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Abstract
Understanding and characterization of pain and other 
sensory symptoms are among the most important 
issues in the diagnosis and assessment of patient with 
gastrointestinal disorders. Methods to evoke and assess 
experimental pain have recently developed into a new 
area with the possibility for multimodal stimulation (e.g., 
electrical, mechanical, thermal and chemical stimulation) 
of different nerves and pain pathways in the human 
gut. Such methods mimic to a high degree the pain 
experienced in the clinic. Multimodal pain methods have 
increased our basic understanding of different peripheral 
receptors in the gut in health and disease. Together with 
advanced muscle analysis, the methods have increased 
our understanding of receptors sensitive to mechanical, 
chemical and temperature stimuli in diseases, such as 
systemic sclerosis and diabetes. The methods can also 
be used to unravel central pain mechanisms, such as 
those involved in allodynia, hyperalgesia and referred 
pain. Abnormalities in central pain mechanisms are 
often seen in patients with chronic gut pain and hence 
methods relying on multimodal pain stimulation may 
help to understand the symptoms in these patients. 
Sex differences have been observed in several diseases 
of the gut, and differences in central pain processing 
between males and females have been hypothesized 
using multimodal pain stimulations. Finally, multimodal 
methods have recently been used to gain more insight 
into the effect of drugs against pain in the GI tract. 
Hence, the multimodal methods undoubtedly represents 
a major step forward in the future characterization and 
treatment of patients with various diseases of the gut.
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INTRODUCTION
Abdomina l pa in i s ver y common in the g enera l 
population[1], and pain is the most prevalent symptom 
in the gastroenterological c l inic [2]. Consequently, 
characterization of  gut pain is one of  the most important 
i ssues in the diagnosis and assessment of  organ 
dysfunction. However, in clinical practice, the different 
symptoms of  the underlying diseases confound the 
characterization of  pain. These confounders may include 
complaints relating to psychological, cognitive and social 
aspects of  the illness, as well as systemic reactions, such as 
fever and general malaise[3]. Furthermore, treatment with 
analgesics often causes sedation and other side effects. 
This will invariably bias the clinical evaluation of  the pain-
related symptoms. Hence, the patients tend to interpret 
other effects of  the medication, e.g. an effect on the 
anxiety and depression relating to the disease, as a relief  of  
pain[4]. Because of  these confounding factors experimental 
pain models are often advantageous. Using these models, 
the investigator can control the experimentally induced 
pain (including the nature, localization, intensity, frequency 
and duration of  the stimulus), and provide quantitative 
measures of  the psychophysical, behavioral or the 
neurophysiological responses[3,5,6]. 

Experimental models have been used in different 
animal species. Here the investigators can study the 
neuronal activity in anesthetized or spinalized animals 
directly with invasive techniques or with assessment of  
behavior[7]. However, the neurobiology of  the pain system 
differs between the animal species. This limits to a high 
degree the interpolation of  findings from animal studies to 
man. Pain is the net effect of  complex multidimensional 
mechanisms including intensity coding, affective, behavioral 
and cognitive components that involve most parts of  the 
central nervous system. Furthermore, in humans, pain is 
closely related to linguistic terms and expressions. Thus, 
it is a complex sensory experience which is difficult to 
quantify with simple neurophysiological and/or behavioral 
methods. Therefore, animal experiments can only to some 
degree reflect the experience of  clinical pain in humans 
and the interest in human experimental pain studies has 
increased rapidly during the last decade[3,8].

The primary advantages of  experimental pain 
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approaches are that the stimulus can be controlled, 
delivered repeatedly and modulated, and that the responses 
can be assessed quantitatively with psychophysical and/or 
neurophysiological methods (Figure 1). Depending on the 
experimental model, different central mechanisms and 
conditions mimicking pathological pain can be studied. 
These are increased sensation to normal physiologic/non-
painful and painful stimuli (allodynia and hyperalgesia, 
respectively). Experimental approaches can be applied in 
the laboratory for basic studies in healthy subjects and in 
patient groups, or used for preliminary screening of  drug 
efficacy[9]. The methods can also be used in the clinic to 
characterize patients with sensory dysfunction and pain 
in organic and functional diseases[5,10-12]. The methods 
have been widely used in the skin and muscle[6]. However, 
due to the difficulties with access to the organs in the 
gastrointestinal (GI) tract, experimental pain testing is 
much more difficult than stimulation of  the skin. The 
risk of  perforation and other complications also limit 
the possibilities. Thus, most previous studies have relied 
on relative simple mechanical or electrical stimuli. These 
methods are easy to apply, but unless advanced modeling 
is used they have several limitations[3]. Most importantly, 
as pain is a multidimensional perception, it is obvious 
that the reaction to a single stimulus of  a given modality 
can represent only a limited fraction of  the entire pain 
experience. The possibility for combining different 
methods to stimulate the gut and evoke hyperalgesia 
will approximate the clinical situation, and give more 
comprehensive and differentiated information about the 
nociceptive system[3]. Multimodal models have clearly 
shown their value in testing of  analgesics where a single 
stimulus has been inadequate assessing effects of  specific 
drugs. Hence, Enggaard et al [13] showed that tricyclic 
antidepressants, which are valuable in treatment of  
functional pain disorders of  the gut, increased the pain 
threshold to electrical stimuli, but did not reduce cold 
pressor pain. More sophisticated methods using a vide 
battery of  tests will therefore be able to select the best test 
procedures to explore different basic aspects of  pain as 
well as pharmacological modulations[9]. 

In this review, we outline the recent developments into 
test systems allowing standardized multimodal stimulations 
of  the GI tract and their applications. 

The rat ionale for mult imodal st imulat ions of the 
gastrointestinal tract 
The ideal experimental stimulus to elicit gut pain in man 
should be natural, minimally invasive, reliable in test-
retest experiments and quantifiable[14]. The response to the 
stimulus should increase with increasing stimulus intensity 
and preferably the pain should mimic the observations 
in diseased organs by evoking phenomena, such as 
allodynia and hyperalgesia[8]. The different methods for 
pain stimulation of  the human GI tract are electrical, 
mechanical, chemical, thermal and ischemic stimulation; 
further detailed informations regarding the advantages and 
shortcomings of  these methods are explained elsewhere[3]. 
The ischemic stimuli are difficult to quantify in man and is 
normally not used as a direct stimulus. One of  the major 
limitations of  the different models is that they may not 
mimic clinical pain. Hence, they are relative short-lasting 
without the inflammation and subsequent activation of  
the many peripheral and central nervous mechanisms 
that are typically activated during diseases. Therefore, 
the basic neurobiological mechanisms in clinical pain 
may be different from those relating to an experimental 
stimulus[5,10]. For comprehensive experimental studies 
mimicking the clinical situation, a multimodal testing 
approach must therefore be used. A test battery where 
multimodal stimuli are used will increase the probability 
for activation of  a range of  relevant nervous mechanisms. 
Especially, if  the stimulation is relatively long-lasting and 
includes modalities known to evoke peripheral as well as 
central sensitization, the likelihood that the model will 
mimic clinical pain is high despite the non-harmful nature 
of  the stimulation. 

In the GI tract, technical limitations of  the currently 
available models have until now made a multimodal 
stimulation approach difficult. Some authors have 
combined mechanical and electrical stimuli[15,16] or used 
electrical stimuli combined with sensitization to acid[17]. 
The Center for Visceral Biomechanics and Pain in our 
department has recently introduced a multimodal pain 
model where mechanical, electrical, cold and warmth 
stimuli were combined. A summary of  the findings in 
healthy subjects and patients is shown in Tables 1 and 
2. Table 2 should be interpreted with caution as many 
data are still unpublished. In the multimodal model, 
mechanical stimulation is achieved with bag distension. 
Quantifications of  the bag pressure and cross-sectional 
area are typically done by means of  impedance planimetry 
or ultrasonography. Thermal stimulation is achieved 
by re-circulating fluid inside the bag with concomitant 
measurement of  temperature. Chemical and electrical 
stimulation is done using side-holes placed proximal to 
the bag and by electrodes on the outside of  the bag[18]. 
Sensitization with acid was added to the protocol to evoke 
allodynia and hyperalgesia together with increased referred 
pain areas (Figure 2)[19]. The multimodal approach gives the 
possibility for a differentiated stimulation of  receptors in 
the superficial and deep layers of  the gut. The possibility 
for induction of  hyperalgesia and evoking central 
phenomena such as summation, allodynia and referred 
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Figure 1 The concept for experimental induction, assessment and modulation of 
experimental gut pain in man.
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pain makes the models clinically relevant with respect to 
increasing the knowledge about peripheral and central 
pain mechanisms. The model have mostly been used in 
the esophagus, but recently also in the duodenum[20]. The 
pain assessment should ideally also be multimodal and, for 
example, include quantitative and qualitative sensations, 
assessment of  referred pain and neurophysiological 
measurements[19].

Multimodal stimulation and peripheral receptors
The multimodal approach has given valuable information 
about the receptors in the gut wall. Theoretically, the 
thermal stimulation activates preferentially the receptors in 
the mucosa, the electrical stimulation penetrates into deeper 
layers of  the gut and the mechanical stimulations affect 
predominantly receptors in the muscle layers (Figure 3).

It is generally believed that most visceral afferents 
are polymodal and respond to a wide range of  stimuli 
including thermal stimuli[21]. However, sub-populations of  
these receptors exist and recently, we combined controlled 
distension with statistical modeling to demonstrate the 

existence of  low and high threshold mechano-receptors 
in the human esophagus[22]. Most data on the sensation 
to thermal stimuli of  the human viscera relate to few 
and relatively old studies[23-25], although some new studies 
have recently been published[18,19,26-29]. These studies 
point towards the existence of  sensory pathways for 
thermal stimuli in the human GI tract. The thermal 
energy spreads from the superficial layers into the deeper 
layers of  the gut depending on the temperature and 
conductance of  the tissue[4]. However, as thermal stimuli 
are rather short-lasting in man mainly receptors in the 
mucosa are thought to be activated. Chemical stimulation 
with acid or capsaicin also activates receptors in the 
mucosa.  Pedersen et al[28] used a multimodal approach 
to combine acid and heat stimuli of  the esophagus. In 
this study, sensitization with acid resulted in a significant 
increase in the sensation to heat stimuli. The TRPV1 
receptor is a polymodal detector of  potential harmful 
stimuli, including noxious heat and protons[30]. Hence, it 
was suggested that TRPV1 receptors (or receptors with 
the same characteristics) were sensitized with acid and 

    

Table 1 Multimodal comparison of clinical experimental data obtained in the esophagus from healthy volunteers

Group	                        Mechanical stimuli          Heat stimuli	                  Cold stimuli	       Electrical stimuli               Sensitization with acid
Basic data                                  Differences between          Reliability demonstrated.   Reliability demonstrated.   Reliability demonstrated.   Allodynia and
                                                    the sensations and             Stimulus-response               Stimulus-response               Stimulus-response               hyperalgesia evoked[19,26],
                                                    referred pain areas            functions obtained[18,19,60].    functions obtained[18,19,60].     functions obtained[18,19,60].    although not consistent
                                                    was evoked by the                                                                                                                                                            for mechanical
                                                    stimulus modalities[18].                                                                                                                                                     stimuli (see text)[26,41].
                                                    Reliability                                                                                                                                                                           Increased referred pain
                                                    demonstrated[19,60]                                                                                                                                                                                                                                                                               and amplitude of the
                                                                                         The sensation to                                                                                                                                                                 nociceptive reflex
                                                    mechanical stimulations                                                                                                                                                    indicating central
                                                    was unaffected by                                                                                                                                                             hyperexcitability[19,26,46].
                                                    relaxation of the                                                                                                                                                                 Acid perfusion sensitizes
                                                    smooth  muscle[40,61].                                                                                                                                                          the oesophagus to heat
                                                    Evidence for low and                                                                                                                                                        but not cold, indicating
                                                    high threshold                                                                                                                                                                   sensitization of 
                                                    mechanoreceptors[22].                                                                                                                                                        peripheral TRPV1
                                                                                                                                                                                                                                                  receptors[28,46].
                                                                                                                                                                                                                                                 Remote hyperalgesia 
                                                                                                                                                                                                                                                 was seen in the rectum 
                                                                                                                                                                                                                                                 after acid perfusion 
                                                                                                                                                                                                                                                 of the esophagus[20].
	                                                                                                                                                                                                                              Hyperreactivity of 	
                                                                                                                                                                                                                                                 contractions in	  
                                                                                                                                                                                                                                                 esophagus, but tone	
                                                                                                                                                                                                                                                 was unaffected[26,46].       
  
Gender differences                  Males were more               No differences in                   As heat stimuli                    Males less sensitive              In females, the referred
                                                    sensitive to                         sensation, but the                                                                 to single and                          pain area increased
                                                    stimulations, but an          referred area was                                                                 repeated stimuli                    to heat after acid
                                                    increased referred pain    larger in females[27,46].                                                           (Staahl et al.,                          sensitization, but no
	                                area was seen in                                                                                                                 unpublished).                       changes were seen
                                                    females,  reflecting                                                                                                                                                            to mechanical and
                                                    sex differences in                                                                                                                                                               cold stimulations[46].
                                                    central pain
                                                    processing[27,46]. 

Pharmacologic modulation    Oxycodone was better      Oxycodone was better         Not done                               Both morphine and             Not done
	                                than morphine (and          than morphine                                                                      oxycodone attenuated
                                                    placebo) in attenuating     (and placebo)                                                                        the electrically evoked
                                                    mechanical pain[59].            in attenuating                                                                       pain, but there were
                                                                                                  heat pain[59].                                                                          no differences
                                                                                                                                                                                                 between the opioids[59].	      
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subsequently resulted in increased firing of  the afferents 
to heat stimulation. The role of  this receptorsystem in 
the clinic was addressed in another study where selective 
hyperalgesia to heat but not cold stimuli was found in 
patients with reflux and grade B esophagitis[31]. The 
evidence for receptor-specific activation pattern in the 
experimental studies was supported in a recent study where 
the TRPV1 receptor was demonstrated in the human 
esophagus, and especially the receptor was up-regulated 
in esophagitis[32]. Thus, the multimodal approach gave 
valuable quantitative in vivo information about the receptor 
characteristics and pain mechanisms in healthy subjects 
as well as in patients with acid-evoked inflammation. 

Multimodal stimulation and primary afferents
Electrical stimuli bypass the receptors and although all 
fiber populations (nociceptive as well as fibers mediating 
physiologic/non-nociceptive sensations) are excited by 
electrical stimuli, the relative proportion of  activation 
depends on the stimulus intensity. With normal bipolar 

electrical stimulation, the current is believed first to 
activate receptors in the mucosa and submucosa, whereas 
the deeper layers are activated with increasing current[3]. 
The depth of  activation also depends on the stimulation 
method and frequency[4]. In the gut, electrical stimulation 
is thought preferentially to activate thinly myelinated (Ad) 
fibers[33]. Chemical and thermal stimuli, on the other hand, 
activate mainly non-myelinated (C) fibers and the terminals 
of  mechanosensitive fibers are mainly localized in the 
muscle layers or have intraganglionic nerve endings[34,35]. 
Roughly speaking, the different modalities may therefore 
activate different fiber populations and, for example, 
may thermal and mechanical stimulation activate fibers 
in the mucosa and muscle layers, respectively. However, 
the difference between the stimulation paradigms may 
be of  minor importance as Hobson et al[36] showed that 
the evoked brain potentials to mechanical and electrical 
stimulation of  the gut were similar, reflecting that the 
same pathways were activated. The mechanical stimulation 
protocol may also be important. Hence, in the human 

Table 2 Multimodal comparison of clinical experimental data obtained in the esophagus from patient with different GI diseases

Patient group	         Mechanical stimuli	   Heat stimuli	   Cold stimuli	       Electrical stimuli	          Sensitization with acid
Non-cardiac chest pain[41]           No differences to single             Not done                        Not done                              Not done                            Increased sensation to
                                                   stimuli, but increased                                                                                                                                                     mechanical stimulations
                                                   pain to repeated stimuli                                                                                                                                                 after acid in patients 
                                                   and increased referred                                                                                                                                                    only.
                                                   pain area, reflecting 
                                                   central hyperexcitability.
 				      
Esophagitis[31]                                              Patients were hyposensitive     Patients were                 No differences                     Not done                            Not done
                                                   but with larger and more           hypersensitive
                                                   widespread referred pain.         probably via
                                                   The distension induced              increased activation
                                                   more reactive contraction.         of TRPV1 receptors.
 	    			 
Non-erosive reflux                  Patients were hyposensitive     The patients were         No differences                     Not done                             Patients had a higher
disease (Reddy et al               to mechanical stimuli.                hypersensitive to          between patients                                                              sensitivity score
unpublished data)	           The distensions induced            heat with increased      and controls                                                                      to acid perfusion.
                                                   more reactive contractions        referred pain areas
                                                   in the esophagus in the              to this modality.
                                                   patients and they had larger 
                                                   referred pain areas. 
                                                   Patients with pathological 
                                                   24-h pH-measurement were 
                                                   more hyposensitive than 
                                                   the patients with normal 
                                                   pH profile.
	     	   		    
Diabetes (Frøkjær et al,          Patients had                                 As mechanical              Not done                               As mechanical                   Not done
unpublished data)	           hyposensitivity to                       stimulations                                                                  stimulations
                                                   distension, but increased 
                                                   referred pain areas, 
                                                   reflecting peripheral 
                                                   neuropathy and central 
                                                   hyperexcitability.
                                                   Increased stiffness of the 
                                                   gut wall in diabetes.
			    	
Chronic pancreatitis               No differences in sensation.      No differences               Not done                              Larger referred pain         Not done
(Dinmcevski et al,                   No differentiated effect             in sensation                                                                   area in the patients.
unpublished data)	           on morphine and                        Oxycodone                                                                   Opioids were not
                                                   oxycodone in attenuation          attenuated heat                                                            better than placebo 
                                                   of mechanical pain.                     pain better	                                                   in attenuating
                                                                                                          than morphine.		                               electrical pain	

www.wjgnet.com

2480         ISSN 1007-9327      CN 14-1219/ R     World J Gastroenterol        April 28, 2006     Volume 12    Number 16



rectum phasic distensions were shown preferentially to 
stimulate spinal pathways thought to mediate pain, whereas 
slow tonic stimuli mainly affect parasympathetic nerves[37]. 
We recommend a slowly ramp distension as it is more 
physiological and allows the subjects to assess the pain 
continuously. We also strongly recommend to precondition 
the tissue by two-three distensions until the stress-strain 
relationship becomes reproducible[38]. For advanced muscle 
analysis, we normally use butylscopolamine to relax the 
smooth muscle, and this does not seem to modify the 
sensation per se [20,39,40]. 

The multimodal approach has recently been used to 
compare the response to mechanical stimuli before and 
after chemical stimulation with acid in patients with non-
cardiac chest pain[41]. In these patients, there is a normal 
sensory response to mechanical stimuli at baseline. 
However, after acid the evoked hyperalgesia resulted in a 
marked increase of  the sensory response in the patients 
(Figure 4). Although peripheral sensitization may be 
important, the findings gave evidence for an amplification 

of  central pain mechanisms manifested as allodynia, 
hyperalgesia, and increased and widespread referred 
pain areas to the mechanical stimulations. Mechanical 
stimulation together with advanced muscle analysis has 
also been used to explain the symptoms in patients with 
systemic sclerosis. In these patients, the contraction 
amplitude was smaller and there was an evidence for a 
stiffer gut wall in the small intestine[42]. The pain evoked 
by a controlled strain of  the gut was increased and this 
may explain many of  the symptoms reported in the clinic. 
In patients with diabetes, we also found evidence for 
increased stiffness in the duodenum using the multimodal 
approach (Frøkjær et al, unpublished data). This may reflect 
the increase in collagen deposition seen in these patients 
and may (together with autonomic neuropathy) explain the 
motor abnormalities seen in these patients. 

Multimodal stimulations and central pain mechanisms
In diseases of  the GI tract, central sensitization and 
neuroplastic changes are probably of  major importance 
to understand the sensory response as manifested by pain 
and hyperalgesia. Central pain mechanisms may be evoked 
by multiple stimuli (either temporal or spatial summation), 
resulting in central amplification of  the response. The 
response is comparable to early phase of  the frequency-
dependent “wind-up” seen in animal experiments. In 
practice the central integration can be evoked by repeated 
electrical stimulation above 0.5 Hz[43,44], resulting in 
increased local and referred pain. Recently, the multimodal 
probe was used to give repeated mechanical stimulation 
in patients with non-cardiac chest pain. In this study, the 
number of  stimuli tolerated was significantly lower in the 
patients compared with healthy controls, reflecting central 
hyperexcitability as a key to understanding the symptoms 
in these patients[41].

Sensitization of  the esophagus with acid is an another 
possibility to evoke central (and peripheral) sensitization. 
Previously, it was shown that acid perfusion of  the distal 
esophagus resulted in an amplified response to electrical, 
mechanical and thermal stimuli[19,26]. The central changes 
were documented in an experiment where there was an 
amplification of  the nociceptive reflex[19]. The reflex was 
evoked by stimulation of  the sural nerve, resulting in 

Electrical

Thermal

Mechanical
Sensitization with acidSensitisation with acid

Mechanical

Thermal

↓ ↓

↓ ↓

Figure 3 Schematic illustration of the proposed gut layers which are preferentially 
affected with: (1) Thermal stimuli (mucosa - dark grey and submucosa - light 
grey); (2) Mechanical stimuli (circular muscle layer - hatched grey and longitudinal 
muscle layer - prickled grey); (3) Electrical stimuli (all layers depending on 
stimulus intensity). Perfusion of the esophagus with acid (curved arrows) gives the 
possibility to evoke peripheral and (mainly) central sensitization (illustrated with 
stars).

Channel for acid perfusion Acid perfusion hole (●) 

Circulation channels

Impedance electrodes
Stimulation electrodes

Temperature sensor

Pressure channel Excitation and detection electrodes
for impedance planimetry

Wires for electrical stimulation

Bag and holes (●) for water perfusion 
inside the catheter

Figure 2 Schematic illustration of the probe 
used for multi-modal (electrical, mechanical, 
cold and warmth stimuli) of the esophagus.
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activity of  the biceps muscle of  the thigh. The connection 
from the primary afferents to the motor neurons is a 
polysynaptic spinal pathway, which can be modulated 
by other afferent input, spinal neuronal excitability, and 
activity in descending control systems[5]. The reflex was 
evoked together with a painful mechanical stimulus of  
the esophagus. In the experiment, an amplification of  
the reflex was seen after sensitization of  the esophagus 
with acid, reflecting central changes at the spinal cord 
level. Evidence for central changes to acid perfusion was 
also demonstrated by Sarker et al[17] who demonstrated 
a decreased pain threshold to electrical stimulation of  
the proximal esophagus after acid perfusion of  the distal 
part. As the proximal esophagus was not affected by the 
acid, only central changes would explain the findings. 

Referred somatic pain to visceral stimuli is regarded as 
a phenomenon generated by central mechanisms due to 
visceral nerves terminating in the same area of  the spinal 
cord as somatic afferents[45] (Figure 5). Assessment of  the 
referred pain area to electrical, mechanical and thermal 
stimulation can be used to determine the central response 
to these differentiated modalities[19]. The referred pain area 
to electrical, mechanical, cold and heat pain differs in size 
and localization reflecting the different peripheral (and 

hence central) nerves that are activated[18]. The increase 
in referred pain areas after acid perfusion is also an 
evidence for central sensitization caused by the chemical 
stimulation[26,46]. Recently, Pedersen et al[28] showed that 
the referred pain to heat but not cold stimulation of  the 
esophagus increased after acid perfusion of  the organ. 
This has also been shown in a more recent study[46]. As 
discussed previously, selective sensitization of  the TRPV1 
receptors by acid could result in an increased afferent 
barrage after a heat stimulus, which again was manifested 
as an increase in the referred pain area. The changes 
in local and referred pain to mechanical stimulations 
may, however, be difficult to determine as the acid also 
evokes secondary contractions that may squeeze the 
bag and influence the stimulus parameters[26]. On the 
other hand, an increase in the referred pain after acid 
perfusion is typically seen to mechanical stimulation of  
the esophagus in healthy subjects[19,26]. Increased referred 
pain to mechanical stimulations was also seen in patients 
with esophagitis and in non-erosive ref lux disease, 
reflecting that facilitation of  central pain mechanisms is 
important in the understanding of  these diseases[31]. In 
patients with diabetes and chronic pancreatitis, we found 
hypoalgesia to peripheral stimulation, whereas there was 
a significant increase in the referred pain area. These data 
were interpreted as a descending inhibition of  the afferent 
input counterbalancing central hyperexcitability (Frøkjær 
et al, unpublished data). Hence, the multimodal approach 
may be used explaining the symptoms in these patients, 
and may be used to evaluate the stage of  disease in a 
more mechanism-based manner. Central changes may also 
result in allodynia and hyperalgesia to stimulation of  other 
viscera[47]. Such changes are regarded important in the 
understanding of  functional gut disorders where abnormal 
sensation to physiologic stimuli, such as feces or air in the 
gut, may contribute to the symptoms (allodynia). Recently, 
a multimodal approach was used to assess the sensation 
of  the proximal esophagus, duodenum and rectum after 
sensitization of  the distal esophagus with acid[20]. In this 
study, an increased sensitivity to mechanical stretch in the 
three gut segments was seen after acid perfusion. This was 
mainly due to increased sensitivity in the rectum being very 
remote from the experimentally inflamed esophagus. 

Neuroplastic changes at the cortical level may also be 
shown by multimodal stimulations of  the gut. Thus, Sarker 
et al[48] showed changes in the evoked brain potentials to 
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Figure 4 Cross-sectional area (CSA) at moderate pain during two distensions of the esophagus in a patient with non-cardiac chest pain. The distensions were performed 
before and after perfusion of the distal esophagus with acid (illustrated with the stippled line). A clear reduction in the tolerated mechanical stimulus was seen after acid 
perfusion.

Figure 5 Referred pain in the somatic tissues is believed to be generated by 
central mechanisms, where visceral and somatic nerves converge on nerves in 
the same area of the spinal cord or at supraspinal centers. The phenomena also 
includes unmasking of latent connections and focal central hyperexcitability of the 
neurons.
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electrical stimulation of  the proximal esophagus after 
acid perfusion of  the distal segment. Recently, we showed 
that acid perfusion resulted in neuroplastic changes at 
the cortical level reflected. Reduction in latency and a 
backward shift of  the electrical dipole in the anterior 
cingulate dipole were observed to electrically evoked pain 
in the esophagus after acid perfusion of  the organ (Sami et 
al, unpublished data). Such changes were also found when 
the gut was electrically stimulated in patients with irritable 
bowel syndrome[49]. The backward shift in the cingulate 
activation after sensitization with acid in healthy subjects 
may, therefore, represent the central nervous system 
change corresponding to the allodynia and hyperalgesia to 
gut stimuli found in patients with functional disorders of  
the gut.

Gender differences to multimodal pain stimulations
Women are diagnosed more frequently with chronic 
visceral pain disorders than men[50]. Extensive evidence 
indicates that females and males differ in their nociceptive 
processing, although it seems modality- and tissue-specific. 
The reason for the female predominance is not known, 
but sex differences are found in basic GI functions, such 
as gallbladder emptying and colon transit[51,52]. For most 
studies using experimentally delivered somatic pain stimuli, 
females have lower thresholds, less tolerance, and higher 
pain ratings than males[53]. However, few studies have 
focused on sex-related differences in visceral pain in man, 
and these have been contradictory with respect to sex 
differences[51]. The multimodal probe was recently used 
to investigate any differences to mechanical and thermal 
stimuli of  the esophagus. The results were somewhat 
ambiguous, but in general males seemed to be more 
sensitive to the stimuli[27,46]. However, a greater size of  
the referred pain areas to the different stimuli was seen in 
women. After acid perfusion, the males were also more 
sensitive than females to distensions, but no differences 
were found in response to the thermal stimuli[46]. In the 
females, only the referred pain area was increased to heat 
stimulations after sensitization with acid. The bigger 
referred pain areas may thus reflect that the central 
processing of  pain to visceral stimuli differs between males 
and females as previously shown by our group and by 
Kern et al [54]. Thus, the multimodal stimulations revealed 
a differentiated response to peripheral and central pain 
mechanisms, which may explain the sex-related differences 
seen in several gastrointestinal disorders.

Multimodal stimulations outside the esophagus
Accarino et al[15] used multimodal stimulation (mechanical 
and electrical) of  the jejunum. The verbal response to 
electrical stimuli and distension was compared, and no 
differences in the evoked response were found. This led 
the authors to conclude that the practical differences 
between the two modalities may probably be of  minor 
importance. Recently, we used thermal and mechanical 
stimuli of  the duodenum in healthy subjects[20] and in 
patients with diabetes and autonomic neuropathy (Frøkjær 
et al, unpublished data). The diabetes patients showed 
hypoalgesia to mechanical and electrical stimuli, whereas 

no changes were found to heat stimulation compared 
with controls. Furthermore, the referred pain area in the 
abdomen was enlarged in the patients (Figure 6). Such data 
may enhance our knowledge about peripheral and central 
pain mechanisms in these patients with implications for 
the treatment. 

Mechanical stimulation of  the rectum is one of  the 
most used methods in experimental visceral research. 
Electrical and thermal stimulations have also been used in 
the rectum[3], but combinations of  the methods were not 
done. However, combinations of  mechanical and electrical 
stimulations have been used in assessment of  evoked brain 
potentials[55] and to assess the effect of  viscero-visceral 
hyperalgesia[20]. The stomach and other parts of  the 
digestive system have not yet been studied with multimodal 
stimulations. Although the complicated anatomy, nervous 
innervation and function of  these organs should be taken 
into account, multimodal models are obviously highly 
warranted.

Multimodal stimulations in drug research 
Experimental models are widely used in research of  the 
effect of  analgesics. The differentiated information of  
the drug effect can be used as “proof-of  concept”, dose-
efficacy analysis, and for designing further clinical trials. 
An approach to mimic the clinical situation is the use 
of  multimodal tests, where different receptor types and 
mechanisms are activated. The multimodal model has 
clearly shown its value in somatic pain testing, where a 
single stimulus has been inadequate to test, for example, 
pathophysiological changes and effects of  specific 
drugs[9]. Hence, differentiated effects could reflect how 
the drugs can modify different disease mechanisms. In the 
esophagus, Sarkar et al[56] recently used a model where the 
upper esophagus was stimulated following sensitization of  
the distal segment with acid. The secondary hyperalgesia 
in the proximal part was reduced with a prostaglandin 
inhibitor, demonstrating the preferentially central action 
of  prostaglandins in this model. Recently, we used a 
multimodal (and multi-tissue) approach to test the effect of  
opioids. Opioids are widely used in treatment of  visceral 
pain despite the many side effects. Opioids preferentially 
attenuate nociceptive responses produced by central 
integration (spinally amplified signals) to tonic activation 

Figure 6 Referred pain area to mechanical distension of the esophagus in a 
typical healthy subject, and in a patient with diabetes mellitus and autonomic 
neuropathy. The patient complained of severe nausea and pain in the epigastrium. 
The referred pain area in the diabetic patient was larger and abnormally localized.

Control subject Patient with diabetes
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of  unmyelinated fibers[4,5,7]. Therefore, evaluation of  the 
anti-nociceptive effects of  opioids may be clearer using 
slow rates of  temperature or tonic pressure. In the viscera 
typically only one modality (pressure) has been used in the 
testing of  analgesics[58]. However, Staahl et al (unpublished 
data) recently compared the effects of  morphine 
and placebo on the pain thresholds to multimodal 
stimulation of  the esophagus. A clear effect of  morphine 
in attenuating heat, electrical and slow-ramp pressure 
stimulations was found (Figure 7). Morphine can definitely 
attenuate GI pain in the clinical situation and the model, 
therefore, proved its validity. The model was also used to 
differentiate between morphine and oxycodone, the latter 
was believed also to affect k-opioid receptors thought 

to be predominant on visceral afferents. In equipotent 
doses, oxycodone was better than morphine in attenuating 
visceral pain, whereas there were no differences between 
the drugs on pain evoked in the muscle and skin[59]. The 
study thus demonstrated a different pharmacological 
profile of  oxycodone compared to morphine, and 
therefore oxycodone may be a useful alternative to 
morphine in the treatment of  visceral pain syndromes. 
We recommend that future studies evaluating analgesics 
in the GI tract should use a multimodal approach to 
get the necessary insight into visceral pain mechanisms 
and the effect of  drugs in the gut. This will facilitate the 
design of  subsequent clinical (phase III) studies. Hence, 
a substitution of  the current “trial and error design” 
with a more mechanisms-based approach will reduce 
the economic and human burden in the development 
of  new drugs targeted against pain in the GI tract.  

Conclusion
Multimodal pain stimulation in the human GI tract is a 
newly developed experimental approach that mimics the 
clinical pain to a higher degree than previous models. 
The method has been used to gain more insight into 
basic peripheral and central pain mechanisms as well as 
characterizing patients with different diseases of  the GI 
tract. Together with the possibility for pharmacological 
testing, the models represent a major step forward in the 
experimental characterization and treatment of  patients 
with gastroenterological diseases.
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