical, intracutaneous)

Intracutaneous, Intramuscular injection (masseter,
splenius)

Skin

Skin

Skin (topical, intracutaneous), dental pulp,
earlobe, intramuscular (muscle RIII)

Skin (topical, intracutaneous), dental pulp,
earlobe, intramuscular

Skin (topical)

Skin (topical)

Gastrointestinal tract (oesophagus, gut)

Skin (topical)

Nasal mucosa

Skin (topical)

Skin (topical)

Skin (topical)

Arm, forearm, thigh, calf, finger, toe, etc.

Skin (topical)

Jaw muscle

Interdigital web, phalanx, finger pulp, extensor
digitor

Skin (topical)

Gastrointestinal tract (oesophagus, gut)

Skin (topical)

Skin (topical)

Skin (topical)

UV-B hyperalgesia + Heat (contact)
UV-B hyperalgesia + Pressure (punctate)

UV-B radiation + Medoc-TSA (Heat)
UV-B radiation + Pinprick

Skin (topical)
Skin (topical)

the drug’s efficacy on clinical pain by the drug’s efficacy on
experimental pain, deduced for clinical settings and experi-
mental models. Thus, from the evidence available, five clini-
cal pain conditions were correctly predicted by seven
different pain models for at least three different drugs. Most
of these models combine a sensitization method with an
acute pain stimulus (e.g. UV-B or capsaicin).

However, several unsuitable pain models were also
used to predict efficacy in certain clinical conditions

544  British Journal of Pharmacology (2013) 168 534-553

(Figure 3). Analgesia in diabetic neuropathic pain, mixed
neuropathic pain, pain due to spinal cord or nerve
injury and trigeminal neuralgia was incorrectly predicted
by the cold water immersion test. In this model, lamo-
trigin was ineffective, whereas gabapentin provided
analgesia; however, clinically the opposite was observed.
Several more failures of experimental models to predict
analgesia in particular clinical settings were also identified
(Figure 3).



Human pain models predict clinical analgesia BJP

(9'e6002Z "0 12 |yeess)

(9’86007 "0 12 |yeRls)
(9’86007 "0 12 |yeRIs)
(9’86007 "0 12 |yeels)
(9'e600Z “[p 12 [YeRIS ‘6007 “ID 32 USS[RIN-IPURIY)
(9'e600Z "0 12 |yeels)

(L1L0Z “Ip 32 dniesy ‘| L0z “[p 32
luizusio buj ‘q'e600z “Ip 12 1YyeeIs ‘000z “Ip 12 Yydeussi3)

(LLOZ “Ip 32 U3S3IO
‘9’6007 “[p 12 |yeRIS ‘8007 “IP 12 ZM|I4 ‘Y00 “Iv 12
2juenD ‘8861 “IP 19 PleMIpPYOY ‘9861 ‘geey pue [eqo)

(9'e600C
“Ip 32 |yeeis ‘800z “Ip 12 2|14 ‘400Z "o 32 1addoy)

(9'®6002Z "0 32 |yeess)
(9'®6002 "0 32 |yeerss)
(9'®6002Z "0 32 |yeess)

(1102
"I 3o UIsAIPUY q'e600T “IP 12 |YeeIS ‘800T ‘[P 12 UIB|Y)

(9’86007 “Ip 32 |YyeRIS ‘8007 ‘I 12 Buep)

(0107 “Ip 32 UR1BIRIS|Y 1q’B600T “ID 19 |YeeIS)
(L10Z “[p 2 udsaipuy ‘qe600Z /P 19 |Yeels)
(9'e600Z “[p 12 |YeRIS ‘6007 “ID 12 SIH|Y)
(1107 “Ip 35 dniesy !qe600Z “Ip 32 |Yeers)
(96002 “[p 72 |yeels ‘£00Z /D 32 UOSSUDAS)

(9'e600Z “Ip 32 |yeels
!800Z “Ip 12 Buepn ‘800Z “Ip 12 UIBIN {0007 “ID 12 YydeussIy)

(‘a'e6007 “[0 12 |YeeIs ‘661
“Ip 12 JneINYL {1661 “ID 12 [PWWNH ‘986 ‘Geey pue [eqoy)

S9OUI19)9Y

aupuopd

Ipozuag

]
N
®
=
5
®
@©

spilouiqeuue)

19

sulwe

p)

aupadnyy

upiesde
yul Z-X0D

jowejlaseled

S10}1

sdisabjeue proido-uoN

sbunyas uled jeyuswiiadxa Ul sdisabjeur-0d pue soisabjeue jo Adediy]

S 9|qelL

auoafdig

jyeam spioido

Buoays sproido

(eay)
VS.1-DOP3IA + UOIS3| 92931

sninwins
[eD11123]3 + UOIS?| 9Zdal4

ae Aig
uoIsa| 9zaal14
1e3Yy UoO|jeg

Jaseq

(3eay) ySL1-20paN

1919WOIN3N

youduld + J9rewoinaN
SEIIVNER]]

(P102) VS 1-20palN

youduld + suljes d1uoRdAH

spuduld + uplesde)
K314 uoa + upiesde)

Anawob|y
+ uondaful ajewein|n

(3e3Y) VS1-20p3|A + upiesde)

(P103) VS1-20P3A + [OYIUSIN
pioe d1o|yd01pAH

auljes dluoMdAH
upiesded

snnwins 20D snoasen

[opow/sninuins

British Journal of Pharmacology (2013) 168 534-553 545



'spioido Jo ssauaAidRYS disabjeue ay) Buimoys Ui nyssaddns aduo Buisqg se Ajjenba pajeasy Apusanbasqgns siam sppow jeluswRdxa Y1oq ‘uonenwins Jase|
Burnp 25u0 Ajuo Ing uoneNWIS [ed1II3J2 BulNp sdisabjeue aARdaYS a1am spioido eyl pamoys suonedignd gz ybnoyje ‘st ey ‘paloubi Ajpuanbasqns sem suonediignd jo Jsquinu ay)
‘pajuemun Ajjuasald sem Bunyblam e 2dUIs J9ASMOH 9dUSPIAS Paxiw Jo dAebau ‘aasod buipirold suonediignd sjgejieae Juasaidal sisquinu paydeny “aAiebau Jou aanisod Jayypu
se pajed 2IaM ‘synopeal JulsIsuodul 03 anp *b'a ‘synsas paxiw buipiroid ssipnis "aduUaPIAS dAIEDAU 104 9N} sem awles 3y eisabjeue pajedipul uonedignd e ur pajuasaid ‘sjenusiod
pasyoAa pajejaJ-uted jo sapnyjdwe ul aseasddp e 1o eisabjesadAy Jo eale ul asealddp e ‘9dueld|o} 4o ploysasyy uted ul aseasdur ‘Hd ‘1s9) didads e Jo synopead Jolew |je Ji danisod se
paied Ajuo sem adUapPIAT “[pow uted aARdadsal ay3 Ul s1oaye Bnup disabjeue 1oy (F ‘©buelo) adUIPIAS PaxIW ‘(— ‘pal) 3dUSPIAS dAIebaU ‘(+ ‘Usab) duapIAS aAnIsod sjussald sjqel ay |

eisabjeue
10} 92USPIAS paxIW buimoys
0O 0 L 0 € O O0OCCT £ O OO L € 0 ¢ 9 ¢ s|ppow |ejuswiadxa Jo “ON
eisabjeue 10y
92U3PIAS dAIRDAU Buimoys
sjppow [eyuswiadxa Jo ‘oN

eisabjeue 10y
92UapIAS aAIsod Buimoys
Sjppow [eyuawiadxa Jo ‘oN
(LL0Z "0 32 1uizusio] buj ‘L LOZ “Ip 12
uasaipuy ‘q‘e600z [P 32 |Uerls :£00Z “[p 32 JSUJOYIRIN) puduld + uonelpes g-AN
(3eaH)
VSL1-20p3|A + uonelpel g-An
youduld + uoiss| 1eaH

(L10Z “Ip 32 1u1ZUB107 Bu| {q'e600T “ID 12 |YeRIS)
(9’86007 “ID 32 |yeRIS)

(3edy)
(926007 “Ip 32 |yeels) VSL-D0P3IA + UOIS9| JeaH
(9260027 “Ip 32 |yeess) uoIs3] JesH

(L10z 32
dnuesy ‘q'e600Z “Ip 12 |Yeels ‘6007 [0 32 USS|BIN-IPUSIY) uolsusjsip uoojjeg
(a"e600Z “Ip 12 |yeRIS ‘00T “IP 12 UI) L¥ uduld

(1102
“Ip 35 dniely| ‘q‘e600Z 0 12 |yeeisS ‘2661 ‘[ 12 1915104) Anawob|y

SSQURIOS d[dSNW Jasuo pakepg

(9’86002 “Ip 32 |yeRIS ‘€007 “Ip 32 [efeq)
(9’86007 “Ip 12 |Yeels)

(986007 “[D 12 |YeRIS ‘p86 | “UaUSOd)
(986007 “Ip 12 |Yeels)

spuduld pareaday
19nbiuino|

ypuduld + uoiss| azaal4

sadua4359y ol ANA X > m AT © o [opow/sninuinls
s 8 & o N £ O 8 = e ejuswiadx:
3, N 3 9 e T X 8 < ! : s
g o 5 3 = 3 N3 3 g
= a T = w = = M 3 @
F 5 =2 ® 2 5 8 @
G~ 2 ° - ® 5 3 3
< g g 2 g
= & = =
= ]
o =
] w
SIdYI0 sdisabjeue proido-uoN

panunuod

S 9|qelL

BJP BG Oertel and ] Lotsch

546 British Journal of Pharmacology (2013) 168 534-553



2 3
= o T -
g S T + = + 7
LA S R D T T 2
g 3 3 3 52 § 8 52 5
g ¢ § § €8 & £ €% s S
e 3§ & § 8 g 8 8¢t -
8 = = = 28 B ¢ 22 g ¢ F
§ & 2% 3% 3L & % e g 38 B E
k] g EE E& Ea s s 2 £ = =
2 2 25 925 28 % 3 3 3 8 8 2
Clinical Pain 3} S c& ©& Ga o o a w T T £
Abdominal pain [ I ] [ ] ® © o o o
Acut migraine e o e O Q@ e @
Atypical facial pain [} e O
Bun injury o O [ ] e o o
Burning mouth syndrome [}
Cancer e O e O e o O o
Central neuropathic (6} (] P o ®@ O
Chemotherapy induced D) @ e ©
Child birth/labour e ® o o O e © o o O
Diabetic neuropathy (PDN) O @ o o O . D
Dysmenorrhoea (] e o [
Fibromyalgia O ) ® O . . )
HIV related (0] @ ©o o e
Inflammatory arthritis* Q
Intrauterine devices [ )
Irritable bowel syndrome [ ) ] (]
Mixed neuropathic D O o o O o e @ o O o
Musculosceletal (Low back/Neck) O . e e . ® o o o . [ )
Osteoarthritis e o O [ ) D D o o o
Pain-related funct. Gl disorders ]
Perioperative [ ] e o e O
Phantom limb o O I ) e ® o o O
Postherpetic neuralgia (PHN) ® O o o . [ ] . ]
Postoperative O o 00O DN O 0o O
Postsurgical cancer pain o o [ ) e © o o o
Renal colic [ C ] e O e o o ¢ O
Spinal cord / Nerve injury @ o e @ o (] e o
Temporomandibular joint desease @ @ ) [ ) e o
Tension type headache @ @
Trauma e o [ e 6 o o o
Trigeminal neuralgia >0 [) O o e @ o O o

Figure 2

Inflammatory hyperalgesia +
Electricity

Inflammatory hyperalgesia + Heat

Human pain models predict clinical analgesia

Thermal hyperalgesia + Pressure

- e
N 5 5
p z i &
8 3 T g 8
E) 3 s & 2
3oy 2T T = ] @ + +
8= 58 = = g 5 5 2 2
z2g < 3] g 2 8 s s g 8
22 8§ £33 2 3 2 2 g 2 K ®
- 29 ¢ 8% 3 T s s £ 2o 23 8- 8%
§E: 5 =3 ¢ : 2 & f B £z % %
8 g S5z 2 H H 2 g
» - . . > > No.ofd
[ J [ J e o o e o o o ® ngs
® o e o 2
[} @ 3
e o o e o 4
) 5
L ® o o ® 0 o
Il Opioids strong
I opioids weak
© ° M nsap.
s
o L @ o o e o 0 O
b e o Dipyrone
° Paracetamol / Acetaminophen
. . . COX-2 inhibitors
(€] ] ] @ o Flupirtine
() M Pregabalin
O o M Gabapentin
Lamotrigin
(] [ ]
M Antidepressants
] ]
Benzodiazepines
[ ] [ ] e o o e o O O
e o [ ® 0 o e o 0O
) ) e o o o o O N
]
[} [} e o
° ° e 0 o e e 0O
(] [} e O
o o Qe o o eHDD
[ J [ J e o o e o o o
° ° ® o o e o 0 O
] @ o
o [} e o
(¢
[ ] [ ] e o o e o o o
[ ] [ ] e o o o o O

Clinical pain conditions for which analgesia or no analgesia was correctly predicted by an experimental pain condition. The table presents all
combinations of experimental pain models and clinical pain conditions in which analgesics were effective or ineffective in both, the clinical and
the experimental pain condition (correct prediction of clinical effectiveness by an experiment). The size of the pie charts correlates with the
number of drugs that were correctly predicted. The colours of the segments indicate the drug or drug class that was correctly predicted.

Future directions

Human experimental pain models implement psychosocial
and social-cultural factors and avoid pharmacologically rel-
evant species differences, for example, rats cannot produce
the active 6-glucuronide of morphine (Oguri et al., 1990), and
dogs, guinea pigs and rats can invert R-flurbiprofen to the
COX-2 inhibiting S-enantiomer (Menzel-Soglowek et al.,
1992). However, ethical considerations restrict invasive
models to small skin (Schmidtko et al., 2007) and mucosal
tissue probes. This suggests a complementary use of human
and animal models in the translational development of anal-
gesic drugs, as established more than half a century ago when
Beecher’s criteria for experimental pain stimuli included
applicability in both humans and animals (Beecher, 1956).
However, the future scientific focus is not on cross-validation
of human with animal pain models but on cross-validation of
human experimental models with clinical pain. To fully
reveal their potential as a cost-saving tool in analgesic drug
development placed between basic science and clinical assess-
ments, human pain models need to be validated with clinical
pain in future studies. Some biases unequivocally resulting
from the selection of pain models in the studies presently
analysed also need to be eliminated, which might slightly
shift the present picture of predictivity towards different

models. Future analyses will include combinations of models
as suggested from the present results where a combined pain
model had the best evidence for prediction of a particular
clinical pain setting (Figure 2). Considering the complexity of
the pain phenotype, contemporary informatics tools are an
indispensable part of these approaches. Initial attempts have
clustered quantitative sensory testing results to obtain more
homogeneous groups of neuropathic pain patients to define
individual treatments (Baron et al., 2010). Thus, identifying
combinations of experimental models and clinical validation
seems to be the direction for the development of experimen-
tal pain models toward predictive tools in drug development.

Concluding remarks

A variety of different experimental pain models allow pain
and analgesia in humans to be studied under controlled labo-
ratory conditions. While the perceived prediction of clinical
pain by human models seems to be no better than that
obtained with animal models, where the incomplete transla-
tion has caused disappointment (Mogil, 2009), the present
analysis showed a considerable agreement between the
results obtained with human pain models and the clinical
efficacy of analgesics. This supports expectations that human
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Clinical pain conditions for which analgesia or no analgesia was incorrectly predicted by an experimental pain condition. The table presents all
combinations of experimental pain models and clinical pain conditions in which analgesics were effective in only one condition, e.g. the clinical
pain condition, while being ineffective in the other, e.g. experimental pain condition (incorrect prediction of clinical effectiveness by an
experiment). The size of the pie charts correlates with the number of drugs that were incorrectly predicted. The colour of the segments indicates

the drug or drug class that was correctly predicted.

experimental models can be developed into truly predictive
tools saving costs for analgesic drug development, and
provide expert knowledge about (i) the pharmacological
actions of analgesic drugs, (ii) physiological bases of the
experimental pain models and (iii) the pathophysiology and
pathopsychology of clinical pain. Clinical phase II studies
will not be completely replaced by experimental studies, yet
their number may be reduced due to a focused pre-selection
that can be obtained with experimental studies, as outlined
here. The presently identified agreements and non-
agreements between analgesic effects on experimental and
on clinical pain may serve as a basis to identify human
pain models that bridge basic science with clinical pain
research.
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