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Abstract

Intense abdominal pain is the most common symp-
tom in chronic pancreatitis, but the underlying mech-
anisms are not completely understood and pain man-
agement remains a significant clinical challenge. The
focus of pain origin in chronic pancreatitis tradition-
ally has been on the pancreatic gland, assuming pain
to originate in the pancreas or its surrounding organs.
However, research in the last decade points to abnor-
mal central nervous system pain processing. For this
reason, electroencephalography has been receiving
increasing attention. In contrast to imaging methods
such as functional magnetic resonance imaging and
positron emission tomography, electroencephalogram
has excellent temporal resolution making it possible
to investigate central processing of pain on a milli-
second time scale. Moreover, continuously advancing
methodology made it possible to explore brain sourc-
es responsible for generation of evoked potentials
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and hence to study brain reorganization due to pain
in chronic pancreatitis. The aim of this review is to
give an overview of the current methods and findings
in electroencephalography as a tool to unravel the
origin of pancreatic pain.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Chronic pancreatitis (CP) is a disease with
progressive destruction of the pancreatic gland and
intense abdominal pain is one of its main characteris-
tics. The understanding of pain in CP has convention-
ally focused on the diseased pancreas itself, assuming
pain to be due to increased parenchymal or ductal
pressure. However, recent research points to possible
involvement of abnormal central nervous system pain
processing. This review gives an insight into electro-
physiology as a tool to unravel brain abnormalities
underlying pancreatic pain and provides up to date
electrophysiological results in this patient group.
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INTRODUCTION

Pain is a prominent symptom in chronic pancreatitis (CP),
but its underlying mechanisms are incompletely under-
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stood and probably multifactorial. Thus, no single rem-
edy for pain relief exists and an optimal pain treatment
can only be achieved on the basis of a better undet-
standing of the pain mechanisms underlying pain in the
individual patientm. While, the focus of pain origin in
CP historically has been on the pancreatic gland, assum-
ing pain to originate in the pancreas or its surrounding
organs, recent findings indicate that both peripheral and
central pain processing are abnormal in CP patientsﬂ’ﬂ.
Various mechanisms responsible for the altered pain
processing have been proposed, including pancreatic
neuropathy and neural remodeling™, sensitization of
neurons in the spinal cord and the brain'*”
tion of the brain areas involved in visceral pain process-

, reorganiza-

ing[s] and alterations in descending pain control from
the brainstem and other supraspinal structures'. The
diagnostic work up of patients with painful CP should
therefore not only focus on pancreatic and extra pancre-
atic causes of pain (eg., pseudocysts, duct dilation and
strictures, pancreatic head mass, e«.), but also include an
assessment of central pain processing;

Central pain processing can be studied by various
methods, but none of the current available techniques
have gained wide clinical use. Neuroimaging methods
based on indirect measures of neuronal activity, such as
functional magnetic resonance imaging (f-MRI) (changes
in haemodynamic responses) or positron emission to-
mography (changes in metabolic responses), have been
used extensively to study pain processing ", Although
these methods possess excellent spatial resolution and
have greatly contributed to our knowledge of the struc-
tural basis of the pain system, their temporal resolution
is relatively poor (order of several seconds). Conse-
quently, in order to address the dynamics of pain pro-
cessing (Z.e., the pain-specific sequential brain activation
underlying pain perception), a method with high tempo-
ral resolution is needed, such as electroencephalography
(EEG) which measures neuronal activity directly'”. An
additional rationale for using electrophysiological meth-
ods for objective characterization of pain processing is
the relatively low cost and ease of use compared to other
neuroimaging methods. This allows evaluating pain pro-
cessing in the clinical setting and may in the future guide
clinicians in tailoring individualized therapies.

The aim of this review is to give an overview of
electrophysiology as a tool to unravel the origin of pain
in patients with CP. This will be done by giving a sum-
mary of up-to-date methods and findings of research
done in CP patients by means of: (1) spontaneous EEG
and (2) EEG evoked potentials (EPs). The review will be
concluded by giving some future perspectives for EEG
research in CP patients.

SPONTANEOUS EEG IN CP

To explore the specific brain circuitry involved in chron-

ic pain conditions such as neuropathic pain and central

sensitization!” spontanecous EEG recorded while the
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patient is at rest may provide a clinical useful tool to
identify pain mechanisms in individual patients.

Spontaneous EEG captures the excitatory and in-
hibitory postsynaptic potentials, which are regulated by
various homeostatic processesm’lsl. The potentials oscil-
late at various frequencies, which have traditionally been
split into standard frequency bands such as delta (0.5-4
Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-32 Hz),
and gamma (32-80 Hz). As the oscillations are regulated
by homeostatic processes, quantification of the EEG
reveals important information regarding the neurotrans-
mitters in the brain in each patient. As some of these
neurotransmitters are involved in pain processing, EEG
analysis can be used to study the central netrvous system
(CNS) state in the patientm. Furthermore, spontaneous
EEG can be used to identify the pain mechanisms and
the neuroplasticity in the CNS caused by many years of
painm. For an example of spontaneous EEG analysis,
please see Figure 1.

Although spontaneous EEG has been applied to
many patient groupsmzm, there seems to be a lack of
studies in CP patients. We have compared the resting
state EEG of thirty-one patients diagnosed according
to the Mayo Clinic diagnostic criteria to that of fifteen
healthy volunteers”™. Delta, theta and alpha activities
were increased in the patients as compared to controls.
The increase in theta band activity could indicate dis-
turbed thalamocortical interplay[zz], while the increased
alpha activity may reflect inhibition of sensory stimuli™.
Delta band activity increase was lost in a sub-analysis
adjusting for opioid treatment, diabetes mellitus and
alcohol aetiology, indicating a less pain specific role of
the slower rhythms in pain processing. A significant in-
teraction between electrode and participant group were
evident for all frequency bands and it was plausible that
differences in amplitude strengths were confined to spe-
cific cortical areas. Differences were seen for most cen-
tral electrodes in the theta band and this supported the
hypothesis that thalamocortical dysrhythmia may play
a key role in the altered pain processing in the chronic
pancreatitis patients.

EPs

To explore how the pain relevant brain networks are
modified due to CP, EEG pain EPs can be utilized. EEG
EPs are electrical potentials recorded from the nervous
system following presentation of a stimulus, such as
pain on the skin or viscera. Since EP amplitudes tend to
be much lower than the spontanecous EEG amplitudes,
multiple stimulations are required and the correspond-
ing EPs are averaged. During this process, amplitudes
of EPs are increased, while the random background
activity (spontaneous EEG) cancels out. Then, the
amplitudes and latencies of EP peaks can be analysed
and compared between healthy controls and patients in
order to observe whether there are any alterations in the
patient group. Time-frequency analysis of EPs can also
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Figure 1 Spectral analysis of resting electroencephalography. The multi-channel resting electroencephalography is recorded, and pre-processed including filter-
ing, interpolation of channels with abnormal signal shape and de-artifacting. For each channel (in this example the Cz electrode - highlighted in red), time-frequency
analysis is applied to extract the spectral distribution of the signal. The distribution is summed in standard frequency bands: delta, theta, alpha and beta, and results
for each band presented on topographical maps (the Cz results are indicated by a black circle). Each channel shows its own spectral distribution, with the typical pat-

tern: delta (frontal), theta (centro-frontal), alpha (occipital), and beta (temporal).

be done as discussed in the spontaneous EEG section.
Moreover, when enough of recording scalp electrodes
are used to provide the full scalp coverage (typically > 30
electrodes), topographical distributions can be analysed
in order to investigate at which topographical location
the activity is maximal for each peak. Please see Figure 2.
Recent advancements in EP analysis methods allow for
looking at brain source generators of these topographies
and hence it is possible to investigate where in the brain
the changes due to CP are occurring on a millisecond
time scale™".

Research with EPs in CP to date is limited. Previous
research mainly made use of visceral EPs, but recently
somatic contact heat evoked potentials (CHEPs) have also
been used. The findings of these studies are summarized in
Table 1 and presented below in their respective subsections.

Visceral EPs

In a study by Dimcevski ez al® where painful EPs at
three stimulation sites (oesophagus, gut and duodenum)
were utilised, a decrease in latencies of the EPs was
seen. The authors argued that the decrease in latencies
most likely reflects central nervous system changes such
as hyperexcitability and reorganization. The central reor-
ganization was confirmed by source analysis where the
bilateral insular sources were localized more medial in
all three stimulation sites and the cingulate source was
localized more posterior in patients for the oesophageal
stimulation. Since insula is suggested to play an impoz-
tant role in integrating visceral sensory and motor activ-
ity together with the limbic integratioanSJ, the authors
concluded that the reorganization within the insular
cortex in CP patients likely mirrors disruption in the co-
ordination and processing of visceral pain. The change
within cingulate cortex, although more discrete than
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the change within insula, was interpreted as reflecting
changes in the cognitive and effective pain components
as a result of the long-lasting frequent pain attacks in CP.
Another study using the same dataset for oesophageal
EPs as Drewes ¢ a/”” but looking at data in frequency
domain was done. The authors found that patients
showed higher activity in theta frequency band and theta
activity was centered around 4.4 Hz in patients and 5.5
Hz in healthy controls. The authors interpreted the in-
creased theta activity in patients as possibly reflecting a
thalamocortical dysrhythmia like discussed above for the
resting EEG. Additionally, the power in delta band was
higher in healthy controls than in CP patients. Due to a
major spread between subjects regarding delta activity,
it could not be clearly concluded whether the changes
in delta band were due to expected delta increase due
to pain in healthy volunteers or whether the decrease
in delta activity in patients is a consequence of chronic
pain. Hence, further studies addressing this should be
conducted. Recently, we have done several CP studies
where rectal EPs were applied””*). We observed that
the rectal evoked potential latencies were prolonged and
this was confined to the frontal scalp clectrodes””. This
is in contrast to the previous oesophageal CP study and
this could be due to different stimulation sites. Since the
prolongation of latency was only seen at the frontal elec-
trodes, this likely reflects an alteration in cerebral pain
processing. This was confirmed by analysis of underly-
ing sources showing that insular dipoles were localised
more posterior in the patients than in healthy subjects
(please see Figure 3) and this shift was negatively corre-
lated to the patient symptom scores. These findings sug-
gest a pain-associated adaptive cortical reorganization in
CP patients. In another rectal EP study, it was also seen
that the first positive component (P1) was prolonged in
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Figure 2 A typical visceral evoked potential at the central site on the scalp (Cz electrode). The two main peaks can be seen from the waveform. The two topog-
raphies at each of the peaks, representing the amplitude of evoked potentials over the entire scalp, are shown. Evoked potential waveforms and topographies can be
used to analyze changes in amplitudes, latencies, and topographical distribution due to pain in chronic pancreatitis.

Insula
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Figure 3 Analysis of underlying sources. This figure shows a typical 5-source model of visceral evoked potentials (bilateral insula, bilateral secondary somatosen-

sory cortex, and cingulate). A posterior shift of the insula source can be seen®

the CP patient group, likely reflecting reorganization of
central pain pathwaysm. In a clinical study, where thirty-
one patients with CP were randomly assigned to receive
increasing doses of pregabalin or placebo for three
consecutive weeks, no differences in rectal EP character-
istics or their sources were seen, neither after pregabalin
or placebo treatment””. However, since pregabalin was
an effective drug significantly increasing patients’ pain
thresholds, the lack of changes in EP characteristics
likely implies that visceral pain is mediated through sub-
cortical mechanisms in patients with CP.

Somatic EPs

There is a lack of studies with somatic EPs in CP pa-
tients. However, recently CHEPs have received atten-
tion due to the stimulation being non-invasive and the
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. SlI: Secondary somatosensory cortex.

relative selective activation of nociceptors. One study
was done with CHEPs to investigate whether habitu-
ation was abnormal in CP patients'’. The stimulation
sites were the upper abdominal region (pancreatic “vis-
cerotome”) and right forearm (heterologous area). It
was seen that during the repetitive stimuli, the CHEPs
amplitudes increased in patients, although more promi-
nently after stimulation of the upper abdominal region
(25% as compared to 3% after arm stimulation), whereas
in healthy controls, the amplitudes decreased during the
repetitive stimuli by 20% (as expected). As the upper
abdominal area shares spinal innervation with the pan-
creatic gland, these findings likely reflect abnormalities in
cerebral pain processing distinctive of CP. Brain source
analysis was done for these CHEPs data (unpublished)
and a posterior shift of the operculum (representing
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Table 1 Summary of findings of electroencephalography studies in chronic pancreatitis to date

Ref. Methods

Dimcevski et al'®, 64-channel EPs; 12 HV and 10 CPP
Gastroenterology, 2007

Results

Decreased latencies of the early EP components
Electrical stimulation of the oesophagus, stomach, The bilateral insular sources localized more medial
and duodenum after stimulation of all 3 gut segments
Amplitudes, latencies, and brain sources of the The cingulate source localized more posterior after
EPs were analysed
62-channel EPs; 12 HV and 8 CPP

Electrical stimulation of the oesophagus

stimulation of oesophagus
Higher activity in theta band
The main theta components oscillated with 4.4 Hz
in the patients and 5.5 Hz in the controls
Topographic matching pursuit was used to extract The energy in the delta band was higher in healthy
the EEG information in the early brain activation

Drewes et al™, World ] Gastroenterol, 2008

Olesen et al™”, Pancreatology, 2010

volunteers
after stimulation

62-channel EPs; 14 HV and 24 CPP EP latencies at frontal electrodes were prolonged

Electrical stimulation of the sigmoid The insular dipoles were localised more posterior

Patients” daily pain experience was recorded in a The shift of insular dipole localisation was nega-

pain diary

Amplitudes, latencies, and brain sources of the scores

tively correlated with the patients’ clinical pain

EPs were analysed
Correlation analysis was done between patients’
pain scores and the changes in brain sources
62-channel EPs; 15 HV and 25 CPP
Electrical stimulation of the sigmoid
Amplitudes and latencies of the EPs were anal-

Olesen et al®, Clin Gastroenterol Hepatol, 2010
Olesen et al™, Eur ] Gastroenterol Hepatol, 2011

Increased latency of P1
Increased activity in delta, theta and alpha bands,
and decreased beta band activity
ysed
62-channel spontaneous EEG; 15 HV and 31 CPP
Wavelet frequency analysis was used to retrieve Differences in theta activity were located over
amplitude strengths of the EEG centro-frontal brain regions, whereas differences
in other frequency bands were located over frontal
regions
The amplitude strengths were summarized in fre-
quency bands with corresponding topographies
Olesen et al®, Aliment Pharmacol Ther, 2011 62-channel EPs No differences in any of the EP characteristics be-
tween pregabalin and placebo groups
31 CPP randomly assigned to receive increasing
doses of placebo or pregabalin over 3 wk
Electrical stimulation of the sigmoid
Amplitudes, latencies, and brain sources of the
EPs were analysed

Three sequences of 62-channel CHEPs; 15 HV and During successive stimulation of the pancreatic
15 CPP area, N2/P2 amplitude increased 25% in CP

patients, while it decreased 20% in healthy volun-

Olesen et al™, Eur | Pain, 2013

teers
Upper abdominal region (pancreatic “viscero- After stimulation of the forearm, N2/P2 ampli-
tome”) and the right forearm (heterologous area) tudes increased 3% in CP patients compared to a
were stimulated. decrease of 20% in healthy volunteers
Habituation was calculated as the relative change
in CHEPs amplitudes between the first and the

third stimulation sequence

EPs: Evoked potentials; HV: Healthy volunteers; CP: Chronic pancreatitis; CPP: Chronic pancreatitis patients; EEG: Electroencephalography; CHEPs: Con-
tact heat evoked potentials.

insula and secondary somatosensory cortex) source and
an anterior shift of the cingulate source were observed
following the stimulation of upper abdominal area. The

CONCLUSIONS AND FUTURE PERSPEC-
TIVES

operculum shift was positively correlated to the patient
symptom score. No changes were seen in CP patients
following stimulation of the arm. Since source position
changes were only seen after stimulation of the area
sharing spinal innervation with the pancreatic gland and
these changes correlated to the patients’ pain scores, the
results are probably a reflection of maladaptive neuro-
plastic changes characteristic of CP.

(49
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The focus of pain treatment in CP has for many years
concentrated on pathological findings in the pancreatic
gland or extra pancreatic causes of pain. However, as
we learn more about the mechanisms underlying pain in
CP, it is clear that many patients will also benefit from
treatments targeting central pain mechanisms'. A major
obstacle to achieve successful treatment responses is to
identify patients who will specifically benefit from these
treatments (7.e., patients with evidence of abnormal cen-
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tral pain processing). Therefore, simple and objective
diagnostic methods to identify abnormal central pain
processing are highly desirable.

As discussed in this review, the electrophysiological
research points to three cortical phenomena in CP: (1)
thalamocortical dysrhythmia, as evident in increase of
theta band activity in resting-state EEG and esophageal
EPs; (2) cortical hyperexcitability as reflected in patients’
lack of habituation to contact heat stimulation. The cot-
tical hyperexcitability phenomenon could also be a con-
sequence of thalamocortical dysrhythmia as happens in

L
migraine”

and (3) reorganization within insular cortex
following visceral and contact-heat EPs.

The electrophysiological methods reviewed in the
present paper may be used as tools to unravel the origin
of pain in patients with CP. Thereby patients with ab-
normalities in central pain processing can be identified
prior to treatment assignment and thus the methods can
assist clinicians when establishing treatment indications
for pancreatitis pain in the individual patient (eg., inva-
sive procedures »s medical treatment). However, further
longitudinal clinical studies are needed to establish the
value of the methods in the management of CP pain.
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