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Abstract
Despite multiple theories on the pathogenesis of pain in chronic pancreatitis, no uniform and consistently successful treatment strategy exists and abdominal pain still remains the dominating symptom for most patients and a major challenge for clinicians. Traditional theories focussed on a mechanical cause of pain related to anatomical changes and evidence of increased ductal and interstitial pressures. These observations form the basis for surgical and endoscopic drainage procedures, but the outcome is variable and often unsatisfactory. This underscores the fact that other factors must contribute to pathogenesis of pain, and has shifted the focus towards a more complex neurobiological understanding of pain generation. Amongst other explanations for pain, experimental and human studies have provided evidence that pain perception at the peripheral level and central pain processing of the nociceptive information is altered in patients with chronic pancreatitis, and resembles that seen in neuropathic and chronic pain disorders. However, pain due to e.g. complications to the disease and adverse effects to treatment must not be overlooked as an additional source of pain. This review outlines the current theories on pain generation in CP which is crucial in order to understand the complexity and limitations of current therapeutic approaches.  Furthermore, it may also serve as an inspiration for further research and development of methods that can evaluate the relative contribution and interplay of different pain mechanisms in the individual patients, before they are subjected to more or less empirical treatment.  

© 2013 Baishideng. All rights reserved.
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Core tip: Pain management in chronic pancreatitis often remains unsatisfactory. An overview of the current theories on pain generation in chronic pancreatitis is crucial in order to understand the complexity and limitations of current therapeutic approaches. Also, optimal treatment will only be achieved on the basis of a better understanding of these mechanisms. Furthermore, this review may serve as an inspiration for future research and development of methods that can determine the relative contribution of different mechanisms to the “collective” abdominal pain, before patients are subjected to more or less empirical treatment.
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INTRODUCTION
Abdominal pain is the most significant symptom and a major clinical challenge in chronic pancreatitis (CP). It is present in up to 90% of the patients and the primary cause of hospitalization[1]. Pancreatic pain is characteristically described as a constant, severe, dull, epigastric pain that often radiates to the back and typically worsens after high-fat meals. However, many different pain patterns have been described, ranging from no pain to recurrent episodes of pain and pain free intervals, to constant pain with clusters of severe exacerbations[2,3]. In the often cited Zürich series, pain was reported to decrease over time, coinciding with the occurrence of exocrine insufficiency, which led to the “burn-out” hypothesis of pain in CP[3,4]. However, evidence against this hypothesis was subsequently provided in two large prospective studies[5,6], where no association between the duration of CP and the quality or frequency of pain was found. Today the “burn-out” hypothesis is regarded obsolete by most clinicians, and even though a few patients may experience spontaneously pain relief, pain in the majority of patients is unpredictable and has a substantial impact on physical and mental quality of life, employment and health care expenses[6-8]. 
The etiology of pain in CP is increasingly better understood and likely involves multiple mechanisms. Traditional theories focused on the role of local pathology within or in close proximity to the pancreas, as the main generator of pain, but since the late 1990’s there has been a shift towards a neurobiological understanding of pain in CP. Accordingly, there is solid histological and neurophysiological evidence for an abnormal pain processing in many of these patients[1,9]. Various mechanisms responsible for this altered pain processing have been proposed, among them sensitization of the peripheral and central nerves, reorganization of the cerebral cortex and alterations in pain control systems. In addition, local complications (such as pancreatic pseudocysts and duodenal and/or bile duct obstruction) and adverse effects to treatment also contribute to the complex symptomatology in many patients and is an often a neglected problem in the clinical settings. Also, it has been shown, that the clinical pain pattern varies with the etiology of CP, and hypothesized that different pathogenic mechanisms of pain are associated with or predominates depending on etiology[2,4], but so far it is not possible to correlate pain mechanism and clinical pain pattern to the etiology of CP uniformly.
The aim of this review is to highlight current theories regarding the pain mechanisms in CP. This is important in order to understand the complexity of this debilitating disease and why pain management is often insufficient. Also, optimal treatment will only be achieved on the basis of a better understanding of the mechanisms underlying pain in CP[10]. There is a variety of potential pain mechanisms that needs to be taken into consideration (Figure 1), but in this review we present for simplicity a schematic division of the pain mechanisms into five main categories as an easy-to-remember overview (Table 1).

“PLUMBING” PROBLEMS
The mainstay of pain treatment in CP has for many years focused on the pancreatic gland based on the assumption, that pain is generated by increased pressure in the pancreatic duct or in the pancreatic parenchyma[11] . This mechanistic understanding of pain, termed the “the plumbing theory”, has been the most widely accepted theory regarding the cause of pain and it is the theoretical background of most interventions including surgical and endoscopic drainage procedures[12]. 

Pancreatic duct hypertension and pain
A direct relationship between pancreatic duct hypertension and pain was reported for the first time in a case report by White in 1970[13].  A patient undergoing open necrosectomy following acute necrotizing pancreatitis had a drainage catheter placed in a fistula tract communicating with the pancreatic duct. He reproducibly developed pain after saline infusion when the ductal pressure exceeded 25 mmHg[13]. Inspired by this finding, subsequent studies attempted to compare ductal pressure measurements in CP patients and other patient groups. Many of these studies were flawed by inappropriate comparison of intraoperative pressure measurements in CP patients to endoscopic pressure measurement in controls. Accordingly, only a few studies have compared ductal pressure using the same technique in patients and controls. Based on intraoperative measurement of pancreatic duct pressure, significantly increased pressures were evident in patients with CP undergoing a surgical pancreatic drainage procedure compared to patients undergoing surgery for gastric cancer[14]. Moreover, in a study comparing endoscopic manometry of the pancreatic duct, CP patients had evidence of ductal hypertension compared to controls[15]. Other studies based on endoscopic manometry have, however, not documented ductal hypertension in CP, and the only study comparing CP patients by the presence or absence of pain demonstrated no difference in pressure levels[16-20]. In addition, the pathological mechanism by which increased ductal pressure causes pain in CP is not clear and, taken together, the link between ductal hypertension and pain in CP remains hypothetical.

Pancreatic parenchymal hypertension and pain
Measurement of intrapancreatic pressure was pioneered by Ebbehøj and co-workers, who developed a technique based on a needle probe inserted directly into the pancreatic parenchyma[21]. Measurements were employed directly intraoperatively or by using a percutaneous procedure guided by ultrasonography[21]. In 39 patients with CP, they found that the intrapancreatic pressure was higher in patients with pain than in patients without pain, and this intrapancreatic hypertension was reversed following surgical drainage[22]. At one-year follow-up, patients with recurrent pain had a rebound of intrapancreatic hypertension, while patients who remained pain free continued to have normal intrapancreatic pressures[23]. Although intriguing, these findings were not reproduced by a subsequent study in which no relation between intrapancreatic pressure and pain was found[24].
The pathophysiological link between intrapancreatic hypertension and pain has been explained as a “compartment-like syndrome” induced by fibrosis of the pancreatic parenchyma and peripancreatic capsule[2]. During secretory stimulation in an animal model of CP, increased interstitial pressures, diminished blood flow and ensuing tissue acidosis were documented[25]. The latter was possibly secondary to ischemia, thus mimicking the pathophysiology underlying muscular compartment syndrome. Although no pain data were collected in this experiment, it is plausible that acidosis may have caused pain by activation of the transient receptor potential vanilloid-1, which is a nociceptor found to be up regulated in CP and other conditions characterized by neurogenic inflammation[26,27] (described further below). However, it must be highlighted that these findings have never been reproduced in a human study and needs confirmation.

Pancreas morphology and pain
In clinical practice, measurement of ductal or intrapancreatic pressure is not routinely performed and most decisions regarding surgery or endotherapy to relieve pain rely on morphological abnormalities of the pancreas[2,11,28] . However, the relationship between ductal or intrapancreatic pressure and pancreatic morphology is ambiguous[29]. Furthermore, in a very recent study by Frokjaer et al[30] magnetic resonance cholangiopancreatography including diffusion weighted imaging was obtained in 23 patients with painful CP and 17 controls. Compared to traditional imaging techniques (i.e., endoscopic retrograde cholangiopancreatography, magnetic resonance cholangiopancreatography, computed tomography, and endoscopic ultrasound), which mainly focus on atrophy and ductal pathology, this modality also provides a measure of fibrotic changes in the pancreatic gland[31]. Interestingly, the authors found no association between degree of pathological imaging (fibrosis, atrophy, and ductal pahtology) and pain. However, pancreatic atrophy and ductal pathology were associated with diabetes (i.e., more severe atrophy in patients with high levels of glycated hemoglobin), and low levels of phosphate and hemoglobin.  
Taken together, pathological pancreatic morphology does not necessarily reflect the burden of pain in CP. Nowhere is this observation made more obvious, than by the patient who undergoes total pancreatectomy for painful CP and still continues to suffer from pain[11] . 

“WIRING” PROBLEMS
Lesions to intrapancreatic nerves and their impact on the pathogenesis of pain in CP have been the focus of a substantial amount of research past 25 years. The International Association for the Study of Pain (IASP) recently changed its definition of neuropathic pain (NP) to “pain caused by a lesion or disease of the somatosensory system”[32]. In the context of pain and CP there is emerging histological and neurophysiological evidence of such lesions to peripheral nerves in the pancreatic gland and coincident aberrant central pain processing. Three aspects of the neural basis of pain in CP are usually considered: Peripheral nociception, pancreatic neuropathy and central mechanisms of pain.

Peripheral nociception
A nociceptor is a sensory nerve cell capable of integrating and transducing nociceptive stimuli into pain signals[33]. Nociception begins with the primary afferent nerves, whose cell bodies lies in the dorsal root ganglia next to the spinal cord. They have two branches – one terminating in the target tissue and one that ends in the dorsal horn of the spinal cord. The peripheral nerve endings sense tissue injury or pain stimuli via a variety of receptors, which respond to physical or chemical factors in their surroundings[12] . Depending on the excitability of the neural membrane, the stimulus leads to an action potential, which travels to the spinal end of the nerves in the dorsal horn. Here it triggers the release of neurotransmitters, which cross the synapse and act on secondary neurons and transmit the stimulus to the brain through diverse pathways, ultimately resulting in the sensation of pain. 
Currently, it is unknown what actually activates the intrapancreatic nociceptors in humans. However, increased expression of the transient receptor potential vanilloid-1 has been demonstrated in an animal model of CP[34], as well as in humans, although no correlation to pain was seen[35]. Furthermore, studies on nociceptive activation markers, i.e., neurotransmitters secreted by activated afferents, especially the large family of neurotrophic factors, are gaining increasing attention. Among others, both nerve growth factor and brain-derived neurotrophic factor have been shown to be upregulated in CP patients[36,37], as well as many other proinflammatory cytokines, and in some cases this upregulation has been associated with increased pain intensity and/or frequency (for a review see[2]).
These changes render the nociceptors more sensitive to further stimulation, so that there can be a reduction in the threshold for activation, an increase in the response to a given stimulus, or the appearance of spontaneous activity[38,39]. This sensitization, called peripheral sensitization, results in an increased barrage of pain signals to the spinal cord[40]. 
Taken together, several articles have demonstrated upregulation signaling molecules involved in inflammation and pronociceptive mediators, but also neurotrophic factors in CP. The trophic nature of the nociceptive activation markers further suggests a link between this altered nociception and the neuropathy of CP described below.

Pancreatic neuropathy 
Increased neural density and hypertrophy, sprouting and neuritis of the intrapancreatic nerves, as well as activation of glia and immune cells have also been reported in pancreatic tissue from CP patients[41-43]. These changes, collectively known as neuropathy, have been strongly associated with clinical pain scores, and thus suggests to be an important factor in the pathogenesis of pain in CP[41,42,44]. Autonomic innervation, especially sympathetic, is also decreased[43], and has been correlated with abdominal pain. 
Overall, substantial evidence supports the notion that pancreatic neuropathy leads to a remodeling of the intra-pancreatic innervation, a concept known as pancreatic neuroplasticity, which is likely an important factor in the pathogenesis of pain in CP. 

Central mechanisms of pain 
A sustained and increased peripheral nociceptive drive may result in an increased responsiveness of central pain transmitting neurons. This phenomenon is known as central sensitization, and refers to an increased synaptic efficiency established in sensory neurons in the dorsal horn of the spinal cord (and/or at supraspinal sites), following intense peripheral noxious stimuli, tissue injury, or nerve damage[45,46]. The end result is pain, which is no longer coupled to the presence, intensity, or duration of noxious peripheral stimuli[47]. Clinically these changes manifests as allodynia (a painful response to stimuli not normally painful), hyperalgesia (increased sensitivity to painful stimuli) and secondary hyperalgesia (a receptive field expansion that enables input from non-injured tissue to produce pain)[45].
Several studies have reported findings compatible with central sensitization in CP. Patterns of referred pain can be examined to assess central sensitization, as viscera-somatic convergence between peripheral nerves occurs at the spinal cord and higher levels of the central nervous system. Hence, visceral sensitivity of the upper gastrointestinal organs (sharing spinal innervation with the pancreatic gland) serves as a proxy of spinal sensitization[48,49]. In one study, increased areas of referred pain to electrical stimulation of the esophagus, stomach, and duodenum was reported in CP patients compared to controls[50]. Other studies reported decreased pain thresholds to visceral stimulation of the rectosigmoid as well as somatic stimulation of muscle and bone[51,52]. Taken together, these findings characterize a generalized hyperalgesic state of the pain system and likely mirrors widespread sensitization of the central nervous system as seen in many other chronic pain disorders[45]. 
From the spinal cord, visceral afferents are projected to cortical and subcortical structures of the brain. Experimental pain studies, based on somatic stimulation of the epigastric skin area (sharing spinal segmental innervation with the pancreatic gland) as well as visceral stimulation of the upper and lower gut with concomitant recording of evoked brain potentials and brain source localization, have indicated that chronic pain and hyperalgesia is associated with functional reorganization of the cerebral cortex[50,53-55]. Hence, compared to healthy controls CP patients show reorganization of the brain areas involved in visceral pain processing including the insula, secondary somatosensory cortex and cingulate cortex similar to what is seen in phantom pain[53]. Interestingly, insular reorganization was associated with clinical pain intensity. In addition to reorganization of the brain areas involved in visceral pain processing, the excitability of these neural networks is abnormal with evidence of impaired habituation to noxious stimuli, possibly reflecting a neuronal hyperexcitability (i.e., cortical sensitization)[55].
The structural correlate of functional cortical reorganization and hyperexcitability is found in studies based on advanced Magnetic Resonance Imaging (MRI). In one study using diffusion weighted MRI, microstructural changes in the insular and frontal brain areas was associated with clinical pain intensity and functional scores[56]. Patients with a constant pain pattern demonstrated the most severe microstructural abnormalities compared to patients with an attack-wise pain pattern. This translates well to the clinic where patients with constant pain was recently reported to have the most reduced quality of life and functioning[6]. In another MRI study based on cortical volumetry, brain areas involved in visceral pain processing was shown to have a reduced thickness[57]. This finding suggests a central neurodegenerative response to severe and sustained pain. 
The pain system has several inherent mechanisms whereby inflowing pain signals can be modulated. In particular, modulation of spinal pain transmission from the brainstem and higher cortical areas has been subject to increased interest during the last decades. Descending pain modulation where the brain can exert a downstream gating of the incoming spinal activity can lead to either an increase in the spinal transmission of pain impulses (facilitation) or a decrease in transmission (inhibition). The balance between these states ultimately determines the quality and strength of the pain signals perceived by the brain. Alterations in the state of descending modulation from inhibition towards facilitation have been implicated in the transition of acute into chronic and neuropathic pain. In the context of pain and CP, impaired descending inhibitory pain modulation has been reported in studies based on experimental human pain models[52,58]. In addition, brainstem facilitation has been reported to maintain pancreatic pain in an animal model of CP[59].
         Taken together, several lines of evidence indicate that central pain processing is abnormal in CP. However, it is difficult to determine whether these central abnormalities are maintained by a sustained nociceptive drive from the pancreatic gland or whether they have become independent of peripheral input.  In favor of the latter, a recent pilot project documented generalized hyperalgesia (a clinical measurable proxy of central sensitization) to be associated with failure of thorascopic splancnic denervation[60]. The authors concluded that in patients with hyperalgesia and failure to denervation, the disease has advanced and the generation of pain becomes self-perpetuating and independent of the initial peripheral nociceptive drive. However, these findings need confirmation in larger and longitudinal studies.

PANCREATIC AND EXTRAPANCREATIC COMPLICATIONS 
Although questions still remain, “plumbing” and “wiring” problems are probably important generators of pain in CP. Nevertheless, pain due to complications to the disease is also likely to contribute, and should not be overlooked, when evaluating the origin of abdominal pain in CP patients. 

Pseudocysts
Pancreatic pseudocysts are relatively common in CP with estimated incidence rates of 20-40%[61,62], however, there is a lack of precise data based on long term follow-up. Yet, due to the chronic nature of the disease, CP patients are at high risk of developing pseudocyst in the course of their disease[63]. The exact pathogenesis of pseudocyst formation in CP is not known, but it has been proposed, that blockage of the major branch of the main pancreatic duct, and ongoing pancreatic secretion proximal to the obstruction leads to a saccular dilatation of the duct. This is then filled with pancreatic juice resulting in a pseudocyst[62]. The range of symptoms is wide – from asymptomatic to severe abdominal pain dependent on etiology, localization, and size[64,65]. 

Duodenal and bile duct obstruction
Advanced CP is characterized by replacement of the pancreatic parenchyma with fibrous tissue. Due to the close anatomical relationship of the common bile duct and the second part of the duodenum with the head of the pancreas, fibrosis can exert extrinsic pressure on these structures. The end result is mechanical obstruction of the common bile duct and duodenum[66,67].
The clinical presentation of duodenal and bile duct obstruction is variable and can be asymptomatic[66,68]. Postprandial abdominal pain, early satiety and nausea are the most common symptoms of duodenal obstruction, while pain and abnormal liver function tests are suggestive of bile duct stenosis and cholangitis[69]. The mechanisms underlying such “obstructive pain” are unclear and one study concluded that bile duct obstruction without cholangitis is not the cause of pain in patients with CP[70].

Peptic ulcer
Upper abdominal pain is a prominent symptom in patients with peptic ulcer. Previous studies have demonstrated, that the prevalence of duodenal ulcer is high in patients with CP (ranges from 3.6 to 37.5%)[5,71,72]. The reason for the higher prevalence is unclear and many hypotheses have been suggested, including higher prevalence of Helicobacter pylori infection[71], increased gastric acid secretion[73,74], and insufficient pancreatic exocrine function which reduces bicarbonate secretion and decreases duodenal pH[72].  Furthermore, changes in gastric and intestinal blood flow due to previous acute pancreatitis may also be of importance.
As peptic ulcer can be asymptomatic, the high prevalence may be a result of a “detection bias” due to intensive search for the “origin” of epigastric pain in a selected group of patients. Patients with CP are more likely to undergo an upper gastrointestinal endoscopy, and therefore ulcers with atypical or no symptoms may be included, causing a higher prevalence than in the background population[72]. 
Under all circumstances, peptic ulcer may contribute to or be the reason for abdominal pain in CP patients and therefore diagnostic upper gastrointestinal endoscopy should be considered on wide indications.   

Splenic vein thrombosis
The splenic vein runs along the posterior surface of the pancreas and may be affected by inflammation in the pancreatic gland, leading to thrombosis and abdominal pain. Because most patients are asymptomatic the incidence of splenic vein thrombosis in CP is not known[75], but incidence from 4%[76] to 45%[77] have been reported. Only few studies address the issue, but in one of the largest studies on splenic vein thrombosis in CP, 266 patients were investigated prospectively for a mean time of 8.2 years[78]. Splenic vein thrombosis was found in 22 patients (8.3%), but was only symptomatic in two patients. Hence, the role of splenic vein thrombosis in the pathogenesis of pain in CP is still questionable. 

ADVERSE EFFECTS TO TREATMNET
In many CP patients, strong opioids are often necessary to relieve pain. Unfortunately, opioids have the potential to produce substantial gastrointestinal adverse effects, including constipation, reflux, nausea and abdominal pain - a phenomenon known as opioid-induced bowel dysfunction[79]. In a study on the prevalence of gastrointestinal symptoms in patients treated with opioids for non-cancerous diseases, chronic abdominal pain was reported in 58% of the patients[80]. Hence, opioid consumption may confuse the clinical picture in CP and worsen or contribute significantly to abdominal pain. Medications that change bowel motility may also contribute to the bacterial overgrowth that is reported in up to 40% of the patients[81]. This may manifest as abdominal distension and pain.
In addition to side effects to medical therapy, complications to surgical end endoscopic therapy may cause pain in a number of patients. These may include postoperative adhesions, ductal and parenchymal trauma, pancreatic and bile duct strictures, and complications to pancreatic stenting – all of which may result in abdominal pain. However, the relative contribution to abdominal pain due to surgical complications in CP is difficult to assess, and as far as the authors are aware of, no studies have examined this. 

ADDITIONAL CAUSES FOR PAIN
The above mentioned theories and mechanisms of pain are considered the most common and well-founded by the authors, but other rarer, less well examined causes, and complications to concomitant and comorbid diseases may also play in role in pain generation. A thorough evaluation of all these plausible causes is beyond the scope of this review, but the reader is referred Table 1 for an overview.
However, elevated CCK levels and increased sympathetic activity deserves to be mentioned separately as an additional cause of pain in CP. It has been shown, that CCK levels are elevated threefold in some early pancreatitis patients compared to controls[82]. This may generate pain by increasing the pressure in the pancreatic duct, but also through direct activation of nociceptive pathways in the central nervous system[83]. In one placebo-controlled, multicentre trial including 207 patients with chronic pancreatitis, an oral CCK receptor antagonist significantly decreased pain over placebo, although the placebo response was 30%[84]. However, further research into CCK antagonists has been hampered by concerns about induction of exocrine insufficiency and gallstones[11]. 
Although limited by a small number of patients, Buscer et al[85] showed significantly lower pain tolerance thresholds to pressure pain in dermatome T10 (pancreatic dermatome) in CP patients with increased norepinephrine levels compared to CP patients with normal norepinephrine levels, suggesting that sympathetic activity may play a role in these patients pain processing. 

CONCLUSION
Intense abdominal pain is a dominant feature of CP and it is associated with poor mental and physical quality of life. Basic studies of pancreatic nerves and experimental human pain research have provided evidence that pain processing is abnormal in these patients and in many cases resembles that seen in neuropathic and chronic pain disorders. This neurobiological view of pain is somewhat in opposition to the traditional view of pain etiology in CP, where pain was assumed to arise from pathology in or in close proximity to the pancreatic gland. However, these theories are not mutually exclusive, and aspects of both may contribute in the generation and perpetuation of pain.  In addition, adverse effects and complications to medical and interventional therapies may account for a substantial morbidity in many patients and should be considered as an additional source of pain. Therefore, it is important to consider the different mechanisms, when evaluating the origin of pain in CP patients (Figure 1), and it is plausible that the “collective” abdominal pain is a result of a complex interplay of several mechanisms. This novel and multifaceted understanding of pain etiology in CP requires a paradigm shift in pain management. Hence, modern mechanism based pain treatments taking into account especially altered pain processing are likely to increasingly replace traditional invasive therapies. In addition, the improved understanding of pain etiology will likely pave the way for new treatment modalities.  
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Figure 1 Pain mechanisms in chronic pancreatitis. The source of pain in chronic pancreatitis is complex and almost certainly multifactorial, and the relative contribution of different factors can be difficult to determine in the individual patient. See manuscript for further details. Modified from (Demir  et al[87]).



Table 1 Pain mechanisms in chronic pancreatitis
	Main category
	Proposed mechanism/source
	Key references

	Plumbing problems
	Pancreatic duct hypertension
	[14,16,20]

	
	Pancreatic parenchymal hypertension
	[21-23]

	
	Pancreas morphology
	[29,30]

	Wiring problems 
	Peripheral nociception
	[35-37]

	
	Pancreatic neuropathy
	[41,42,44]

	
	Central mechanisms of pain
	[50,52,53,56]

	Pancreatic and extrapancreatic complications 
	Pseudocysts 
	[62,64]

	
	Duodenal obstruction
	[66]

	
	Bile duct obstruction
	[66,67]

	
	Peptic ulcer
	[71,72]

	
	Splenic vein thrombosis
	[75,78]

	Adverse effects to treament
	Opioid induced bowel dysfunction 
	[79]

	
	Complications to surgery and endoscopic therapy
	[12]

	
	Bacterial overgrowth due to changed bowel motility
	[81]

	Additional causes
	CCK elevation
	[82]

	
	Increased norepinephrine levels 
	[85]

	
	Diabetic neuropathy (Type 3c diabetes)
	[86]

	
	Mesenteric ischemia1
	


1Complications to and/or possible concomitant diseases.
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