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Abdominal Cutaneous Nerve Entrapment
Syndrome (ACNES): A Commonly
Overlooked Cause of Abdominal Pain
By William V Applegate, MD, FABFP

Introduction

two patients with this diagnosis for every 150 patients
Abdominal cutaneous nerve entrapment syndrome overall but have seen as many as three such patients
(ACNES) may sound like an esoteric condition rarely per consultation session in a busy evening clinic where
seen by clinicians but is a common condition. When a 15 or more clinicians were on duty.
patient is seen for abdominal pain without other cliniAcute cases of ACNES are usually seen in the evening,
cally significant symptoms, ACNES should be high on especially in spring and summer, when people are more
the list of likely diagnoses.
active. Chronic and recurrent cases are more likely to
Beginning in 1792 with J P Frank’s description of the be seen in the daytime throughout the year.
condition he named “peritonitis muscularis,”1 a samTo avoid causing the patient unnecessary anxiety and
pling of pertinent medical literature on this subject2-9 tension, loss of work time, and both the expense and
shows how often the subject has been written about possible hazard of multiple diagnostic procedures, the
over the years. These articles state that abdominal wall first physician examining the patient must establish the
pain is often wrongly attributed to intra-abdominal dis- diagnosis of ACNES if this condition is present. Comorders and that this misdirected diagnosis can lead to piled from my own experience and that of other invesunnecessary consultation, testing, and even abdominal tigators who have written about ACNES, the informasurgery, all of which can be avoided if the initial exam- tion presented here should give readers the tools
iner makes the right diagnosis. In a study of 117 pa- necessary for diagnosing and treating this condition.
tients in 1999, Greenbaum10 estimated that the amount
of money expended on unnecessary workup was $914 Pathophysiology of ACNES
Kopell and Thompson13 stated that peripheral nerve
per patient. In 2001, Thompson et al11 noted that an
average of $6727 per patient was required for previous entrapment occurs at anatomic sites where the nerve
diagnostic testing and hospital charges. Hershfield6 listed changes direction to enter a fibrous or osseofibrous
preliminary diagnoses of patients retunnel or where the nerve passes over
ferred to him as irritable bowel, spasa fibrous or muscular band and that
When a patient is
tic colon, gastritis, psychoneurosis, deentrapment can be at these sites beseen for abdominal
pression, anxiety, hysteria, and
cause mechanically induced irritation
pain without other
malingering. Many of these patients
is most likely to occur at these locaclinically significant
were given a psychiatric diagnosis
tions. Muscle contraction at these sites
symptoms, ACNES
when the actual diagnosis could not
may add additional insult by direct
should be high on
be determined. In fact, the most comcompression, although I believe that
the list of likely
mon cause of abdominal wall pain is
traction on the nerve from muscle acdiagnoses.
nerve entrapment at the lateral bortivity also is likely. Mechanical irritader of the rectus abdominis
tion causes localized swelling that may
muscle;3,5,8,9,12 Carnett,3 in the early 20th century, called injure the nerve directly or compromise the nerve’s
this syndrome “intercostal neuralgia” and claimed to circulation. Tenderness of the main nerve trunk may
have seen three patients per week with this diagnosis be found proximal or distal to the affected portion
and as many as three per day in consultation sessions. (Valleix phenomenon). Proximal tenderness may reIn my own primary care practice, I have seen one or sult from vascular spasm or from unnatural traction
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on the nerve trunk against the point of entrapment. In
ACNES, all these mechanisms can be at work.

Anatomy Pertinent to ACNES
The thoracoabdominal nerves, which terminate as
the cutaneous nerves, are anchored at six points (Figure 1):14 1) the spinal cord; 2) the point at which the
posterior branch originates; 3) the point at which the
lateral branch originates; 4) the point at which the anterior branch makes a nearly 90° turn to enter the rectus channel; 5) the point from which accessory branches
are given off in the rectus channel, shown (although
not labeled) in previously published microphotographs;15 and 6) skin.
The most common cause of abdominal wall pain is
nerve entrapment at the lateral border of the rectus
muscle. In the rectus channel, the nerve and its vessels
are surrounded by fat and connective tissue that bind
the nerve, artery, and vein into a discrete bundle capable of functioning as a unit independently from surrounding tissue. At a point located about three quarters of the way through the rectus muscle (from back
to front), there is a fibrous ring that provides a smooth
surface through which the bundle can slide. Positioned
anterior to the ring, the rectus aponeurosis provides a
hiatus for the exiting bundle.
The hypothesis that nerve ischemia is caused by localized compression of the nerve at the level of the ring is
deduced from juxtaposition of the soft bundle to the
hard ring. Herniation of the bundle through the ring
due to too much pressure from behind or from pulling
from in front will compress the bundle’s vessels and
the nerve itself. Too much traction on the bundle from
behind or from pulling in front will cause the bundle
to be “strummed” against the ring, which then causes
irritation and swelling even before herniation occurs.
Anything that increases pressure behind the abdominal wall can cause the bundle to herniate through the
fibrous ring and aponeurotic opening. Use of the abdominal muscles can add additional insult. Enlargement of the abdomen from any cause will put the nerves
under greater traction. Scar or suture around the nerve
in front of the rectus16-18 can directly compress the nerve
or place it under further traction. Disparate motion
between skin and muscle will aggravate this situation.
Although any main branch of the nerve may become
symptomatic, the anterior branches are most likely to
be affected, because stretching of the nerve is greatest
at the point most distant from its origin (ie, the spinal
cord). Because the anterior branches enter the back of
the muscle at nearly a right angle, they are more sus-
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ceptible to mechanical irritation than are the posterior
and lateral branches, which enter the muscle at a more
oblique angle. Lateral branches are affected by lateral
bending and twisting of the trunk; posterior branches
are affected by bending, lifting, and twisting.
Accessory branches perforate the muscle wall
Symptoms of
above and below the main branches but also
ACNES can be
exit from adjacent muscle mass. These
acute or chronic …
branches are difficult to palpate unless sympThe pain may
tomatic and tender to touch.

Diagnosing ACNES

have started
during the night
but did not cause
these patients to
miss work the
next morning.

Clinical Presentation
Symptoms of ACNES can be acute or chronic.
The acute pain is described as localized, dull,
or burning, with a sharp component (usually
on one side) radiating horizontally in the upper half of the abdomen and obliquely downward in
the lower abdomen. The pain may radiate when the
patient twists, bends, or sits up. Lying down may help
but sometimes worsens the pain. Younger people, who
are usually more physically active than older persons,
are more often seen for the first episode of acute pain.
The pain may have started during the night but did not
cause these patients to
miss work the next
morning. Nonetheless,
they come to the
evening clinic because
the pain persists, worsens, and causes them
to be afraid that they
won’t be able to work
the next day. Young
women often express
concern about their
“ovaries,” “kidneys”
(the bladder is meant),
or both.
Brief discussion of the
ovarian complaint here
is important because it
occurs frequently and is
the predominant initial
reason for women with
ACNES to be seen in
the clinic.16,17,19,20
Figure 1. Anatomy of thoracoabdominal nerves.
Concern about their
(Adapted and reproduced by permission of the publisher,
gonads is uppermost in
of the author, and of the illustrator, Nelva M Bonucchi, from:
the minds of young
Applegate WV. Abdominal cutaneous nerve entrapment
people who have re14
syndrome. Am Fam Physician 1973 Sep;8(3):132-3. )
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cently matured sexually. Because the testicles are lo- was happy to hear my explanation of its cause. If a
cated in the externally positioned scrotal sac, men have patient says, “I have this pain in my stomach, and nothe advantage of being able to examine their testicles body seems able to find the cause,” the examiner should
easily, whereas women’s ovaries, being located inside immediately think of ACNES.
the abdomen, are inaccessible to examination except
ACNES-related pain is well localized and usually afby medical personnel. Consequently, women may at- fects only one side. However, the pain can occur on
tribute any abdominal complaint to an ovarian disor- both sides at the same level (usually in the lower abder until a different cause of pain is shown. Given a domen), or more than one nerve can be affected on
chief complaint of “pain in the ovary,” the examiner opposite sides and at different levels. Pain radiating
should certainly examine the ovaries but should re- into the scrotum or vulva suggests involvement at the
member that this is often the way ACNES clinically T12/L1 level, but inguinal or femoral hernia and pain
manifests itself.
arising from the adductor muscles of the thigh must
Unfortunately, women are not the only
be ruled out. Pain and tenderness
ones to attribute abdominal pain to gyposterolaterally just below the iliac crest
Chronic
necologic pathology when the source of
can occur with involvement at the T12/
ACNES
pain is actually in the abdominal wall.
L1 level. This finding is useful because it
patients suffer
Noting that between 30% and 76% of diis present with abdominal wall pain but
considerable
agnostic laparoscopic procedures done
is absent if the pain arises from inside
anxiety and
for pelvic pain show normal tissues,
the abdomen.3 Pain radiating from T11
worry that
20
and T12 runs at an oblique angle and
Slocomb expressed concern about surthey may have
gical exploration with removal of pelvic
follows the course of these nerves. Such
some horrible
structures for normal variants in women
pain can suggest urolithiasis; however,
condition …
with chronic pelvic pain when the probpatients with urolithiasis are usually seen
lem was actually traceable to the abdomiwrithing in pain, whereas patients with
nal wall. One of my patients was a woman who had ACNES tend to lie quietly on the table with their hand
surgery first for “ovarian cyst” and then for “adhesions” placed over the area of discomfort. T11 involvement
but still complained of the same pain, which, I discov- on the right side may suggest appendicitis, and involveered, was caused by ACNES.5 A study of 120 emer- ment on either side may suggest ovarian involvement
gency admissions to the hospital for abdominal pain21 or spigelian hernia; all these conditions should be idenshowed that 23 of 24 patients who had abdominal sur- tified by proper physical examination. Pain on the right
gery with a positive Carnett’s sign (see below) had no side at the T8 or T9 level may suggest cholecystitis or
intra-abdominal disorder; instead, the pain was traced peptic ulcer; however, as Carnett3 has suggested, deep
tenderness is not detected without peritoneal involveto the abdominal wall.
Young men with ACNES are often seen in the daytime ment. Pain at the T6, T7, or T8 levels can suggest pleufor a chief complaint of “hernia” or “ulcer,” complaints risy, costochondritis, or slipping rib syndrome (which
considered more common in men. Older men and is probably a form of ACNES caused by traction). Pain
women may express concern about cancer (not an un- and numbness laterally in the thigh and hip may be
reasonable concern among seniors). These patients may caused by meralgia paresthetica, mentioned here as a
need further examination, even if ACNES caused the matter of interest because it is also caused by nerve
pain that brought them to the doctor. A history of mul- entrapment; in this case, the lateral femoral cutaneous
tiple abdominal operations should raise suspicion about nerve is entrapped between the iliac ligament and the
ACNES. Finding several surgical scars on the abdomen anterosuperior aspect of the iliac spine.13 For a complete list of conditions other than ACNES that can cause
should alert the examiner to this possibility.
Chronic complaints due to ACNES are usually seen abdominal wall pain, the reader is referred to Carnett,3
during the day in older patients. Medical history in Hershfield,6 Suleiman and Johnston,9 Gallegos and
these patients shows that acute exacerbation of pain Robsley,17 and Greenbaum.22
Chronic ACNES patients suffer considerable anxiety
may occur over several days or weeks and then disappear for varying lengths of time, sometimes for years. and worry that they may have some horrible condition
One of my male patients with ACNES reported that he as yet undiscovered. As a result, they may be given a
had pain intermittently for 47 years.5 He had long ago psychiatric diagnosis (eg, anxiety, somatization, or dedecided that the pain was of no great consequence but pression) and therefore often take antidepressant drugs,
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tranquilizers, muscle relaxants, or pain relievers. Such
a medical history should raise the question of ACNES.
Physical Examination
A suggestive medical history should direct the examiner to precisely locate the tender spot by asking the
patient, “Where exactly is the pain?” The patient usually responds by placing several fingers over the area,
whereupon the examiner says, “Show me with one
finger.” As patients place a fingertip on the exact spot,
pushing a little harder to find it, they usually say, “Right
here!” and flinch as the tender spot is pressed.
To proceed beyond this point in the examination,
the examiner must be familiar with the exact location
of each neuromuscular foramen. To do this, the examiner should practice finding these depressions on his or
her own abdomen and on someone else. In addition,
each time a patient’s abdomen is examined for any reason, the examiner should feel for these aponeurotic openings; their size differs widely among persons. Larger openings, usually found in obese patients, are easier to palpate
and provide familiarity with the feel of a foramen so that
the examiner will know what to look for when presented
with smaller dimensions in another patient.
The anterior exits are easiest to feel and are often
best felt with the patient standing and pushing the abdomen out: T10 is at the lateral edge of the rectus
margin at the level of the umbilicus; T12/L1 is at the
level of the internal inguinal ring; and T11 is halfway
between T10 and T12/L1 at the rectus margin, which is
closer to the midline for these last two points. T8 is at
the junction of the rib margin (eighth rib) and the lateral rectus; and T9 is halfway between T8 and T10. T6
and T7 are located where their respective ribs meet
the edge of the rectus muscle.
The lateral muscular foramen are more difficult to
palpate and are most easily felt with the patient leaning away from the side being palpated. Firmer pressure with the finger is required. These openings are in
the vertical groove found at the junction between the
back and abdominal muscles. Lateral T10 is located at the
point where the 10th rib meets the groove. Lateral L1 can
be felt in the groove just above the iliac crest, and the
other two lateral branches are in the groove between T10
and L1. The examiner should not be discouraged if finding such a foramen seems difficult; they are easier to find
when they are symptomatic.
Posterior foramina are found in the groove between
the paravertebral muscles and the more lateral back
muscles. These, too, are more difficult to palpate, but
the muscular depression at that site is easier to find when
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it is associated with symptoms and localized tenderness.
A description of how the anterior foramina actually
feels will help examiners to find them. Approaching
the opening with the hand resting lightly on the abdomen from the lateral side, the middle fingertip is moved
over the rounded edge of the rectus, where the examiner may feel an oval-shaped depression oriented horizontally but sloped posteriorly on the edge of the rectus at levels T8 through T12/L1. As pressure from the
straight finger tuft is gradually increased, the examiner
feels, in order: 1) firm skin; 2) spongy-textured subcutaneous fat; 3) the oval, firm ring of the aponeurosis

Figure 2. “That’s it!” When localizing own pain, patient points left
index finger, for example, to T-10 opening. Clinician reaches in from
lateral side to confirm location is a neuromuscular foramen.

containing a morbilliform mass of fat (the fatty plug);
and 4) deep to these structures, the firm, round ring
which prevents further invasion of the channel. The
aponeurotic openings for these nerves may vary in size
from that which barely admits the tip of the finger tuft
to a size that allows placement of the entire finger tuft
into the depression. The ring felt deep in the channel
may feel too tough to push beyond. The fatty plug
varies in size from 2 mm to 2 cm, depending on how
dilated the aponeurotic openings have become. In practical terms, it is the aponeurotic openings and enclosed
fatty plug that are most easily distinguished from surrounding tissue. These fatty plugs can often be pal-
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pated in asymptomatic persons and may normally feel
uncomfortable to firm palpation, attesting to the fact
that their location predisposes them to trauma. The
anterior openings of T6, T7, and T8 feel more triangular and are oriented in the anteroposterior plane across
the posteroinferior part of the rib tip. Firmer pressure
against the rib tip is necessary to feel these openings.
The same technique can be advised for the lateral and
posterior openings, which usually will admit only 2
mm to 3 mm of finger tuft. Accessory nerve exits are
located 2 mm to 3 mm above or below the main branch
exits or over adjacent muscle and usually cannot be
palpated with certainty unless symptomatic.
The examiner now must confirm that the point located by the patient is actually a nerve exit. With the
hand resting gently on the patient’s abdomen lateral to
the tender spot indicated by the patient’s
finger, the examiner’s straightened middle
Complete relief
finger can be used to displace the patient’s
of pain by the
finger medially by advancing in a tiny,
anesthetic agent
circular motion. As finger pressure is
establishes the
gradually increased, the patient with
diagnosis.
ACNES will recoil or grab the examiner’s
hand, exclaiming, “That’s it!” (Figure 2).9
(Hershfield6 calls this the Hover Sign.) From the location of the symptomatic spot and from the feel of the
muscular foramen, the examiner should be satisfied
that this is a genuine example of ACNES.
To further differentiate the source of the pain, Carnett’s
sign should be elicited.3 While in supine position with
the arms crossed over the chest, the patient should be
asked to raise his or her head or feet off the table
while the examiner pushes on the tender spot. If splinting the muscles in this manner reduces the amount of
pain, the source is probably intra-abdominal. If the pain
is in the abdominal wall, splinting the muscles will not
reduce the pain and may actually increase it.
The “pinch test”3 can also be used if the examiner is
initially unable to identify the side on which the pain
originates. This test consists of picking up the patient’s
skin and subcutaneous fat with the thumb and index
finger, first on one side of the midline of the abdomen
and then on the other side. The patient will state whether
one side hurts more than the other. Cotton and pinprick
technique can be used to check for hypoesthesia or
hyperesthesia around the pain site, and Knockhaert23
notes that electromyelographic studies of the affected
nerve show abnormalities in 60% of patients studied
(although this author23 admitted that the procedure has
low sensitivity). Carnett3 noted sensitivity along the proximal portion of the affected nerve (Valleix phenomenon).
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Practically, if the area of tenderness can be localized to
one of the palpably identifiable nerve exits, these other
tests (with the possible exception of Carnett’s sign) are
probably only of academic interest.
Having come this far in the examination, if either the
patient or the examiner needs further convincing of
the ACNES diagnosis, local injection of an anesthetic
agent is appropriate (described later under “Treatment”).
Complete relief of pain by the anesthetic agent establishes the diagnosis.
Recommended Treatment for ACNES
A properly administered local injection of an anesthetic agent completely relieves the pain of ACNES.
Technique is critical for both diagnosis and treatment,
and the tendency is to inject too deeply.
The patient is given an injection of .5 mL to 1 mL of
a 2% lidocaine solution (or its equivalent) using a #21
or #22 needle of length appropriate for the thickness
of the subcutaneous tissue present. A needle of this
size best allows the clinician to feel the anatomic landmarks while administering the injection, but a #25 or
#26 needle can be used if the clinician is sufficiently
familiar with the landmarks. For patients with a thick
layer of adipose tissue, a spinal needle may be needed
to reach the front of the muscle.
The injection serves two purposes: to relieve pain
and to reduce herniation of the neurovascular bundle
through the fibrous ring. Sequentially as the needle is
introduced, the clinician feels resistance to the needle
from the patient’s skin, the nonresistant texture of the
subcutaneous fat, and then mild resistance to the needle
from the aponeurosis and fatty plug. (The needle should
not be introduced deeper than this level; deeper injection can cause ecchymosis and may increase pressure
on the neurovascular bundle in an already tight fibromuscular channel.) At this point, the needle should
already be in the center of the channel and fatty plug
and just beneath the aponeurosis. If the examiner is
unsure that the needle is positioned correctly, it may
be pulled back into the subcutaneous fat to prepare
for another attempt at placing the tip of the needle
beneath the structures in front of the fibrous ring.
As mentioned above, landmarks of the pertinent structures can best be felt with the patient standing and
bearing down, and the injection can be given in this
position. However, if the patient is more comfortable
lying down, the injection may alternatively be given in
this position.
To be sure the needle is positioned precisely (Figure 3)24
at the correct place for injection, the examiner should
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first place the middle finger of one hand in the
aponeurotic opening and then, without lifting
the finger off the skin, move the fingertip inferiorly, cleanse the skin with alcohol using the
other hand, and with that hand introduce the
needle above the tip of the examining finger.
When the needle is properly situated beneath
the aponeurosis, the clinician stabilizes the syringe for injection by gripping it using the same
hand used to locate the opening. The patient
should be asked not to breathe during aspiration and injection. These instructions may seem
rudimentary; however, if followed exactly, they
will guarantee success in diagnosing and treating ACNES.
A patient who feels faint after receiving the
injection should be allowed to lie down until
s/he feels better; otherwise, the patient should
be encouraged to move about the room. When
Figure 3. Clinician locating the precise injection site.
the syringe has been disposed of and the patient has taken a few steps, the clinician should
(Adapted and reproduced by permission of the publisher, of the authors, and of the illustrator,
Marjorie Domenowske, from: Bonica JJ, Johansen K, Loeser JD. Abdominal pain caused by
ask if the patient still feels pain. If the injection
other diseases. In: Bonica JJ, editor. The management of pain. 2nd ed Vol 2. Philadelphia: Lea
has been effective, patients often volunteer,
& Febiger; 1990. p 1254-82.24)
with a look of amazement on their faces, “It’s
gone!” Clinical response sometimes takes more
time than this if the injection has been made slightly pointment, even to evaluate new associated symptoms.
off the locus. If the response is mediocre and the clini- An alternative is to schedule three return appointments
cian suspects the reason may be because the injection a few days apart, a tactic that gives patients the option
was not placed accurately, a second injection may be to cancel the appointment if they do not think they
attempted after about ten minutes or on another day. need it. Some patients need multiple injections to elimiOccasionally, a patient reports relief from pain upon nate the pain completely, but these patients seldom
arriving home. In such circumstances, a patient should need more than four or five injections. Each injection
be encouraged to return to the clinic if the pain recurs should provide relief for a longer and longer time until
no more are needed. For patients who toleror if new symptoms arise.
Mehta4 and McGrady17 used a Teflon-coated needle ate local anesthesia well but must return evIn many patients,
with exposed tip to locate the nerve by electrical stimu- ery few weeks for another injection, alterone injection gives
lation. I tried this technique with several patients and native regimens are available.
prolonged relief or
found the procedure cumbersome and time-consumThe clinician must first decide whether furmay sufficiently
ing. After learning to locate the nerve as described ther evaluation is justified. Does the patient
reassure younger
here, clinicians can place the injection accurately in have musculoskeletal conditions (eg, scoliopatients that the
minutes without using a nerve locator.
sis or one short leg) that might subject a parcondition is
In many patients, one injection gives prolonged re- ticular nerve to undue traction? Especially in
benign …
lief or may sufficiently reassure younger patients that older patients, are underlying medical probthe condition is benign and will not require another lems causing abdominal enlargement? If for
visit unless another injection is needed for pain relief. any reason the pain is recurrent or persistent, it can be
Older persons should be advised to return whenever treated by destroying the symptomatic portion of the
the pain recurs or when other symptoms develop so nerve. Some patients with ACNES have nerve entrapthat underlying causes can be addressed if necessary. ment in an abdominal scar.6,16-18 Excising this part of
Because repeat injection requires only a few minutes the scar or removing the suture from around the nerve17
in patients who have already been evaluated, these may solve the problem by two mechanisms: 1) relief
patients may often be scheduled for a same-day ap- of direct compression of the nerve and 2) relief of dis-

The Permanente Journal/ Summer 2002/ Volume 6 No. 3

25

clinical contributions
Abdominal Cutaneous Nerve Entrapment Syndrome ACNES: A Commonly Overlooked Cause of Abdominal Pain

tal traction on the nerve, especially with disparate tion. Use of corticosteroid drugs is theoretically valuable
motion between the abdominal wall and the skin. The because some inflammation is seen in ACNES; however,
diagnosis of nerve entrapment in a scar is suggested injection of corticoid drugs into muscles can sometimes
by exacerbation of the pain from pinchcause considerable pain, and tissue atroing the scar or by moving the scar across
phy can occur with repeated injection. InAlmost everyone
the underlying muscle. For nerve entrapjection with lidocaine and alcohol has
who has written
ment under the aponeurosis, injection of
worked well in my practice, and I see no
about abdominal
phenol or absolute alcohol is an option.
compelling reason to add corticoid agents
wall pain
Phenol, 5%-7% 1 mL, has been used by
to the regimen.
overlooks the
some investigators;4,12,17 however, either
Other treatment modalities may tempodiagnosis of
because the injection was given too
rarily relieve pain of ACNES. Precise apACNES …
deeply or because they were side effects
plication of an ice cube wrapped in a thin
of the phenol, pain and systemic effects
washrag can help by acting as a local anoccurred frequently. In my experience, using 1 mL of esthetic and by reducing swelling around the nerve. Apabsolute alcohol mixed with 0.5 mL of a 2% lidocaine plication of an elastic bandage for counterpressure may
solution achieves a good result and causes minimal be helpful. Heat applications may relieve associated
local pain. Because lidocaine gives immediate relief muscle spasm.
and prevents any burning sensation from the alcohol
Most of these recommendations for treatment can be
when it is first introduced, use of lidocaine helps the applied to the lateral, posterior, and accessory nerves.
clinician to decide whether the injection was properly In fact, these recommendations could, theoretically, be
placed. A phone call from the patient after a few days applied to any other anatomic area where nerves pass
is all that is needed to confirm treatment success. Only through muscles or other tight structures. I strongly
once have I reinjected alcohol into a patient who had suspect that the anatomic areas that Janet Travell called
only partial relief from the previous injection. Surgery “trigger points”27 are actually areas where sensory nerves
also is an option, although I would consider it only for are trapped in muscles that are in spasm. Acupuncture
patients who had scar involvement or who for some points may also be located at nerve exits.13 My limited
reason could not tolerate alcohol injection. The surgi- experience with acupuncture suggests that these points
cal procedure should be done with the patient under can be located by identifying a sensitive depression in
local anesthesia so that the patient can state whether the underlying muscle.
traction on the nerve duplicates the symptoms. If this
is the case, the nerve should be severed at the front of Summary and Conclusions
Over many years, investigators have warned their
the muscle to release distal traction.
Some investigators7,12,25,26 have recommended use of readers that pain in the abdominal wall is too often
corticosteroid drugs as part of the local anesthetic injec- misdiagnosed as intra-abdominal pain and that the time
and effort spent looking for the cause (which is literally right under their fingertips) are totally unjustified
Practice Tips
and may cause the patient considerable anxiety and
The most common cause of abdominal wall pain is nerve
even unnecessary surgery. The most common cause of
entrapment at the lateral border of the rectus muscle.
abdominal wall pain is nerve entrapment at the lateral
Ask the patient, “Where exactly is the pain?” “Show me with
border of the rectus muscle.
one finger.”
In 1926, Carnett3 called this condition “intercostal
Diagnosed and treated by local anesthetic injection into the
neuralgia.” However, recent studies of the anatomy and
muscular channel through which the affected nerve passes.
histopathology of this condition indicated that it is not
The injection serves two purposes: to relieve pain and to
reduce herniation of the neurovascular bundle through the
so much an inflammatory condition as a matter of nerve
fibrous ring.
entrapment. Accordingly, I prefer the name abdominal
Precise application of an ice cube in a thin washrag can help
cutaneous nerve entrapment syndrome (ACNES). This
by acting as a local anesthetic and by reducing swelling
condition is diagnosed and treated by local anesthetic
around the nerve.
injection into the muscular channel through which the
Application of an elastic bandage for counterpressure may be
affected nerve passes. This article discusses in detail
helpful.
how to identify the muscular neuroforamina by palpaHeat applications may relieve associated muscle spasm.
tion as well as the specific technique for injecting them.
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Almost everyone who has written about abdominal wall
pain overlooks the diagnosis of ACNES while admonishing the medical profession against subjecting patients
to unnecessary tests, but each writer also says that if a
patient does not respond to the usual treatments, the
patient should be further evaluated for underlying contributing causes. This instruction is particularly important for older patients. Diagnostic procedures for these
patients are ultimately a matter of clinical judgment, but
certainly clinicians and patients can be spared much
trouble if the diagnosis of ACNES is established at the
first visit. The information given in this article should
make that early diagnosis of ACNES possible. Srinivasan
and Greenbaum22 feel that an ACNES patient monitored
very closely for three months without convincing evidence that local anesthetic injection or other treatment has really helped should receive further study
for visceral disease. Obviously, if new symptoms arise
suggesting visceral disease, further diagnostic evaluation is justified at any time even though the treatment
for ACNES seems to be effective. ❖
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Abstract
Irritable bowel syndrome (IBS) is one of the most debilitating and common gastrointestinal
disorders; nevertheless, its pathophysiology is still unclear. It affects 11% of the world's
population, and is characterized by alternating periods of pain and/or motility disorders with
periods of remission and without any evidence of any structural and functional organic
variation. It has been recently proposed that an altered contractile ability of the diaphragm
muscle might adversely influence intestinal motility. The text reviews the diaphragm's
functions, anatomy, and neurological links in correlation with the presence of chronic
symptoms associated to IBS, like chronic low back pain, chronic pelvic pain, chronic headache,
and temporomandibular joint dysfunction, vagus nerve inflammation, and depression and
anxiety. The interplay between an individual's breath dynamic and intestinal behaviour is still
an unaddressed point in the physiopathology of IBS, and the paucity of scientific studies should
recommend further research to better understand the importance of breathing in this
syndrome.
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Irritable bowel syndrome (IBS) is the most commonly diagnosed gastrointestinal disorder. The
patient complains of abdominal pain or discomfort and altered bowel habits in the absence of
concomitant organic diseases that could explain symptoms [1]. IBS can be divided into
subgroups, depending on the prevailing symptoms (based on the scale of Rome III) and stool
consistency (based on the Bristol Stool Form Scale): diarrhea or IBS-D; with constipation or
IBS-C; alternating constipation and diarrhea, or IBS-M; untyped IBS or IBS-U (insufficient stool
abnormalities to be IBS-C, D or M) [1-2]. Patients may have variations in their symptoms, with
periods of remission; it is not easy to correctly classify patients with IBS [1-2]. Anyway, to
diagnose IBS, symptoms have to persist for at least three months, with abdominal discomfort
presenting 3-4 times per month, with constant feedback for 1-2 years; after 10 years, 50-70% of
patients still present symptoms [3]. IBS currently refers to a disease of unknown aetiology.
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The most recent hypotheses
The most recent hypotheses concern the presence of intestinal dysbiosis, which may affect both
the large and small bowel tract. Many factors participate in the alteration of intestinal
microbiota, such as a recent history of acute intestinal infections or reduction of intestinal
motility [4]. Another hypothesis is that the presence of small intestinal bacterial overgrowth
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(SIBO), which causes a non-physiological post-prandial fermentation with elevated gas
production, results in rapid gastric (painful) distension. SIBO is probably responsible for
chronic and sub-clinical inflammation of the intestinal mucosa and could also explain an
elevation in a mucosal specific inflammatory protein, calprotectin, which may be found in
these patients [5]. Other theories deal with the role of serotonin, a neurotransmitter involved
in multiple intestinal functions, and able to influence motility, immune response, and visceral
sensitivity [6]. Intestinal receptors and serotonin uptake may be possibly involved in its
pathogenesis, especially in IBS-D and IBS-C, but additional data are certainly needed to clarify
serotonin’s role in IBS aetiology [5]. The central nervous system may be also involved in the
pathogenetic mechanism leading to IBS. The brain-gut axis is considered as the bi-directional
relationship between the enteric nervous system and the central nervous system, including the
hypothalamus-pituitary-adrenal gland axis [5]. When this mechanism is altered, some visceral
allodynia could appear, due to the increased release of cortisol and pro-inflammatory cytokines,
increasing symptoms [4]. Stress generates an endocrine response (corticotropin-releasing factor
(CRF), activating in turn the hypothalamic-pituitary-adrenal axis (HPA). CRF is secreted by the
paraventricular nucleus of the hypothalamus, the release of which is regulated by the amygdala
(the limbic system). The CRF receptors (CRF1 and CRF2) are found on enteric neurons and at
the mucosal layer. The constant presence of stress could cause a pathophysiological change in
the intestine, altering its motility (mobility, relaxation, transit) through the activation of these
receptors [4]. This fibromyalgia-like phenotype is often diagnosed in patients affected by IBS
and it is characterized by chronic fatigue, chronic back pain, chronic pelvic pain, chronic
headache, and temporomandibular joint dysfunction, at a rate almost twice the general
population [3]. Some authors call such symptoms "functional somatic syndromes" and have
therefore proposed to treat these patients with selective serotonin receptive inhibitors (SSRI) or
tricyclic antidepressants. In addition, more than half of the patients reported symptoms of
anxiety and depression; the risk of developing dementia in subjects (after 50 years) is increased
[3-7]. The interest in the role of the diaphragm muscle in the context of functional intestinal
disorders is justified by its autonomic dependent function and because it is the only striated
muscle whose movement affects the small and large bowel. The purpose of this article is to
review the importance of the diaphragm muscle in the context of IBS symptoms, since there are
many studies that show that an alteration of its contractile ability might have a negative impact
on the pathology.

Review
Diaphragm
The diaphragm muscle is innervated by the phrenic nerve (C3-C5) and the vagus nerve (cranial
nerve X); the first receives pulses from groups of medullary neurons of the pre-Bötzinger
complex and from neurons of the parafacial retrotrapezoid complex, connected in turn with the
retroambiguus nucleus of medulla, although the underlying mechanisms of these connections
are not completely clear. The vagus nerve is part of the parasympathetic autonomic system
originating from the ambiguus nucleus of the medulla [8-9].

Symptomatology correlations
The abdominal muscles, the rectus, and the oblique and transverse muscles not only play a
biomechanical role in relation with the spine, but also in relation to intra-abdominal content,
changing their electrical activity according to intestinal pressure [10]. In patients affected by
IBS, this accommodation mechanism of the abdominal muscles does not work properly, and an
electromyographic alteration can be observed in postprandial periods. The patients experience
a paradoxical effect: a contraction of the diaphragm muscle and a relaxation of the upper
portion of the abdominal wall, while in healthy subjects, concomitant relaxation of the
diaphragm muscle and activation of the rectus abdominis (the upper part) and external oblique
usually happen. This phenomenon causes abdominal swelling, and probably dyspepsia [10].
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This lack of motor coordination between the diaphragm and the abdominal wall is called
"abdomino-phrenic dyssynergia" [11]. During respiration, the muscles of the abdominal wall
and the diaphragm muscle are controlled by the same centers of the retroambiguus phrenic
nucleus in the medulla, in an electric combination that allows a perfect synergic contraction
during inspiration and expiration [8]. A dysfunction of the diaphragm muscle may alter this
functional synergy and cause an alteration in the motor scheme. This event could lead to
swelling and dyspepsia in these patients.

Abnormalities in the pelvic area and in the upper airways
The phrenic centers in the medulla control the pelvic floor muscles and the tongue during
respiration [8-9]. During inspiration, the tongue protrudes (to open the upper airway), while the
pelvic floor undergoes a downward movement; during expiration, the opposite happens. If this
mechanism is altered for a dysfunction of the diaphragm, abnormalities in the pelvic area
(chronic pelvic pain) and in upper airways can be observed [8-9]. Patients with IBS are affected
by chronic pelvic pain in 35%-80% of cases worldwide; in addition, collapsibility of the upper
airways during sleeping is observed in 15%-44% of cases, as reported in a pilot study [12-13].

Low back pain
Low back pain can be also related to IBS, although its aetiology is not completely clear [14]. The
diaphragm plays a fundamental role in defining posture, its maintenance, and body position
changes. The dysfunction of the diaphragm is one of the recognized causes of low back and
sacroiliac joint pain. People with low back pain often experience early fatigue of the diaphragm
muscle, altered and reduced excursion during respiration, and inadequate proprioceptive
activation [15]. The diaphragm dynamically stabilizes the lumbar spine. Lowering during
inhalation together with the latest coasts, it stabilizes abdominal pressure, with a deeper
movement in its ventral portion than in the dorsal area. In people with chronic lower back pain,
the diaphragm remains higher and more flattened, with inadequate movement of the ventral
portion. When the legs move, the diaphragm stabilizes the spine allowing the required
movement; this does not happen correctly in people suffering from chronic pain. The coasts do
not drop and do not allow the diaphragm to have fixity; there is a minor drop in
the diaphragmatic cupola with a reduced ability to manage the intra-abdominal pressure,
consequently causing lumbar spine instability [15-17]. Since a dysfunction of the electrical
activation of the diaphragm has been demonstrated in patients with IBS, we can assume that
one of the causes leading to low back pain in this population may be altered activation of the
main respiratory muscle.

Temporomandibular joint dysfunction
Another somatic disorder affecting IBS patients is temporomandibular joint dysfunction with
pain [3]. The functional mechanisms connecting the diaphragm and tongue during normal
respiration are well known, as well as their neurological connections, either central (medulla)
and peripheral (anastomosis of the phrenic nerve and hypoglossal nerve at the level of the ansa
cervicalis) [8]. Upper airways abnormalities, together with difficult coordination of tongue
activity, can alter kinematics of the temporomandibular joint [18]. This lets us presume even a
close relationship between these symptoms, diaphragm dysfunction, and IBS.

Chronic headaches
To better understand the presence of chronic headaches in IBS and its relations with
diaphragmatic functions, the activity of the thoracolumbar fascia should be considered. The
latter is a multi-layered fascial and muscular structure that covers the entire abdominal
muscles and the myofascial area between the sacrum and the cervical area, from the surface to
depth; the diaphragm is directly connected with the thoracolumbar fascia [8]. All fascial layers
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are inseparable; they move simultaneously, relate to one another, and influence each other's
activity [19]. The thoracolumbar fascia properly conveys the tensions generated by movements
and breathing along the spine, creating a synergy between the diaphragm and daily activities
[15]. The sub-occipital muscles (a couple of recti and a couple of oblique muscles) are part of
the thoracolumbar fascia and are innervated by the first cervical branches [8]. The recti muscles
and the superior oblique sub-occipital muscle have a myodural bridge to the dura mater [20]. In
the connective tissue of the dura, near the arterial and venous vessels, there are some peculiar
receptors with functions similar to Ruffini receptors and which have highly mechano-sensitive
and chemical-sensitive responses, and nociceptors [21]. Abnormal pressures recorded by the
dura mater, caused by an abnormal tension derived from the myodural bridges of the suboccipital muscles, may be the cause of the chronic headaches [22]. Diaphragmatic dysfunctions
affect the whole system, including sub-occipital muscles [8-9]. The incorrect functioning of the
diaphragm could cause an increase in work for the accessory respiratory muscles. We can
assume that the overloading of the sternocleidomastoideus and scalene muscles could be
another cause of headaches that result from the primary dysfunction of the diaphragm. A
correlation between chronic headaches and the altered function of the diaphragm muscle can
be assumed.

Gastroesophageal reflux
Gastroesophageal reflux (GERD) is another symptom frequently observed in patients with IBS
(around 40%) [23]. The diaphragmatic crura play a role as extrinsic sphincter in the region of
the gastroesophageal junction to protect the esophagus from gastric reflux; a crural dysfunction
can cause GERD [24]. Therefore, a relationship between IBS and GERD can be reliably
established in case of diaphragmatic dysfunction.

Anxiety, depression, and perceived pain
Psychiatric disorders such as depression and anxiety are quite common in patients affected by
IBS; they have been observed in 46% and 34% of cases respectively [5]. These behavioural
changes may be due to disease-related stress, since the severity of the emotional disorder is
often correlated with the severity of the symptoms of IBS [5]. Chronic altered emotional states
can cause changes in neural and structural patterns of emotional perception and thus
increase pain perception [25]. Another hypothesis deals with the persistent solicitation of
visceral nociceptors in response to mechanical stress (inappropriate or exaggerated colic
distension, inflammation, and ischemia), potentially causing visceral hyperalgesia or allodynia.
This peripheral perception may induce changes in the central regulation, establishing a vicious
circle between visceral and emotional information, and pain perception [25]. The visceral
afferents, interoceptive as well as nociceptive (small caliber A delta and C fibers) reach lamina I
and II of the spinal cord, and are then projected to supraspinal centers, such as the posterior
ventromedial nucleus of the thalamus and the limbic area [26]. Another reason to study the
presence of psychiatric disorders in this patient population is to research its correlation with
dysfunction of the diaphragm muscle and the relationship of this dysfunction with emotions
and pain perception. The perception of pain is reduced if patients hold their breath after a deep
breath, when the diaphragm is lowered [27]. This observation lets us presume the potential role
of baroreceptors.
During inspiratory apnea, systolic pressure increases with a decrease in cardiac frequency.
When the baroreceptors located in the carotid body and in the aortic arch area, in the adventitia
of the vessels, are stimulated by the cardiac cycle, in particular during the systolic phase, the
nociceptive stimulus is attenuated by the activation of baroreceptors [27]. The baroreceptors’
activity also affects muscle tone, as it decreases the activity of the sympathetic nervous system,
reducing the contractile state. The baroreceptors are activated if the vessels are stretched by
blood passage; afferent fibers conduct pulses to the nucleus of the solitary tract (NTS), which
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regulates the activation of the vagal system and sympathetic inhibition at the spinal level in the
region of the nucleus ambiguus, dorsal motor nucleus, and rostral ventrolateral area of the
medulla. The baroreceptorial afferents influence different areas of the central nervous system,
with a generalized inhibitory effect. The NTS is interconnected with the reticular formation; the
information will be then transmitted to the anterior (limbic area), latero-medial and prefrontal
part of the insula and to the anterior cingulate cortex; even the thalamus, hypothalamus, and
periaqueductal grey area receive baroreceptorial pulses from NTS [27]. The diaphragm with its
movements changes the body pressure, as it facilitates venous and lymphatic return [8]. This
pressure modulation influences blood re-distribution. This action may affect the response of
baroreceptors and thus pain perception, but there are no scientific studies to support this
statement yet. We can presume that the baroreceptors will not be adequately stimulated, in
case of an alteration of the diaphragm motility; this would lead to an increased sensitivity to
pain. A lower sensitivity of the baroreceptors and a higher pain perception have been
demonstrated in IBS patients [28]. Chronic pain can alter the subject's emotional state [27]. We
can speculate that the dysfunction of the diaphragm could be one of the causes of this
psychiatric condition and high pain perception.
The diaphragm also influences emotions directly. The interaction between breathing and
emotions reflects a complex interaction between the brainstem and some brain areas such as
the limbic area and the cortex. The amygdala, which is part of the limbic system, and some
respiratory areas located in the medulla, are connected to each other; thus, the amygdala is
usually considered as the most important area in the interaction between breathing and
emotional state. The amygdala is divided into three areas (basolateral, cortical and central); the
basolateral amygdala conducts pulses to the central area, which is directly and indirectly
connected to the hypothalamus and to the brainstem [27]. The amygdala is stimulated by
dopamine production from the tegmental area of the midbrain; a recent study on animal
models demonstrated the role of dopamine in the amygdala in the management of the
emotional breath [29]. The efferent fibers of the amygdala are connected to some respiratory
areas, such as the NTS and related areas. The breath stimulates the mechanoreceptors of the
diaphragm and the visceral receptors of the organs moved during the respiratory acts,
constituting a mechanism called interoception [27]. Interoception is the awareness of the
body's condition based on information directly obtained from the body itself; it is also related
to visceral movements when breathing in and out. The interoceptive afferent fibers are
connected to autonomic and homeostatic centers in the spinal cord and in the brainstem, and
then to the cingulate cortex and to the anterior dorsal posterior insula, through the thalamuscortical tract. The interoception system can modulate the exteroceptive representation of the
body, as well as the subject's tolerance of pain; the dysregulation of pathways managing or
stimulating the interoception could cause a distortion of body image, affecting the subject's
emotional state [27]. We can speculate that an altered function of the diaphragm may adversely
affect the patient's emotional state, adversely affecting interoceptive afferents.

Pain and inflammation
The peripheral nerve structure is subjected to daily mechanical stress, as when the joint moves,
it undergoes alternating phases of contraction and stretching. The correct sliding of the fascial
structures of the nerve, and the nerve position between the various innervated tissues, become
essential for nerve adaptation and regeneration [6]. Altered sliding may lead to dysfunction,
increasing the rigidity of fascial structures during joint or respiratory movements; the nerve
may develop a diameter reduction, defined as transverse contraction, and an increase in the
pressure in the endoneural compartment may be observed [30]. Repetitive elongations of a
nerve with reduced elasticity will further hamper nerve sliding, decreasing the blood flow, with
potential ischemic changes. The fascial structures become more sensitive to mechanical stress
and, after a few days of local inflammation, an action potential (similar to the mechanical
stimulus that has initially caused the dysfunction) can be generated, causing inflammation at
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the ends of the neural pathways, such as in the spinal cord and innervated tissues, through
anterograde and retrograde mechanisms. This mechanism is called ectopic electrogenesis [30].
The vagus nerve and the phrenic nerve, which innervate the diaphragm muscle, may be affected
if muscular movement is limited for such a dysfunction, leading to altered sensitivity schemes
and allodynia.
The vagus nerve is a mixed nerve, 20% consisting efferent cholinergic descendent fibers, and
80% afferent ascending fibers [31]. The vagus nerve, below the diaphragm, forms anastomoses
with the sympathetic ganglia [24]. The vagal nerve contains large myelinated type A and B
fibers, conducting efferent and visceral afferent information, and efferent preganglionic
sympathetic and parasympathetic information respectively; it also includes small size, nonmyelinated, visceral afferent fibers (type C), representing the largest part of the afferent
compartment C [32]. The efferent fibers mainly derived from the retroambiguus nucleus
(important for phrenic orders) and from the dorsal motor nucleus; the afferent fibers mainly
connect to the area postrema, the spinal trigeminal nucleus, and the NTS (located in the
medulla and receiving information on pain and emotions) [32]. The vagus nerve also plays an
important role in the immune response and nociception. The vagus nerve perceives the
inflammation and has the ability to regulate the response, influencing the hypothalamicpituitary-adrenal gland axis, modulating the autonomic system in controlling key immune
organs (spleen, adrenal glands and probably the bone marrow), and even directly through
colinergic myenteric neurons [24]. This mechanism is called “cholinergic anti-inflammatory
via”, acting through the inhibition of the production of pro-inflammatory cytokines, with a
strategy involving the alpha7nAChR (alpha7 nicotinic acetylcholine receptor subunit).
A reduction in vagal control could stimulate inflammation, increasing the production of
inflammatory cytokines [33]. It is worthy to mention that, in the population of patients with
IBS, there is a dysregulation in the vagal and sympathetic system and/or a reduction in vagal
tone [34]. This reduced vagal tone may be induced by mechanical stress caused by a dysfunction
of the diaphragm, resulting in a compression of the nerve (with an increase in endoneural
compartment pressure), which induces abnormal vagal function. In this scenario of reduced
vagal control, the baroreceptors are also involved, since they are influenced by the vagus nerve
and breathing. The low response of baroreceptors can increase the inflammatory response,
creating a vicious circle [35]. There is a close relationship between the vagus nerve and the
perception of pain. The afferents of the vagus nerve are usually able to inhibit the activity of
the second order nociceptive neurons in the spinal cord, in spinothalamic and spinoreticular
tracts and in the trigeminal nucleus [36].
Recent studies, however, highlight the vagus nerve’s ability to carry painful afferents to the
supraspinal centers, especially with regards visceral pain [18]. This also happens for a
retrograde transport of biochemical molecules through the nerve [8]. The vagus nerve also
collaborates in the formation and maintenance of central pain memory, also modulating
descendant inhibitory pathways connected to the nociceptive areas in the spinal cord [37]. No
precise information is currently available on these ascendant (probably involving NTS,
parabrachial nuclei, the periaqueductal grey area, hypothalamus, limbic area, magnum raphe,
locus coeruleus) and descendant mechanisms, but we can derive that vagal tone probably has
an important influence on pain perception [38]. We know that a compression of the vagus nerve
can alter its function and its transport ability, just like a dysfunction of a peripheral nerve,
mimicking an entrapment syndrome [39]. We can assume that abnormal tension of the
diaphragm in the region of the oesophagal hiatus could cause a compression of the vagus nerve,
reducing its antinociceptive and anti-inflammatory activity. The phrenic nerve originates from
the spinal cord (C3-C5) and descends along the deep fascial system of the neck, reaching the
mediastinum and lying on the pericardial fascia; then it crosses the diaphragm [8]. In the subdiaphragmatic region, the phrenic nerve forms anastomoses with the celiac ganglion and the
superior mesenteric ganglion and constitutes small phrenic ganglia, to finally reach the adrenal
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gland [24]. These connections with the sympathetic system influence the phrenic nerve with
retrograde impulses from the sympathetic plexus and viscerosomatic communications. These
connections are very complex and still partly unknown. The celiac and superior mesenteric
ganglion are involved in the cholinergic anti-inflammatory action of the vagus nerve (to the
spleen), emphasizing a parasympathetic and sympathetic action [40]. When the diaphragm
muscle does not contract properly, it becomes stiff. We can assume that this could create a
compression syndrome also on the phrenic nerve, altering the connections between the
sympathetic and the parasympathetic system and the adrenal gland, and adversely affecting the
perception of pain, the inflammatory status, and the emotional state. Based on what was
previously described, this could contribute to an altered bowel function. The splanchnic nerves
cross the diaphragm through small muscular spaces [8]. The sympathetic system, when
activated, is able to amplify the pain and modulate the pain memory [41]. Previous studies
demonstrated that the presence of vertebral osteophytes may alter the morphology of the
sympathetic nerves and their function [42-43]. We can assume that if the sympathetic nerves
are compressed at the level of their passage through the diaphragm, their function and
morphology can change, negatively influencing the innervated tissues, including the colon.

Conclusions
Irritable bowel syndrome (IBS) is the most commonly diagnosed gastrointestinal disorder. The
patient complains of abdominal pain or discomfort and altered bowel habits in the absence of
other conditions that may cause the syndrome. Patients undergo various comorbidities and a
concomitant dysfunction of the diaphragm muscle. The comorbidities addressed in the article
are chronic low back pain, chronic pelvic pain, chronic headache, and temporomandibular joint
dysfunction, vagus nerve inflammation, and depression and anxiety; we can still find other comorbidities, like abnormalities in upper airways and gastroesophageal reflux. Considering the
neurological, fascial, and anatomical diaphragmatic connections with the lumbar area, the
cervical and mandibular area, as well as its influence on the emotional sphere and on the
perception of pain, we can conclude that there is a strong relationship between these comorbidities and patients with IBS. Currently, there is no data on the pre-IBS functional status
of the diaphragm muscle of these patients, as well as on their vagal and sympathetic functions.
At the same time, there are no data on the potential impact of therapeutic approaches for IBS
including diaphragmatic training; in the current context, we cannot quantify the influence of
breathing on IBS and related pathologies. Further studies focused on the relation between
breathing and IBS are needed in order to evaluate if this correlation could change therapeutic
approaches to IBS.
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a b s t r a c t
Viscero-somatic referral and sensitization has been well documented clinically and widely investigated,
whereas viscero-visceral referral and sensitization (termed cross-organ sensitization) has only recently
received attention as important to visceral disease states. Because second order neurons in the CNS have
been extensively shown to receive convergent input from different visceral organs, it has been assumed that
cross-organ sensitization arises by the same convergence-projection mechanism as advanced for viscerosomatic referral and sensitization. However, increasing evidence also suggests participation of peripheral
mechanisms to explain referral and sensitization. We brieﬂy summarize behavioral, morphological and
physiological support of and focus on potential mechanisms underlying cross-organ sensitization.
© 2009 Elsevier B.V. All rights reserved.

1. Cross-organ sensitization
Around 600 BC, Sushruta, an Indian surgeon, described the Hritshoola,
which literally means heart pain (Dwivedi and Dwivedi, 2007; Dwivedi
and Chaturvedi, 2000). However, it was not until the late 19th century
that potential mechanisms underlying this well known symptom —
referred pain — were advanced as reﬂecting a “commotion” or “irritable
focus” in spinal segments receiving input from an organ (Ross, 1888;
Sturge, 1888). These concepts were later expanded and formulated as the
“convergence–projection” theory of referred visceral sensation (Ruch,
1965), convergence denoting input from both somatic and visceral
structures onto the same second order spinal neuron (see Ness and
Gebhart, 1990; Gebhart and Ness, 1991 for more extensive discussion).
Whereas viscero-somatic referral and sensitization has been well
documented clinically and widely investigated, viscero-visceral referral
and sensitization (termed cross-organ sensitization) has only recently
received attention as important to visceral disease states (e.g., see
Berkley, 2005; Foreman, 2007; Malykhina, 2007).
Because second order neurons in the CNS have been widely
documented to receive convergent input from different visceral
organs, it has been assumed that cross-organ sensitization arises by
a similar convergence–projection mechanism as advanced for viscero-
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somatic referral and sensitization. However, there is also a long history
associated with consideration of peripheral mechanisms to explain
referral and sensitization. We brieﬂy summarize behavioral, morphological and physiological support of and discuss potential mechanisms
underlying cross-organ sensitization.
2. Clinical and experimental evidence of cross-organ sensitization
Based on clinical (Table 1) and experimental (Table 2) studies of crossorgan sensitization, the organs affected can be grouped into: 1) thoracoupper abdominal (esophagus, heart, lower airways, stomach, duodenum
and gallbladder) and 2) pelvic-lower abdominal (colon, rectum, ureter,
urinary bladder, pelvic urethra, uterus and prostate). The grouping is not
arbitrary. Cross-sensitization typically occurs between organs within
either thoraco-upper abdominal or pelvic-lower abdominal areas.
However, organ cross-talk/modulation between thoraco-upper abdominal and pelvic-lower abdominal areas has also been reported (see
Dmitrieva et al., 2001; Morrison et al., 2006; Qin et al., 2003, 2007e).
2.1. Thoraco-upper abdominal cross-organ sensitization
2.1.1. Heart/esophagus/lower airways/stomach/gallbladder
Pain referred to the skin and muscle of the thorax and left arm
during myocardial ischemia (angina) represents a landmark symptom
recognized not only clinically, but also by the general public. However,
the same symptoms and pattern of referral thought to be derived from
the heart are replicated from the pathologic esophagus (Heatley et al.,
2005). Growing evidence suggests that the heart is neuroanatomically
and functionally related with the esophagus. Thus, it was shown both
in cat (Garrison et al., 1992) and rat (Euchner-Wamser et al., 1993; Qin
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Table 1
Clinical observations of cross-organ sensitization.

Thoraco-upper
abdominal
cross-organ
sensitization

Pelvic-lower
abdominal
cross-organ
sensitization

Organs involved

References

Lower esophagus and upper
esophagus

Sarkar et al. (2000, 2001),
Frokjaer et al. (2005),
Sarkar et al. (2006)
Frokjaer et al. (2005)
Frokjaer et al. (2005)
Hobson et al. (2004)
Dimcevski et al. (2006)

Lower esophagus and duodenum
Lower esophagus and rectum
Duodenum and esophagus
Hypoalgesia of esophageal and
duodenal distension in painful
chronic pancreatitis patients
Colon and other viscera
Bladder and colon
Sigmoid colon and rectum

Reproductive organs and upper
urinary system

Whorwell et al. (1986)
Alagiri et al. (1997)
(Naliboff et al., 1997;
Lembo et al., 1997;
Munakata et al., 1997)
Giamberardino et al. (2001)
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tion of the heart. Likewise, airway irritants (e.g., ammonia, cigarette
smoke) have been shown to excite rat thoracic spinal neurons that
also respond to esophageal distension (Hummel et al., 1997) or
intrapericardial administration of bradykinin (Euchner-Wamser et al.,
1994; Qin et al., 2007d).
2.1.2. Esophagus/stomach/duodenum
Several studies in humans have recently shown that noxious
stimulation of the lower esophagus (LE) can sensitize the upper
esophagus (UE). Thus, acid infusion in the LE induces hyperalgesia in
the UE (Frokjaer et al., 2005; Sarkar et al., 2000, 2001, 2006).
Acidiﬁcation of the duodenum also induces esophageal hypersensitivity
in humans (Hobson et al., 2004), a process that may involve central
sensitization of spinal cord neurons receiving convergent input from
both organs. Supporting this idea, it has been shown in rat that T9–T10
spinal neurons receive both duodenal and gastric afferent input, and
respond to gastric distension in the noxious range (Qin et al., 2007a,b).
2.2. Pelvic-lower abdominal cross-organ sensitization

et al., 2004) that thoracic spinal neurons receiving somatic input also
receive convergent esophageal and cardiac input. Moreover, these
neurons appear to be sensitized by noxious stimulation of the two
related organs (Garrison et al., 1992; Qin et al., 2004).
Convergence has also been described between the heart and
stomach or gallbladder. Studies in cat (Ammons and Foreman, 1984),
monkey (Ammons et al., 1984) and rat (Qin et al., 2007c) have shown
that distension of the gallbladder (Ammons et al., 1984; Ammons and
Foreman, 1984) or stomach (Qin et al., 2007c) activates thoracic
spinothalamic tract neurons responsive to noxious chemical stimula-

Table 2
Experimental behavioral and physiological evidence of cross-organ sensitization.

Thoraco-upper
abdominal
cross-organ
sensitization

Pelvic-lower
abdominal
cross-organ
sensitization

Organs involved

Species

References

Esophagus and
heart

Male rat

Garrison et al. (1992),
Euchner-Wamser et al. (1993),
Qin et al. (2004)
Qin et al. (2007c)
Ammons and Foreman (1984),
Ammons et al. (1984)
Qin et al. (2007a,b)

Stomach and heart
Gallbladder and
heart
Stomach and
duodenum
Heart and lower
respiratory airways
Colon and bladder

Cat Male rat
Male rat

Qin et al. (2007d)
Cat

Male mouse
Male rat

Floyd et al. (1978, 1979),
Floyd et al. (1982)
Malykhina et al. (2004, 2006),
Qin et al. (2005), Noronha
et al. (2007)
Pezzone et al. (2005),
Ustinova et al. (2006, 2007)
Lamb et al. (2006)
Peng et al. (2009)

Female rat
Cat
Female rat
Male mouse
Female mouse
Male rat

Winnard et al. (2006)
Bouvier et al. (1990)
Pezzone et al. (2005)
Bielefeldt et al. (2006)
Rudick et al. (2007)
Qin et al. (2007e)

Female rat

(Dmitrieva et al., (2001),
Dmitrieva and Berkley (2002),
Winnard et al. (2006)
Qin et al. (2003)
Winnard et al. (2006)
Winnard et al. (2006),
Morrison et al. (2006)
Peng et al. (2008a,b)

Male rat

Female rat

Colon and pelvic
urethra
Colon and uterus
Bladder and colon

Lower respiratory
airways and colon
Bladder and uterus

Bladder and heart
Uterus and colon
Uterus and bladder
Uterus and pelvic
urethra
Uterus and vagina

Male rat
Female rat

Cason et al. (2003),
Berkley et al. (2007))

Cross-organ sensitization between the lower gut and pelvic
urinary or gynecologic organs has been shown to be a common and
troublesome clinical circumstance, leading to signiﬁcant problems in
diagnosing and treating the diseased organ (see Baranowski et al.,
2008; Berkley, 2005; Berkley et al., 2005, 2007; Malykhina, 2007;
Saini et al., 2008; Stanford et al., 2007; Theoharides et al., 2008; van de
Merwe et al., 2008; Warren et al., 2008). The organs that appear most
often involved in pelvic-lower abdominal cross-sensitization, both in
humans and animals, seem to be the colon/rectum, the urinary
bladder/pelvic urethra, the uterus and the prostate (see Tables 1
and 2). Interestingly, the urinary bladder may be more vulnerable to
cross-modulation than other pelvic organs and, conversely, inﬂammatory processes in the bladder appear less effective in inducing
cross-sensitization in colon or uterus (see below).
2.2.1. Colon/urinary bladder
In normal conditions, colon and bladder are functionally related.
Studies by Denny–Brown and Robertson (1933), showing that
micturition and defecation are normally alternated (Vilensky et al.,
2004), and by Kock and Pompeius (1963), who noted also that
motility of the bladder was inhibited by distension of the anal canal or
rectum and by stimulation of the perineal skin, suggested an
anatomical and functional relationship between the bowel and the
urinary bladder. Floyd et al. (1982) later showed in cats that colonic
distension results in graded inhibition of spontaneous bladder
contractility.
Importantly, studies in humans reveal that colon-bladder crosssensitization could also result in painful symptoms. For example,
patients with irritable bowel syndrome (IBS) often exhibit signs of
urinary bladder hypersensitivity: nocturia, frequency and urgency of
micturition, incomplete bladder emptying, back pain and, in women,
dyspareunia (Whorwell et al., 1986). More recently, studies where
acute (Pezzone et al., 2005) or chronic (Bielefeldt et al., 2006; Lamb
et al., 2006) colon irritation were induced in mouse (Pezzone et al.,
2005) and rat (Lamb et al., 2006; Peng et al., 2009) conﬁrmed ‘colonto-bladder’ sensitization, showing increased frequency of bladder
contractions, reduced inter-contraction intervals (Pezzone et al.,
2005), and altered micturition reﬂexes (Lamb et al., 2006). It is
noteworthy to indicate that these signs are usually indicators of
bladder/pelvic distress and pain, as their presence in humans often
correlates with pain (Theoharides et al., 2008).
2.2.2. Urinary bladder/colon
It has been suggested that ‘bladder-to-colon’ cross-modulation
may be less frequently observed than its counterpart (Winnard et al.,
2006). However, an epidemiological study reported that patients
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diagnosed with interstitial cystitis (IC) presented concomitant chronic
diseases, including IBS (Alagiri et al., 1997). Conversely, individuals
with IBS showed an increased association with IC when compared
with the general population. While these observations suggest the
occurrence of cross-organ sensitization between bladder and colon,
they do not address which organ/system is ﬁrst affected. Recent
studies in rat (Pezzone et al., 2005) and mouse (Bielefeldt et al., 2006)
conﬁrm ‘bladder-to-colon’ cross-sensitization, by showing that animals treated with cyclophosphamide, an antineoplastic drug that
induces bladder inﬂammation (see Korkmaz et al., 2007; Laird et al.,
2002), develop hypersensitivity to colon distension.
2.2.3. Uterus/prostate/ureter/urinary bladder and pelvic urethra/colon
Cross-organ modulation is a common observation in the ﬁelds of
gynecology and urology (see Alagiri et al., 1997; Berkley, 2005; Berkley
et al., 2005; Saini et al., 2008; Theoharides et al., 2008). Accordingly,
pain originating from different organs of the lower abdomen and
pelvis are often considered components of chronic pelvic pain
syndrome (CPPs).
Several studies in animals have conﬁrmed cross-organ modulation
among the lower urinary tract, colon and gynecologic structures
(Table 2). Thus, bladder inﬂammation in female rats results in the
reduction of uterine contractions (Dmitrieva et al., 2001). Moreover,
uterine inﬂammation induces plasma extravasation in the urinary
bladder and to a lesser extent also in the colon, in an estrous cycledependent manner, suggesting cross-organ inﬂammation (Winnard
et al., 2006). Furthermore, experimental endometriosis in female rats
not only induced bladder plasma extravasation, but also urinary
bladder hypersensitivity, reﬂected as a decrease in micturition
thresholds (Morrison et al., 2006).
Cross-organ sensitization has also been documented between the
uterus and the pelvic urethra, the ureter or the vagina (Table 2). The
pelvic urethra reﬂex, understood as the reﬂexive closure of the urethra
caused by bladder distension (see de Groat et al., 2001), and which has
been related to neurogenic urethra hyperactivity (Lin, 2003, 2004), is
sensitized by the instillation of capsaicin into the uterus of
anesthetized rats (Peng et al., 2008a,b). Moreover, studies in women
(Giamberardino et al., 2001) and rat (Giamberardino et al., 2002)
suggested that both existing (dysmenorrhea) and latent (pelvic
congestion at ovulation/menstruation; asymptomatic endometriosis,
ovarian cysts) conditions of female reproductive organs enhance
referred pain due to ureteral calculosis. And, in a rat model of
endometriosis, Berkley et al. (2007) and Cason et al. (2003) showed
that abnormal endometrial tissue growths directly inﬂuence development of vaginal hypersensitivity and that the resulting pain is
exacerbated by estrogens (Berkley et al., 2007).
In men there is potential for cross-organ sensitization between the
prostate and other pelvic organs (Pontari, 2008; Saini et al., 2008).
Lower urinary tract symptoms such as urgency and nocturia often
overlap with chronic pain in the perineum, testes or tip of the penis,
typical symptoms of chronic prostatitis (Pontari, 2008; Saini et al.,
2008).
3. Potential mechanisms of cross-organ sensitization
3.1. The ‘central’ theory
As brieﬂy introduced above, the earliest theories on referred pain
date to the late 19th century and work by MacKenzie, Sturge and Ross
(see Gebhart and Ness, 1991; Ness and Gebhart, 1990). In various
forms, these authors inferred from their clinical observations that
increased tenderness to palpation of overlying structures, or hypersensitivity of skin in the area of referred sensation (e.g., left shoulder),
arose from changes in the excitability of spinal neurons (the
conceptual antecedent to ‘central sensitization’). These concepts
were later assimilated by Ruch (1965) into a proposal that visceral

afferent input onto spinal neurons converged with afferent input from
somatic structures (subsequently projected to supraspinal sites),
providing a central, spinal explanation for referred viscero-somatic
and viscero-visceral hypersensitivity. That is, organ disease or
experimental inﬂammation increases the excitability of spinal
neurons which is reﬂected as increased responses to stimuli applied
in tissues providing convergent input onto the same spinal neuron. It
has since been widely documented that second order spinal neurons
receive visceral afferent as well as somatic afferent input, if not also
convergent input from another organ(s) in the same body area (e.g.,
see Table 2 for references), suggesting a central basis for cross-organ
sensitization (Fig. 1).
In addition to a spinal segmental contribution, convergence of
viscero-somatic and viscero-visceral input has been documented in
brainstem and thalamus. Regarding viscero-visceral convergence,
morphological studies in Barrington's nucleus (the pontine micturition centre) demonstrated the existence of neurons responding both
to bladder and colon distension (Hubscher et al., 2004; RouzadeDominguez et al., 2003a,b). In the rat thalamus, neurons responding
to electrical stimulation of the dorsal nerve of the penis and to colon
distension were identiﬁed in a number of nuclei (Hubscher and
Johnson, 2003). It is noteworthy that the general principle of
convergence from adjacent or nearby organs may not necessarily
apply in the thalamus, which receive visceral inputs from widely
separated organs (e.g., Apkarian et al., 1995).
Transection of visceral nerves also provides support for central
contributions to cross-organ sensitization. For example, transection of
the hypogastric nerve (a major source of afferent and efferent
innervation of the uterus (Berkley et al., 1993; Sato et al., 1996) in
female rats was found to reduce the plasma extravasation in the
urinary bladder induced by inﬂammation of the colon or uterus
(Winnard et al., 2006), as well as the inhibitory effects of urinary
bladder inﬂammation on uterine contractions (Dmitrieva et al., 2001).
Convergent afferent inputs from the duodenum and colon onto vagal
pre-ganglionic efferents innervating the stomach have also been
demonstrated in ferrets, and shown to inhibit gastric motility (Grundy
et al., 1981). Finally, it has been hypothesized that antidromically
produced dorsal root reﬂexes (Willis, 1999), generated in microcircuits between dorsal horn interneurons receiving inputs from an
inﬂamed organ and making synaptic contact with afferent inputs from
an uninﬂamed organ, could promote cross-sensitization (Berkley,
2005).
Glutamate and glutamate receptors, as well as capsaicin and its
receptor, TRPV1, have been associated with central mechanisms of
cross-organ sensitization. Instillation of capsaicin into the uterus of
female rats sensitizes evoked pelvic urethra reﬂex activity, with a
parallel increase in the content of phosphorylated NMDA subunit
NR2B receptor in spinal neurons (Peng et al., 2008b). Interestingly, the
urethral as well as spinal effects were attenuated by intrathecal
application of NMDA (Peng et al., 2008b) or TRPV1 (Peng et al., 2008b)
receptor antagonists. Similar and supporting results were obtained
when assessing the effects of mustard oil-induced colon inﬂammation
on the rat pelvic urethra reﬂex (Peng et al., 2009). However, since local
blockade of the TRPV1 receptor in the inﬂamed colon (Peng et al.,
2009) or uterus (Peng et al., 2008a) attenuated effects on the urethral
reﬂex, it could be hypothesized that peripheral mechanisms may also
have a role in cross-organ sensitization (see below).
Finally, recto- (Neuhuber et al., 1993) and colo-spinal (Suckow and
Caudle, 2008) afferent neurons have been reported in the rat, and
partly because they express neuropeptides and receptors associated
with nociception, it has been proposed that they participate in visceral
pain processing (see Suckow and Caudle, 2008). While the physiological signiﬁcance of these neurons remains to be conﬁrmed, one may
speculate that these neurons could transmit nociceptive information
from the distal gut to spinal neurons receiving convergent input from
other organs, thus contributing to central sensitization.
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Fig. 1. Hypothetical mechanisms of centrally mediated cross-organ sensitization. (A) The general model illustrates convergence of inputs from colon and bladder onto the same
second order spinal neuron. An insult to colon (represented by a lightning bolt) increases the excitability of the spinal neuron (central sensitization) such that ‘normal’ input from the
bladder is also ampliﬁed by the second order spinal neuron. (B) Alternatively, activation by input from the colon of an inhibitory spinal interneuron (ﬁlled circle) could lead to an
increase in primary afferent depolarization, generation of dorsal root reﬂexes (DRR; Willis, 1999) and neurogenic inﬂammation in the bladder.

3.2. The ‘peripheral’ theory
The principal peripheral mechanism advanced to explain referral
of visceral sensation and cross-tissue sensitization is based on socalled dichotomizing ﬁbers (i.e., sensory endings of a single neuron
innervating two different tissues), a concept most enthusiastically
supported by Sinclair et al. (1948). They and subsequent investigators
reported electrophysiological (Pierau et al., 1982; Sinclair et al., 1948)
and morphological evidence suggesting the presence of dichotomizing ﬁbers in the sacroiliac plexus nerves of pigeons (Taylor and Pierau,
1982) and rats (Taylor et al., 1983) (see Table 3). Subsequently,
dichotomizing neurons projecting into the thoracic (intercostal) and
visceral (splanchnic) nerves of rat were also described (Dawson et al.,
1992). Although the number of dichotomizing sensory neurons in
dorsal root ganglia (DRG) varies between animals and studies (from
0.1% to 21% of all traced neurons) (Dawson et al., 1992; Taylor et al.,
1983), their identiﬁcation suggested an anatomical and physiological
basis for the occurrence of referred pain.
Physiological evidence of dichotomizing primary afferents
between the colon, the anus and the lower urinary tract was also
reported (Bahns et al., 1986) (see Table 3 and Fig. 2). Later,
morphological studies in rat (Chaban et al., 2007; Chen et al., 2005;
Christianson et al., 2007; Keast and de Groat, 1992; Malykhina et al.,
2006), mouse (Christianson et al., 2007) and cat (de Groat et al., 1987)
using two different retrogradely transported dyes injected in different
organs revealed the presence of dichotomizing afferents between
colon and the urogenital and sexual organs (Table 3). In contrast, it
seems that autonomic neurons present in the rat major pelvic
ganglion do not dichotomize, as shown by the absence of doubly
labeled, colon/bladder neurons (Rouzade-Dominguez et al., 2003a).
Further characterization of dichotomizing primary afferent neurons
innervating the colon and uterus (Chaban et al., 2007) showed
expression of TRPV1 and the purinoceptor P2X3, both involved in
nociceptive mechanisms (see Brederson and Jarvis, 2008; Broad et al.,
2009). Also, up-regulation of CGRP was observed in rat bladder DRG
neurons after colon inﬂammation (Qiao and Grider, 2007).

Dichotomizing sensory neurons would naturally cross-sensitize. In
cultured lumbosacral bladder sensory neurons from rats with colitis,
signiﬁcant increases in the net inward current induced by capsaicin
and in the peak amplitude of tetrodotoxin-resistant (TTX-R) Na+
currents were shown (Malykhina et al., 2004). In a subsequent study,
acute colitis in male rats was shown to decrease the voltage and

Table 3
Anatomical demonstration of dichotomizing primary afferent neurons.

Non-visceral
dichotomizing
nerves

Organs involved

Species

References

Dichotomizing neurons
in the leg

Pigeon

Taylor and
Pierau (1982)
Taylor et al.
(1983)
Dawson et al.
(1992)

Male rat

Thoraco-upper
Dichotomizing neurons
abdominal nerves projecting to the intercostal
(somatic) and splanchnic
(visceral) nerves
Pelvic-lower
abdominal
dichotomizing
nerves
Colon/bladder
Convergent colon and
bladder DRG neurons

Male rat

Male rat

Male rat
and
mouse
Male rat

Uterus/Colon

Up-regulation of CGRP and
TrkB in rat bladder afferent
neurons after TNBS
Convergent colon and uterus
Female rat
DRG neurons
TRPV1 and P2X3 expression
of dually projecting colon
and uterus DRG neurons
Up-regulation of molecules
in convergent colon and uterus
DRG neurons

Keast and de
Groat (1992),
Malykhina et al.
(2006)
Christianson et al.
(2007)
Qiao and Grider
(2007)
Chaban et al.
(2007)
Chaban et al.
(2007)
Li et al. (2008)
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Fig. 2. Hypothetical mechanisms of peripherally mediated cross-organ sensitization — the dichotomizing primary afferent neuron. The general model illustrates innervation of the
colon and bladder by a single sensory neuron. The inset shows DRG neurons that innervate the colon (green; arrowheads), the bladder (red; double arrowheads) and both the colon
and bladder, as evidenced by the colocalization of both green and red signals (yellow; arrows) in the merged channel. See Christianson et al. (2007) for details. Images (unpublished)
were provided courtesy of Drs. Julie C. Christianson and Brian M. Davis, University of Pittsburgh. Scale bar: 20 µm.

current thresholds for action potential ﬁring in dichotomizing
capsaicin-sensitive lumbosacral DRG neurons, from 3 to 30 days
after the onset of colitis (Malykhina et al., 2006).
These changes in bladder or colon sensory neurons could also result
in alterations in the sensitivity of their nerve terminals in the target
organ. For example, in vitro single ﬁber recordings of pelvic nerve
bladder afferents from rats with acute (Ustinova et al., 2006) or chronic
(Ustinova et al., 2007) colon irritation revealed sensitization of bladder
afferents to both mechanical (innocuous and noxious bladder distension) and chemical (capsaicin, bradykinin and SP) stimuli (Ustinova et
al., 2006). These effects were abolished by afferent dennervation of the
bladder (Ustinova et al., 2006) and by systemic capsaicin pretreatment
(Ustinova et al., 2007), suggesting a role for TRPV1-expressing bladder
sensory neurons in the generation of cross-organ sensitization.
Early reports on the existence of dichotomizing visceral sensory
neurons were generally discounted on technical grounds, but recent
studies using improved tracers and experimental strategies have
reinforced the presence of dichotomizing sensory neurons innervating different organs and stimulated additional studies. One caution
when considering dichotomizing sensory neurons as principal
players in the generation and maintenance of cross-organ sensitization is their low percentage relative to the proportion of all visceral
sensory neurons. Of all labeled colon and bladder sensory neurons,
only 5–27% dichotomizing neurons were found in rat (Christianson
et al., 2007; Malykhina, 2007; Qiao and Grider, 2007) and ~21% in
mouse (Christianson et al., 2007). Likewise, a relatively small
proportion (~3–15%) of uterus and colon dichotomizing neurons
were detected in rat (Chaban et al., 2007; Li et al., 2008). The
percentage of visceral sensory neurons in a given DRG is not well
established. However, considering that L6/S1 DRGs from young rats
contain ~16000 neurons (Mohammed and Santer, 2001), and that

~600 project to the bladder and/or colon (Christianson et al., 2007),
only ~4% of the total number of L6/S1 DRG neurons project to these
organs. Accordingly, the proportion of dichotomizing visceral
neurons is small and their role in cross-organ sensitization remains
to be conﬁrmed as functionally signiﬁcant.
There exist other peripheral mechanisms, discussed below, that
may potentially contribute to cross-tissue/organ sensitization.
3.2.1. Alterations in afferent processing of DRG neurons and their
projections
Sensory neurons innervating different organs could be cross-sensitized
in a number of additional ways that do not require dichotomizing ﬁbers
(Fig. 3). Cross excitation could occur at the level of the sensory neuron in
the DRG. Studies in cultured DRG neurons innervating the hindpaw
showed that A- and C-neurons (i.e., neurons with myelinated and
unmyelinated axons, respectively; see Lawson, 2002) are electrically
coupled (Amir et al., 2002, 2005; Amir and Devor, 2000). Interestingly,
electrical excitability of neuron somata seems not to be required for
through conduction of afferent input from the periphery to the spinal cord
(Amir and Devor, 2003). If not electrical, then chemical coupling could
play a role (Amir and Devor, 1996; Mantyh et al., 1994). Intraganglionic
release of substance P (SP) (Harding et al., 1999; Huang and Neher, 1996;
Neubert et al., 2000) and of calcitonin gene-related peptide (CGRP)
(Eberhardt et al., 2008; Ulrich-Lai et al., 2001) has been shown in
trigeminal (Eberhardt et al., 2008; Neubert et al., 2000; Ulrich-Lai et al.,
2001) and dorsal root ganglia (Eberhardt et al., 2008; Harding et al., 1999;
Huang and Neher, 1996) of rats. SP (e.g., (Mantyh, 2002)) as well as CGRP
(e.g. Hill and Oliver, 2007) are nociceptive modulators/transmitters and
provided that 1] their receptors are present and functional in DRG neurons
and/or their axons and 2] they are in close anatomical proximity
(including with satellite glial cells), electrical and/or chemical coupling
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Fig. 3. Hypothetical mechanisms of peripherally mediated cross-organ sensitization — intraganglionic (A) and interaxonal coupling (B). (A) Intraganglionic release of neuropeptides
and excitatory neurotransmitters such as glutamate may participate in the interaction between spatially close colon (green) and bladder (red) DRG neurons (a). This mechanism
obviously requires expression of functionally active neurotransmitter receptors. Alternatively, electrical coupling (b) could have a role in cross-organ sensitization between DRG
neurons. (B) Chemical (a) as well as electrical (b) coupling between injured and healthy primary afferent ﬁbers have been described in nerves supplying skin and muscle. A similar
mechanism could also be present in visceral nerves, thus allowing for cross-sensitization within nerve bundles. Images (unpublished) depicting colon (green) and bladder (red) DRG
neurons (A) or biotinamide-traced pelvic nerve axons (B), were provided courtesy of Drs. Julie C. Christianson and Brian M. Davis, University of Pittsburgh and Pablo R. Brumovsky,
respectively. Scale bars: 20 µm (A); 10 µm (B).

(for review, see Brumovsky et al., 2007) could contribute to cross-talk
between neighboring DRG neurons innervating different visceral organs.
Extensive studies on rats with spinal nerve ligation suggest that
the Wallerian degeneration and subsequent inﬂammation of injured
axons leads to the sensitization of uninjured neighboring axons
(Campbell and Meyer, 2006; Meyer and Ringkamp, 2008). Alternatively, bladder and colon afferents in the pelvic nerve, for example,
could be cross-sensitized through local, axonal release of excitatory
neurotransmitters (Amir and Devor, 1992; Hoffmann et al., 2008)
(Fig. 3). Thus, noxious heat and chemical stimulation were shown to
induce axonal release of CGRP from sciatic nerve ﬁbers in rat (Sauer
et al., 2001) and mouse (Bernardini et al., 2004), probably through
vesicular exocytosis (Bernardini et al., 2004). Moreover, this effect was
dependent on the activation of TRPV1 receptors (see Fischer and Reeh,
2007; Lefﬂer et al., 2008). These observations are neurophysiologically
signiﬁcant. Heat stimulation of unmyelinated peripheral nerve axons
in mouse produces responses similar to those when the stimulus is
applied to the receptive ﬁeld (Hoffmann et al., 2008). Accordingly, a
human psychophysical study revealed transduction of thermal energy
by the superﬁcial radial nerve, producing pain perceived in the
corresponding distant receptive ﬁeld (Hoffmann et al., 2009).
3.2.2. Local/inﬂammatory changes
Histological examination of bladders from rats with chronic colitis
revealed an increase in bladder mast cell density and sensory ﬁber
sensitization compared with control (Ustinova et al., 2007). Acute
signs of inﬂammation such as plasma extravasation have also been
described in the bladder after colon or uterine inﬂammation, with
smaller changes in colon and uterine horn when the bladder was
inﬂamed (Winnard et al., 2006). Moreover, rats with experimental
endometriosis show increased urinary bladder plasma extravasation

and decreased micturition thresholds (Morrison et al., 2006).
Interestingly, some of these changes were dependent on the oestrus
cycle of the rat, suggesting participation of gonadal hormones in
cross-organ sensitization (Winnard et al., 2006).
Studies by Foreman and colleagues, supporting the role of central
sensitization as the main player in cross-organ sensitization between the
colon and bladder, showed no detectable histological changes in the
bladder wall of rats with chronic colitis (Malykhina et al., 2004; Qin et al.,
2005). However, acute (but not chronic) colitis in rats was shown to alter
the contractility of the detrusor muscle in response to electrical ﬁeld
stimulation, cholinergic agonism with carbachol or exposure to potassium chloride, in the absence of morphological changes or inﬂammatory
inﬁltration of the bladder (Noronha et al., 2007). Thus, while differences
in the outcome of several studies may relate to different methodological
approaches, the absence of histological changes in a cross-sensitized
organ does not imply lack of functional alterations.
An alternative approach to assess possible local changes during
cross-organ sensitization is altered response to drugs. For example,
cannabinoids dose-dependently increase uterine contractions, an
effect that is reduced in the presence of bladder inﬂammation
(Dmitrieva and Berkley, 2002), suggesting alterations in the expression of uterine cannabinoid receptors. Therefore, cross-organ sensitization could arise not only from organ inﬂammation or alterations in
the sensitivity of afferent terminals or sensory neurons, but also in the
number/afﬁnity of tissue receptors and the ability to respond to drugs
and endogenous mediators in different pathological conditions.
3.2.3. Role for the autonomic nervous system (ANS)?
“The ANS is that system of neurons that controls visceral organs,
effectors in the skin, and the cardiovascular system” (Furness, 2006).
Earlier, Langley (1916) posited that the autonomic nerves, including
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the paravertebral and prevertebral ganglionic chains, coordinate the
activities of the organs and the sensations generated from them.
Prevertebral ganglia (e.g., inferior mesenteric and major pelvic
ganglia) typically consist of a mixture of cell bodies of sympathetic
and parasympathetic postganglionic neurons, receiving both sympathetic and parasympathetic input (Furness, 2006). Interestingly,
peptidergic varicosities are very abundant in autonomic ganglia
from different species (see de Groat, 1987), possibly derived from
passing afferent ﬁbers projecting towards their corresponding target
organ (see Houdeau et al., 2002; Kaleczyc et al., 2003).
Autonomic ganglia could thus also contribute to cross-organ
sensitization (Fig. 4). As illustrated, axon collaterals in an autonomic
ganglion from afferents innervating a pathologic organ could excite
ganglionic secretory and motor neurons innervating a different, nondiseased organ. In fact, several neuropeptides have been shown to
exert facilitatory or inhibitory effects on cells in autonomic ganglia
(e.g., Cohen et al., 1996; de Groat, 1987). Moreover, activation of
postganglionic parasympathetic efferents by electrical stimulation of
the sphenopalatine ganglion elicits extravasation in the ipsilateral
dura (Asztely et al., 1998; Delepine and Aubineau, 1997). Thus, a
primary afferent driven ‘cross-organ neurogenic inﬂammation’ could
arise, resulting in events such as plasma extravasation and inﬂammation in a non-diseased organ.
One more potential peripheral mechanism of cross-organ sensitization should be considered: the intestinofugal afferent neuron (see
Szurszewski et al., 2002). This unique myenteric ganglion neuron
relays mechanosensory information to sympathetic prevertebral
neurons, and their activation by colon distension induces acetylcholine release in the ganglion and subsequent excitatory postsynaptic
potentials of ganglionic neurons (see Szurszewski et al., 2002).
Taken together, the important anatomical and functional relationship between sensory and autonomic neurons/ﬁbers present

in prevertebral ganglia, innervating both healthy and pathologic
organs, offers an additional means of contributing to cross-organ
sensitization.
3.3. An integration of concepts
We have presented different views on how cross-organ sensitization could arise and be maintained. Most studies have emphasized
either central or peripheral mechanisms, but it has long been
appreciated (e.g., Sinclair et al., 1948) that neither central nor
peripheral mechanisms alone are capable of fully explaining crossorgan sensitization. Clinical observation reveals that both peripheral
and central mechanisms are involved in the generation and
maintenance of cross-organ sensitization, and that they possibly
intervene in an orchestrated manner. Recently, it was indicated that
“the greater abundance of convergent neurons in the spinal cord likely
indicates a central ampliﬁcation process in cross-organ sensitization”
(Qin et al., 2005). This ampliﬁcation process could also be understood
in a much broader sense, involving a number of ampliﬁcation steps
contributing to cross-organ sensitization. Thus, taking an inﬂammatory process in any given organ as an example for initiation of crossorgan sensitization, one could hypothesize that the following series of
events would take place (Fig. 2):
• Organ insult/inﬂammation
• Peripheral excitation/sensitization
• Central sensitization.
Details contributing to the above events could include: 1) an
inﬂammatory process in an organ increases the excitability of
dichotomizing and non-dichotomizing sensory neurons that innervate the organ and leads to cross-inﬂammation of a nearby organ;
2) the production of inﬂammatory mediators AND/OR electrical and/

Fig. 4. Hypothetical mechanisms of autonomic/afferent interactions leading to cross-organ neurogenic inﬂammation. In this scenario, the sensitization of afferent ﬁbers due to organ
insult would not only result in the transmission of information to the central nervous system, but also in the activation of autonomic neurons in prevertebral ganglia. For example,
axon collaterals of sensitized bladder primary afferent ﬁbers would synapse onto postganglionic neurons in the major pelvic ganglion (MPG) that innervate the colon. These
autonomic neurons, by release of various neurotransmitters, may in turn contribute to changes in secretory and motor function as well as generation of neurogenic inﬂammation in
the colon. Abbreviations: IMG: inferior mesenteric ganglion; MPG: major pelvic ganglion; PN: pelvic nerve.
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or neurochemical coupling between axons and cell bodies of sensory
neurons increase the excitability of afferent ﬁbers innervating the
non-diseased organ; 3) the affected sensory neuron cell bodies
increase their expression of receptors/ion channels and axonal
transport of excitatory neurotransmitters, including neuropeptides,
which in turn are released in the affected organs to further promote
inﬂammation and sensitization of receptive endings in the organs;
and 4) augmented release of excitatory neurotransmitters in the
dorsal horn onto second order neurons that receive convergent input
from more than one organ and also from somatic structures. These
central neurons would complete the process of ‘ampliﬁcation’ by
transmitting information to higher levels of the nervous system. The
ampliﬁcation process could also be aided by alterations in spinal or
supraspinal glial-neuronal relations. Peripheral inﬂammation activates microglia in the spinal cord that release proinﬂammatory
cytokines (e.g., Milligan and Watkins, 2009) and can inﬂuence the
excitability of central neurons. In such a scenario, a broad activation of
glial cells in the dorsal horn could lead to the excitation of neurons
receiving diverse afferent input. It is appreciated that these ‘details’
exclude consideration of changes in descending modulatory inﬂuences in what is ultimately experienced, and instead focused
principally on peripheral events and the ﬁrst central synapse.
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Abstract
Background Bariatric surgery can effectively treat morbid obesity; however, micronutrient deficiencies are common despite
recommendations for high-dose supplements. Genetic predisposition to deficiencies underscores necessary identification of highrisk candidates. Personalized nutrition (PN) can be a tool to manage these deficiencies.
Methods Medline, PubMed, and Google Scholar were searched. Articles involving genetic testing, micronutrient metabolism,
and bariatric surgery were included.
Results Studies show associations between genetic variants and micronutrient metabolism. Research demonstrates genetic
testing to be a predictor for outcomes among obesity and bariatric surgery populations. There is limited research in bariatric
surgery and micronutrient genetic variants.
Conclusion Genotype-based PN is becoming feasible to provide an effective treatment of micronutrient deficiencies associated
with bariatric surgery. The role of genomic technology in micronutrient recommendations needs further investigation.
Keywords Obesity . Gene . Polymorphism . Gene expression . Nutrients . Supplementation . Deficiency

Background
The prevalence of obesity is consistent with more than one third
of adults having the disease of obesity [1]. Obesity is the focus
for many public health efforts in the USA with one treatment
option being bariatric surgery [1, 2]. Achieving weight loss is a
benefit from bariatric surgery; however, micronutrient deficiencies can occur [2]. Micronutrient deficiencies are associated
with serious consequences due to the negative effects on metabolic and cellular signaling pathways. Possible causes of micronutrient deficiencies after bariatric surgery are decreased
food intake, food intolerance, reduced gastric secretions, bypass
of intestinal surface area for absorption, as well as failure to
comply with recommended vitamin regimens [3, 4]. Multiple
case series have reported postoperative, malabsorptive procedures to increase prevalence of iron deficiency to 20–49%,
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calcium and vitamin D deficiency 25–50%, vitamin B12 deficiency about 33%, and folate deficiency as high as 45% [3]. For
malabsorptive procedures, patients are recommended to take at
least double the recommended daily dose of a multivitamin
plus mineral supplement and additional 1200–2400 mg calcium, 3000 IU vitamin D to reach levels > 30 ng/mL, and vitamin
B12 as needed for normal levels [5]. In a cohort of adults who
underwent bariatric surgery, 73% of the patients had at least
one nutritional deficiency 5 years later even though they reported taking a dietary supplement [6]. However, there are some
patients, up to 47%, that may be non-responders to supplements
even with compliance rates of about 86–93% [7]. Indeed, individuals respond differently to dietary interventions. Genetic
variation among individuals could be the root cause for varying
responses to the same regimen and explains why some individuals respond better to a certain regimen than others in the same
environmental conditions [8].

Introduction
Genetic testing can be a critical tool for health and medical
diagnosis, treatment, and prevention. Predictive testing may
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be among the most useful tests regarding medical nutrition
therapy (MNT). Genetics along with environment and behavior are the key to providing the best assessment, intervention,
and tailored changes for an individual [9]. MNT should follow
an appropriate paradigm that encompasses prediction (early
diagnosis), prevention (intervention on healthy persons), and
a tailored therapy for patients [9]. Identifying ways for early
intervention may help develop strategies for preventing poor
nutritional status and maximizing surgery-induced metabolic
benefits later.
Sequencing of the human genome and identifying genenutrient interactions are the underlying concept of PN [10].
Nutrigenomics is the study of the effect of specific nutrients on gene expression [10], while nutrigenetics refers to
the study of genetic variations of an individual that can
provide some prediction to help prevent as well as contribute to personalized dietary management [11]. Both
nutrigenomics and nutrigenetics may be a strategy to improve understanding of the gene-diet interaction and deliver individualized MNT to prevent chronic nutrition-related
diseases [(10], [11)]. The usefulness and validity of this
type of PN are in their infancy, although some studies have
shown that individuals find dietary recommendations
based on genetics more beneficial than general dietary advice [12]. A survey conducted by the publisher Nature
showed that 27% of respondents who had their genomes
analyzed changed their diet, lifestyle, or medication based
on their genetic information [13]. However, another study
reported that genetic testing led to no short-term changes in
specific dietary or exercise behaviors [14]. Thus, increased
understanding and awareness of these tests is required to
effectively use them among public and healthcare providers [12].
Since many micronutrients control energy metabolism,
their deficiencies can result in an array of symptoms, ranging
from anemia to neurological dysfunction [15, 16].
Additionally, subclinical micronutrient deficiency can lead
to increased risks for coronary artery disease, infections,
age-related macular degeneration, and oxidative damage [17,
18]. Therefore, measuring nutritional status in the context of
pathophysiology is critical, but this is a major challenge because it is influenced by a number of factors including dietary
consumption, physical/social stressors, and infections [19].
Furthermore, the impact of nutrition could vary among individuals and specific population subgroups based on their molecular and genetic make-up [19]. Studying this complex
nutrient-gene relationship to understand the metabolic networks in context of health and disease should be a focus. It
can provide information on potential biomarkers of nutritional
status, disease progression, and response to interventions. This
literature review aims to summarize data from studies of genes
involved in micronutrient metabolism. Identifying these
nutrient-gene pathways and their variants can help predict
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those at risk for deficiencies. This may recognize the need
for increasing consumption of essential nutrients to intervene
prior to bariatric surgery and develop strategies to prevent
micronutrient deficiency postoperatively.

Methods
Due to the limited amount of literature published on micronutrient deficiencies, micronutrient genetic variants, and bariatric surgery, the authors conducted a narrative review. A comprehensive search of the literature from 1975 to 2020 was
conducted to identify articles examining the association between genetic variants of micronutrient metabolic pathways
and serum levels of micronutrients. Searches were conducted
in databases that contain research related to health and metabolic outcomes, including PubMed, Medline, and Google
Scholar. The search terms that were used included genetic
variants, micronutrient metabolism, treatment of genetic defects of micronutrients, precision nutrition, nutrigenomics,
and bariatric surgery. Additionally, review articles produced
through the database searches were examined for further articles that fit within the inclusion criteria and thus were included
in the results.

Inclusion/Exclusion Criteria
Criteria for inclusion in the review were [1] peer-reviewed
articles, [2] articles that included empirical data, [3] articles
published or available in English, [4] articles that included
people with low micronutrient levels, [5] articles that included
people that had micronutrient genetic variants, [6]
supplementation/treatment regimens for people with genetic
variants and low micronutrient levels, and [7] articles that
included genetic testing among obesity and bariatric surgery
populations and outcomes that were examined. Only two articles involving micronutrient genetic variants among bariatric
surgery patients were found. Due to this limitation, studies
involving non-surgical patients and micronutrient genetic variants were included. Other studies involving genetic testing
and bariatric surgery were included to demonstrate its potential as a tool for this patient population. There were also limitations on studies involving treatment and supplementation
according to genetic variants. Ideally, inclusion criteria would
comprise of studies with a high number of participants, a
control group, and that used similar measures and procedures
across studies for comparison; however, using the search
methods and criteria described above, 80 articles met the inclusion criteria. All the authors confirmed that the articles met
the inclusion criteria and were appropriate for the review. The
articles that met the inclusion criteria focused on micronutrient
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genetic variants and genetic testing in diverse populations
shifting to describe the findings.

Results
Of the 80 articles included, 2 were published between 1975
and 1990, 5 were published between 1991 and 2000, 25 were
published between 2001 and 2010, and 48 were published
between 2011 and 2020. Twenty-two of these studies took
place in the USA, and the rest were conducted in other countries. The articles were divided into four categories which are
used to organize the results: [1] micronutrient deficiencies
prevalent among bariatric surgery patients (19 articles), [2]
micronutrient genetic variants prevalence among different
populations (29 articles), [3] clinical trials involving supplementation for micronutrient genetic variants (26 articles), and
[4] genetic testing studies in persons with obesity and bariatric
surgery populations (6 articles).

Genetic Variants and Their Effect on Vitamin and
Mineral Pathways and Response to Supplementation
Genetic variations in specific genes among vitamin and mineral metabolic pathways are associated with altered nutrient
homeostasis and adverse health outcomes [19]. SNPs are the
most common type of genetic variations among people [20].
In the human genome, SNPs may occur at every 1000 nucleotides, which means that a person may have 4–5 million SNPs
[20]. SNPs are known to impact micronutrient status or chronic diseases related to micronutrient metabolism [19, 21–23].
The ability to identify a person having genetic variants involved in vitamin and mineral metabolism may reduce the
chance of developing micronutrient deficiencies that can lead
to various diseases [19]. GWAS have shown that several genetic variants associated with vitamin metabolism can affect
circulating vitamin levels, which could lead to abnormal vitamin function [24]. Most GWAS have been conducted among
healthy, Caucasian populations, which is a limitation in this
research [24]. Table 1 demonstrates recent studies that associate genetic variants and micronutrient metabolism.

Vitamin D
Vitamin D is essential for many functions of the body.
Deficiency of vitamin D is associated with many cancers,
autoimmune disorders, and cardiovascular disease as well as
significantly affects musculoskeletal function [39–41].
Obesity has been identified as a risk factor of vitamin D deficiency, and those seeking bariatric surgery for obesity treatment have an additional risk for low vitamin D levels post-op
[39]. One study showed that 57.4% of patients seeking bariatric surgery were vitamin D-deficient preoperatively [39]. In 51
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observational studies assessing vitamin D status in patients
undergoing bariatric surgery, the mean (25(OH)D) level was
less than 30 ng/ml (which is the minimum recommended level
for optimal long-term health), before and after bariatric surgery, despite various vitamin D supplementation regimens
[42]. Another review of 30 studies showed vitamin D deficiency prevalence to range from 13 to 90% preoperatively
which was maintained after surgery [43].
The heritability of vitamin D status is estimated to be 30%
and common variants group-specific component (GC) (also
known as vitamin D–binding protein); 7-dehydrocholesterol
reductase (DHCR7) and CYP2R1 (involved in 25-hydroxylase
production) are associated with fasting plasma 25(OH) D concentrations [25, 44, 45]. Nissen and colleagues have shown
that 7 prominent variants in CYP2R1 and GC genes were
significantly associated with low serum 25(OH) D concentrations [26]. People who have these common genetic variations
could be treated on a more individualized basis to correct
deficiencies that occur.
One randomized controlled trial looked at older Australians
randomly assigned to monthly doses of 30,000 IU or
60,000 IU vitamin D3 for 12 months and found that genetic
variability is associated with response to supplementation,
perhaps suggesting that some people might need a higher dose
to reach optimal 25(OH) D levels [46]. Another study investigated 41 candidate single nucleotide polymorphisms (SNPs)
in vitamin D and calcium pathway genes among healthy nonHispanic white participants and stated that the increase in
[25(OH)D] attributable to vitamin D3 supplementation may
vary according to common genetic differences in CYP2R1,
24-hydroxylase (CYP24A1), and vitamin D receptor (VDR)
genes [27]. There is evidence from three randomized controlled trials that indicate a strong association between genetic
polymorphisms and levels of serum 25(OH) D in response to
40,000 IU vitamin D/week given for 6 months [47]. However,
there is a wide variation in the response of blood 25(OH) D to
vitamin D supplementation that is associated with genetic variants in vitamin D metabolism [25].

Vitamin B12
Vitamin B12 is a coenzyme, cofactor, and essential component
in vitamin B complex. It is essential for cardiac health [48] and
cognitive function [49, 50]. Deficiency of vitamin B12 can lead
to deleterious consequences including macrocytic anemia, neuropsychiatric symptoms [51], cardiovascular diseases [52, 53],
and onset of different forms of cancer [54, 55]. The most common cause of vitamin B12 deficiency is loss of intrinsic factor
(IF) as absorption depends on it [56]. People who have bariatric
surgery, short gut syndrome, long-term vegetarian, or vegan
diets can potentially develop vitamin B12 deficiency [56].
While vitamin B12 level can be normal at baseline, it is often
found to be lower in individuals after bariatric surgery [57, 58].
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Relevance of genetic variants associated with micronutrient metabolism

Micronutrients

Genes identified
with micronutrients

Relevance in micronutrient status

Reference

Vitamin D

1. GC
2. CYP2R1
3. DHCR7
4. CYP24A
5. VDR

[25–28]

B12

1. FUT2
2. CUBN
3. TCN1
4. MTRR
5. TCN2
6. MTR
7. MMAA
8. MMACHC

Folic acid

1.MTHFR

Thiamine

1.SLC19A2
2. SLC19A3
3. SLC35F3

Iron

1.TMPRSS6
2.TFR2
3.TF
4. HFE

1. GC gene encodes Vitamin D Binding Protein (DBP) which is a glycosylated
alpha-globulin that transports vitamin D metabolites from gut and skin
to target end-organs.
2. CYP2R1 gene encodes 25-hydroxylase, which converts Vitamin D to 25(OH)D.
3. DHCR7 gene provides instructions for making 7-dehydrocholesterol reductase,
an enzyme involved in the final step of cholesterol production.
4. CYP24A gene provides instructions for making 24-hydroxylase, an enzyme
that controls the amount of active vitamin D in the body.
5. VDR gene provides instructions for making vitamin D receptor (VDR) protein,
which allows the body to respond appropriately to vitamin D
>A variation in these genes may impact body vitamin D levels.
1. FUT2 gene encodes for fucosyltransferase 2 gene and is involved in Vit B12
absorption and transport.
2. CUBN gene provides instructions for making cubilin protein which is involved
in the uptake of vitamin B12.
3. TCN1 gene encodes B12-binding protein family which facilitates the transport
of cobalamin into cells.
4. MTRR gene is responsible for maintaining adequate levels of activated vitamin
B12, which maintains methionine synthase enzyme in its active state.
5. TCN2 provides instructions for making transcobalamin.
6. MTR gene provides instructions for making methionine synthase enzyme which
needs B12 and is involved in the formation of the amino acid methionine
7. The protein encoded by MMAA gene is involved in the translocation of
cobalamin into the mitochondrion.
8. It is postulated that the protein encoded by MMACHC gene may have a role in
the binding and intracellular trafficking of cobalamin.
>SNP related to these genes can lead to insufficient B12 levels in the body.
1. MTHFR gene produces Methylenetetrahydrofolate reductase (MTHFR)
which is a vital enzyme for the folate pathway.
>SNP related to this gene may be an important marker to identify people at risk
for lower plasma folate concentrations, changes in folate form distribution,
and elevated plasma homocysteine concentrations.
SLC19A2, SLC19A3 and SLC35F3 genes code for thiamine transporter
protein which allow thiamine to move into the cells.
>Mutations in these gene can cause thiamine deficiency leading to thiamine
responsive megaloblastic anemia.
1. TMPRSS6 gene codes for the protein matriptase-2 which helps in regulation
of iron balance.
2. TFR2 gene codes for TFR2 protein which facilitates entry of iron into the cells.
3. TF gene codes for protein transferrin which is a transport protein for iron in the body.
4. HFE gene provides instruction for production of HFE protein which
determines iron absorption from diet and iron release from body stores.
>A variation in these genes together has an impact on the risk of insufficient iron
levels in the body.

Nutritional parameters were compared preoperatively and at
similar periods postoperatively among patients undergoing
malabsorptive procedures [59]. Vitamin B12 abnormalities prior to surgery ranged from 3.2–8.3% to 24–25% at 1 year postop [59]. In a study of gastric bypass surgery subjects, vitamin
B12 deficiency was observed in 33.3% at 2 years and in 27.2%
at 3 years postoperatively [60].
Genetic variants may impact the proteins involved in vitamin B12 absorption, cellular uptake, and intracellular metabolism [61–63]. Genetic influence for B12 levels is estimated to
be 59% in a study using monozygotic and dizygotic twins [64]

[28–31]

[28, 32–34]

[28, 35, 36]

[28, 37, 38]

and 27% in another study among Icelandic sibling pairs [65].
Variants of the transcobalamin 1 (TCN1) gene (vitamin B12
binding protein, transcobalamin I (TCI)) have been associated
with circulating B12 concentrations [29, 66]. Genetic variants
of fucosyltransferase 2 (FUT2 gene) that codes for an enzyme
in the vitamin B12 pathway are associated with B12 levels
[29]. Transcobalamin 2 (TCN2) gene is responsible for making a B12-binding protein called transcobolamin II (TC) that
carries B12 from the intestine to blood and liver. Although TC
represents approximately 10–20% of circulating B12, the
most common variant of this gene among Caucasian
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populations has been associated with B12 levels [29]. In a
study among Irish men, having this SNP and homozygous
CC genotype had lower vitamin B12 levels than those with
GG genotype [67]. This demonstrates that different genotypes
of transcobalamin impact the distribution of vitamin B12 and
shows an association between this genetic variant and B12
levels [67].
Vitamin B12 along with folate influences one-carbon metabolism. Cubulin (CUBN) is the intestinal (IF) and polymorphisms of this gene have been associated with chronic diseases in individuals with low B12 status [29]. A study involving a Canadian population found that many SNPs in genes
related to folate, B12, and homocysteine metabolism—
CUBN, TCN1, TCN2, methylenetetrahydrofolate reductase
(MTHFR), MUT (methylmalonyl coenzyme A mutase), and
FUT2—are possibly correlated with B vitamin-related diseases [30]. Genetic polymorphisms of MTHFR, MTR,
MTRR, MMAA (methylmalonic aciduria (cobalamin deficiency) cb1A type), MMACHC (methylmalonic aciduria
and homocystinuria, cblC type), and MUT have been analyzed. This research has failed to show an association between
MTHFR gene polymorphisms and B12 concentrations [29].
However, a study using a classic twin model found that common gene variants—MMAA, MMACHC, MTRR, and
MUT—were significantly associated with B12 levels and
could explain the variation in B12 levels, which might facilitate the prevention and treatment of B12 insufficiency/
deficiency in individuals at a higher risk of associated diseases
[68]. A cross sectional study looking at 56 SNPs of the B12
pathway among an older female population and found TCN2
to be significantly associated with elevated serum
methylmalonic acid (MMA) levels, a marker for available
B12 [69]. When using MMA levels as a marker for B12, it
is suggested that TCN2 gene variants may lead to decreased
vitamin B12 availability [69]. This review spotlights the complex nature of nutrigenomics and vitamin B12. Identifying
these gene variants among people having bariatric surgery
could contribute to a more personalized nutrition plan.

Folate
Folate plays a role in one-carbon metabolism, methylation and
DNA synthesis, and methionine regeneration [70–72]. Folate
deficiency is associated with elevated homocysteine, cardiovascular diseases, neural tube defects, cleft lip and palate, late
pregnancy complications, neurodegenerative and psychiatric
disorders [73–75]. Elevated homocysteine levels are a risk
marker for dementia, Alzheimer’s disease, bone fractures,
cancers, and cardiovascular diseases [76–78]. Many studies
show folate deficiency to be low due to food fortification in
America [39, 79–81]. Although preoperative deficiencies are
not alarming, prevalence of folate deficiency and elevated
homocysteine have shown to persist or worsen after bariatric
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surgery despite supplementation [82, 83]. The prevalence of
abnormalities 1 year after gastric bypass were higher compared to preoperative levels in 232 patients with elevated homocysteine as high as 29% and low RBC folate in 12% of 149
postoperative subjects [82]. Another study found similar results among patients undergoing bariatric surgery with 13%
having folate deficiency postoperatively [84].
Several studies have shown an association between SNPs
related to folate metabolism, folate deficiency, and elevated
homocysteine [70]. A common genetic variant in MTHFR is
known to influence blood folate and prevalent in 10% of the
population worldwide [85, 86]. Steluti and colleagues studied
polymorphism frequencies and differences in homocysteine
concentrations even in the presence of folic acid fortification
and found that homocysteine levels increased in those carrying genetic variants in folate metabolism, specifically in the
MTHFR gene [87]. The prevalence of variant MTHFR TT has
been found in 25% of Americans of Hispanic origin, 10–15%
among white Americans, and only 0–1% for African
Americans [77, 87–89]. A review examining the nutritional
deficiencies, bariatric surgery, and serum homocysteine levels
found that the mutations of the MTHFR gene can be one of the
reasons for persistent elevated serum homocysteine after surgery despite supplementation with B-group vitamins [76].
Knowing the presence of genetic variants of folate metabolism
would provide a critical personalized care to those that might
benefit from the methylated form of folic acid to prevent elevated homocysteine levels [76].

Thiamine
Thiamine is essential for glucose, amino acid, and energy
metabolisms [90–92]. Deficiency of thiamine can cause complications including cardiovascular and neurological diseases,
including Wernicke-Korsakoff syndrome [90, 93].
Preoperative thiamine deficiency is prevalent in about 29%
of patients undergoing bariatric surgery [57]. Studies have
found that preexisting thiamine deficiency can be present in
15.5% and as high as 47% of patients; however, race plays a
role showing Hispanic patients with the highest level of prevalence followed by African Americans (31%) and Caucasians
(7%) [57, 79, 94]. Similarly, a retrospective study showed
33.6% of patients having thiamine deficiency pre-operatively,
suggesting that people with obesity, especially those with
many weight loss attempts, may have different needs to maintain adequate thiamine levels [95].
Mutations in thiamine transporter genes, SLC19A2 and
SLC19A3, have been observed in cases of thiamine deficiency due to decreased absorption of thiamine that leads to neurological dysfunction [91]. SLC35F3 is another thiamine
transporter gene that plays a role in cardiac health and blood
pressure. Genetic variants have been associated with thiamine
deficiency as well as hypertension [35]. Prevalence of
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mutations in these genes is largely unaccounted for despite
recent advances in GWA studies. However, studies show that
thiamine deficiency and cardiac dysfunction associated with
these genetic variants are alleviated with thiamine supplementation [96–99]. Literature reviews have shown that treatment
for thiamine deficiency vary according to the genetic defect of
thiamine metabolism and that supplementation results in adequate thiamine levels and improved clinical outcomes [100,
101]. The best responses to thiamine therapy were associated
with early referral for genetic testing and early initiation of
thiamine treatment. This evidence demonstrates that early diagnosis of these mutations can be beneficial. It may also implicate the hereditability of thiamine deficiency and that therapeutic doses of thiamine vary according to the genetic defect.

Iron
Iron is essential for metabolic processes like oxygen transport,
deoxyribonucleic acid (DNA) synthesis, electron transport, as
well as cellular functions can affect one’s well-being [102]. In
individuals with obesity, the chronic inflammatory state related to obesity might be a possible risk factor for iron deficiency, which is also called the anemia of inflammation [57,
103–105]. Studies have shown that the prevalence of iron
deficiency in adults with obesity is remarkable, and a decrease
in serum iron and transferrin saturation levels is inversely
associated with an increase in body mass index [103,
106–108]. A study involving bariatric surgery candidates
showed 86.2% of females and 80% of males to be iron deficient prior to surgery [109]. A retrospective analysis of patients undergoing RYGB surgery showed that 43.9% were
iron-deficient pre-operatively, which may be associated with
higher complication rates as well as worsening of iron deficiency after surgery [57, 110, 111]. These findings reaffirm
the need to assess and possibly intervene to manage deficiency
in bariatric surgery candidates preoperatively.
Considering the results of several GWAS, there is strong
evidence of genetic regulation of iron metabolism, and mutations in transmembrane serine protease 6 (TMPRSS6) gene
that encodes for an enzyme that regulates hepcidin involved in
iron homeostasis, iron carrier transferrin (TF), and transferrin
receptor-2 (TFR2) genes have been associated with iron deficiency [112]. A GWAS concluded that identifying mutations
in the TMPRSS6 gene has broad applications in understanding clinical disorders of iron metabolism, and polymorphisms
in TMPRSS6 gene may contribute to iron deficiency anemia
(IDA) in individuals even in absence of other predisposing
factors for IDA [112]. Studies have shown a common
TMPRSS6 gene variant to be prevalent in 45% of the individuals without iron deficiency and clinically relevant inflammatory conditions [104] and 36.5–41.7% in a group of nonpregnant women [113]. TF and human hemochromatosis
(HFE) genes are involved in genetic regulation of
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maintenance of iron homeostasis [37]. Mutations in the HFE
gene can lead to hereditary hemochromatosis, an iron overload disorder [114]. These factors should be considered to
possibly affect iron absorption and thus response to treatment.
TMPRSS6 mutations have been associated with refractoriness to oral iron and studies confirm the role of TMPRSS6 in
predicting oral iron response [114, 115]. One study evaluated
subjects with persistent IDA to poorly respond to oral iron,
indicating that TMPRSS6 polymorphisms are more frequent
in subjects with persistent IDA [115]. Identifying mutations of
these iron-related genes can help with providing personalized
iron supplementation for a common deficiency post bariatric
surgery.

Association Between Genetic Defects and
Micronutrient Supplementation
The vitamin and mineral supplementation studies that focus
on treating genetic disorders are mainly case studies.
Supplementation studies for vitamin D-related genetic variants have been conducted in populations that are overweight
and have obesity. Limited data is available on micronutrient
supplementation according to genetic variants in bariatric surgery populations. Table 2 shows studies involving micronutrient supplementation according to genetic defect in diverse
populations.

Bariatric Surgery, Genetic Testing, and Gene
Expression Profiles
Genetic expression patterns can be a predictive tool for responsiveness to nutritional treatments. Some studies have indicated that surgery-induced weight loss was associated with
remodeling of the epigenome that helps regulate metabolic
gene expression [125, 126]. One study found that 1366 genes
were differentially expressed after bariatric surgery and subsequent weight loss, which are associated with gene transcription and energy metabolism [127]. Knowing the impact of
bariatric surgery on the vitamin/mineral metabolic pathways
can lead to successful prevention and treatment of micronutrient deficiencies. A study that specifically assessed the mRNA
of genes within B12 degradation pathway after gastric bypass
found that the intestine reprogrammed its genetic phenotype
to compensate for the changes in B12 metabolism. The authors also found decreased expression of TCN1 but an increased production of CUBN, which reflects adaptive genetic
reprogramming [128]. However, research on the role of vitamin metabolism genes and their adaptation after bariatric surgery is scarce. We do know that healthy individuals and people with obesity have different gene expression profiles and
bariatric surgery further modifies the epigenome [129, 130].
Genetic testing is a useful tool for applying personalized medicine in bariatric surgery patients as demonstrated by
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Supplementation trials according micronutrient defect

Reference Micronutrient Defective or Dosage and monitoring
mutated
gene

No. of patients

Summary

[116]

SLC19A2

75 mg thiamine/day

Case study of 1
female patient

Patients with this defect present with diabetes
mellitus, megaloblastic anemia, and
sensorineural deafness. Thiamine
supplementation improved blood glucose
and insulin requirements decreased.

[117]

SLC19A3

100 mg thiamine 2×/day along with
10 mg biotin 2×/day for 5 months

Case study of 1
female patient

This genetic defect causes ophthalmoplegia,
ataxia and confusion. Oral biotin and
thiamine improved the symptoms
dramatically the next day.

[100,
118]

TPK1

500 mg thiamine/day

[119]

Thiamine

Vitamin D

[27]

[120]

Folic acid
(FA)

[121]

2 patients with
Early thiamine supplementation prevented
homozygous
encephalopathic episodes and improved
TPK1mutationdevelopmental progression. Evidence
s
suggests that thiamine supplementation
may rescue TPK enzyme activity.
Carriers of GC mutation showed the lowest
GC
50,000 IU vitamin D3 per week for
234 participants
baseline 25(OH)D levels and lowest
8 weeks, followed by daily
with vitamin D
response to vitamin D supplementation.
maintenance of 1000 IU vitamin D3 for
deficiency
Mutations in GC gene can predict
4 months
response to vitamin D supplementation.
The increase in [25(OH)D] attributable to
Vitamin D3 (1000 IU/day) and/or calcium 1787 healthy
CYP2R1,
participants
vitamin D3 supplementation may vary
carbonate (1200 mg/day elemental
CYP24according to common genetic differences
calcium)
A1, VDR
in CYP2R1, CYP24A1, and VDR genes.
480 subjects with MTHFR mutation can affect homocysteine
MTHFR
Each treatment taken once daily for
mild or
concentration at baseline and post-FA
8 weeks.
moderate
treatment as well as can modify
1. Enalapril only (10 mg, control group)
essential
therapeutic responses to various dosages
2. Enalapril-FA tablet (10 mg enalapril
hypertension
of FA supplementation.
combined with 0.4 mg of FA)
3. Enalapril-FA tablet (10 mg enalapril
combined with 0.8 mg of FA)
The TT homozygotes tended to have low
MTHFR
3 random dietary interventions (4 months 126 healthy
subjects (42
plasma folate and high plasma
677C →
each):
TT, 42 CT, and
homocysteine levels. Folate intervention
T
1. Exclusion diet (avoidance of
42 CC
on plasma folate was observed across
genotype
FA–fortified foods)
genotypes)
genotypes. However, the TT homozygotes
2. Folate-rich diet (folate-rich foods to
required higher supplement intervention to
achieve 400 mcg folate/d)
achieve similar effects observed in other
3. Supplement (exclusion diet plus a folate
genotypes suggesting a need for
supplement of 400 mcg/day)
supplementation with at least 400–600
mcg/day for individuals with the TT
genotype.

[122]

Vitamin B12 MTHFR
One vitamin tablet consisting of 2 mg of
677C→T
folic acid, 25 mg vitamin B6, and
genotype
400 μg of vitamin B12 daily for
6 months

[123]

Iron

52 patients with
migraine with
aura.

HFE,
Iron supplementation with autrin capsules 181 pregnant
TMPRS(ferrous fumarate; 98.6 mg elemental
women with
S6, TF
iron) once a day for 20 weeks from the
anemia
time of diagnosis

Vitamin supplementation lowered
homocysteine and reduced migraine
disability in a subgroup of patients. In this
patient group the treatment effect on both
homocysteine levels and migraine
disability was associated with MTHFR
C677T genotype; carriers of the C allele
experienced a greater response compared
to TT genotypes concluding that TT
genotypes require a larger dosage of
vitamins to exhibit the same effect as C
alleles.
The HFE variant had a positive effect with
significant improvement in hemoglobin,
iron and ferritin. This shows an association
of genetic variants and iron absorption and
thus response to treatment. The TMPRSS6

OBES SURG (2020) 30:3570–3582

3577

Table 2 (continued)
Reference Micronutrient Defective or Dosage and monitoring
mutated
gene

No. of patients

Summary

mutation was significantly associated with
higher serum iron and hemoglobin. The
presence of variants in STEAP3,
TMPRSS6, SLC11A2, SLC40A1, HAMP
and TF genes indicate a probable genetic
association with iron status.
[124]

TMPRSS6

Case study of 1
Intravenous iron gluconate
female patient
(1.3 mg/kg/day) for 5 days as first
course and same dose was repeated after
5 months
Followed by different supplementation
therapy in which the patient received
liposomal oral iron at a dose of
10 mg/day for 3 months

Bandstein et al. that showed presurgery vitamin D levels may
impact the size of genotype effects of FTO rs9939609 on
weight loss among gastric bypass surgery patients [131].
Nutritional genomics may provide the path for precise nutrition recommendations to provide high-risk individuals with
personalized treatment and to prevent micronutrient
deficiencies.

Discussion
From the review, it is evident that the deficiencies of the studied micronutrients are influenced by genetic mutations.
Postbariatric surgery, patients frequently have these deficiencies and knowledge of these mutations may have bearing on
its management. Additional research is needed to establish
this association. This review confirmed the scarcity of research that has been conducted in the area of bariatric surgery
and micronutrient genetic variants, with only two articles being found in this search. This limitation should be considered
when interpreting the findings in this discussion. Furthermore,
the treatment regimen for those who have micronutrient genetic variants and undergoing bariatric surgery should be an
area of future research.
Personalized dietary and supplement advice derived
from genetic testing should be based on appropriately designed studies. Utility of data from GWAS in providing
dietary advice is limited because it is not known what diet
and supplement intakes are required to prevent and treat
the deficiencies that might be caused by micronutrient
genetic variants. Identifying how a genetic variant modifies the response to supplementation on the micronutrient
status and possibly identify responders and non-

A comprehensive assessment that includes
sequence analysis of TMPRSS6 can help
to confirm the genotype-phenotype
association of genes involved in iron
metabolism and may also be useful for
predicting the patient’s response to iron
treatment.

responders will be required to understand this population
and area of research. Genotype along with micronutrient
blood levels would be the initial step in applying PN
among bariatric surgery patients. Genetic marker is only
one factor that influences improvements related to micronutrient status [132].
Future work should focus on genotyping for multiple variants in the micronutrient metabolic pathways and their additive and interactive effects to get a complete understanding of
the influence of genetic factors on micronutrient metabolism.
Then, utilizing genomic technology to understand this influence on the responses to micronutrient supplementation is also
important. This would involve micronutrient status, genetic
variations, and genetic interactions within metabolic pathways
involving the micronutrient, its molecular targets, and environmental stressors [133].
Furthermore, studies should focus to understand the role of
the gut microbiome and its influence on metabolism and physiology. The human gut microbiota (which has its own genome) can modulate signaling pathways and regulate gene
expression [134]. Diet, lifestyle, medications, and environmental exposure can increase inflammation within the gut,
causing dysbiosis, which can contribute to chronic diseases
and other illnesses [135]. Interestingly, gut microbial contribution to vitamin metabolism has been recognized in wholegenome metagenomic studies, suggesting microbe-mediated
vitamin metabolism [136, 137]. Pre- and probiotics as well as
diet can alter the gut microbiome in a manner that improves
human health [138]. Investigating how the gut microbes can
positively influence vitamin metabolism is warranted.
Techniques used for genetic testing will determine the cost.
Methods being used in healthcare and research to identify
genetic variations are known as next-generation sequencing
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(NGS) [28]. Sequencing costs have rapidly decreased, which
has increased NGS applications in the clinical setting. There
are 3 NGS approaches used: targeted gene panels (TGP),
whole-exome sequencing (WES), and whole-genome sequencing (WGS) [139]. WGS implies the determination of
the sequence of the entire genome of an individual; WES is
a component of the genome; and TGP analyze specific mutations in a given set of genes or gene regions [140]. Per sample
costs of diagnostic NGS applications, that include the total
cost (in euros) of processing and analysis are estimated at
€333 (TGP), €792 (WES), and €1669 (WGS) [139].
Another study showed cost analysis for cancer diagnosis using
NGS. From the pre-analytical phase to delivery of results, cost
per patient for TGP ranged from €376 to €968 [141]. Costs for
NGS have declined and will continue to decline with innovations in genome-sequencing technologies and strategies [142].
In the area of bariatric surgery research, TGP could be utilized
with the specific genes involved in micronutrient metabolic
pathways, thus facilitating a more cost-effective and easy-tointerpret analysis.
Concerns and limitations involved in genetic testing include [1] the rapid growth of direct-to-consumer (DTC) genetic testing services with non-evidenced based testing, [2]
potential ethical dilemmas, and [3] applications to the broader
community [143]. Clinicians will be critical in providing genetic counseling regarding health decisions based on genomic
information [144]. Many issues must be addressed prior to
genetic testing such as informed consent, sample and data
storage, return of results, and privacy and confidentiality to
minimize these risks that can be introduced with such testing
[145]. As mentioned previously, the majority of GWAS are
conducted among Caucasian/European subjects. However, it
is difficult to extrapolate from these studies to other populations. Sex differences also must be considered to improve the
application of genetic tests to the broader community [143].
Addressing these areas and concerns are critical to implement
genome sequencing in clinical practice. This type of analysis
is likely to be cost-effective, especially in specific populations
such as patients with bariatric surgery.

Conclusion
PN is the delivery of dietary advice at an individual level and
future work should verify if this targeted nutrition can change
behaviors and have an impact on health outcomes. Dietitians
currently provide PN advice based on diet and phenotype;
however, genotype-based PN advice is not so readily available. One review, involving a variety of populations such as
patients with a history of weight loss failures, people with
obesity, as well as healthy men and women of various ages,
examined the evidence for genotype-based personalized information on motivating behavioral change, and factors which
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may affect the impact of genotype-based personalized advice
[146]. The researchers reported that PN advice resulted in
greater dietary changes compared with general healthy eating
advice [146]. Analyzing biochemical markers for vitamins/
minerals as well as defining a person’s “nutrigenomic profile”
for those undergoing bariatric surgery will open the door to
implement more personalized recommendations for micronutrient supplementation.
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Abstract
Background: Chronic abdominal pain is a common clinical problem. However, diagnosing chronic abdominal pain
often requires detailed diagnostic evaluations in addition to sufficient history taking and physical examination,
owing to its uncertain etiology.
Case presentation: We report a case of a 36-year-old man with chronic abdominal pain originating from
postoperative adhesions. Postoperative adhesions are common phenomena, and abdominal surgery can cause
severe abdominal pain, the source of which can be difficult to detect. Carnett’s test is useful to detect abdominal
wall tenderness and to determine the affected abdominal quadrant. Incorporating its use with a detailed
chronological clinical history contributes to the improvement of diagnostic accuracy. In addition to the abovementioned information, attention to subtle imaging findings may provide greater diagnostic accuracy.
Conclusions: Abdominal pain induced by postoperative adhesions was reduced by laparoscopic adhesiolysis.
Carnett’s test is an effective tool for evaluating pain and detecting its cause.
Keywords: Chronic abdominal pain, Adhesion, Carnett’s test

Background
Chronic abdominal pain is a relatively common clinical
problem that requires detailed diagnostic evaluations,
owing to its uncertain etiology. Chronic abdominal pain
is associated with many causes, so a systematic approach
that considers both anatomical and physiological factors
can improve clinical reasoning [1]. An Ishikawa diagram
(fish bone diagram) is used to perform clinical reasoning
(Fig. 1) and helps to identify the causes of chronic abdominal pain associated with digestive system diseases
(for example, chronic pancreatitis [2], functional gastrointestinal disorders [3]), the skin/innervation (for example, abdominal cutaneous nerve entrapment
syndrome [4]), musculoskeletal causes (including referred pain from the spine, such as nerve irritation
caused by slipping rib syndrome or disorders of the
* Correspondence: tunekijima@gmail.com
1
Department of General Medicine, Faculty of Medicine, Shimane University,
89-1, Enyacho, Izumo City, Shimane 693-8501, Japan
Full list of author information is available at the end of the article

thoracic spine [5]), abdominal wall pain (for example,
pain originating in the structure of the abdominal wall
[4, 6–8]), visceral wall pain (for example, pain due to
pelvic adhesions [9]), vascular conditions (for example,
aneurysm [10]), infectious diseases (for example, chlamydial infection [11]), neoplasm (for example, pancreatic cancer [2]), collagen/allergic conditions (for
example, immunoglobulin G4 [IgG4]-related disease
[12], familial Mediterranean fever [13]), iatrogenic causes
(for example, chronic pain due to intraabdominal adhesion after operation [14–17]), and psychosomatic conditions (for example, psychogenic abdominal pain [18,
19]). Among these causes, we focused on abdominal
pain that is associated with the skin, nerve, abdominal
muscle, and peritoneal wall [4]. This pain has some features that help differentiate it from pain associated with
visceral diseases. Similar features include abdominal tenderness, mild appetite loss, and nausea, and different
features include pain unrelated to meals or bowel function, pain severity that is possibly related to posture, and
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Fig. 1 An Ishikawa diagram (fish bone diagram) for a man presenting with a complaint of “chronic abdominal pain”

tender pain that arises from a location that is only a few
centimeters in diameter. Because there are many similarities, abdominal wall pain is likely to be misdiagnosed
and often results in inappropriate diagnostic testing,
leading to unsatisfactory treatment. Therefore, we focused on Carnett’s test, a useful physical examination to
distinguish abdominal wall pain from visceral pain [6].
This test was reported by Carnett in 1926 [20]. It is performed by palpating a limited area of tenderness in a supine, relaxed patient (described as Carnett’s test A; see
Fig. 2a), which subsequently confirms continued tenderness as the patient tenses the abdominal wall while the
head and shoulders are elevated or while raising both
legs off the table (described as Carnett’s test B; see Fig. 2b
and c). Carnett and Greenbaum et al. defined the positive sign as follows: If tensed abdominal muscles have almost as much or more tenderness than the relaxed
abdominal muscles, it is positive [8, 20]. Carnett hypothesized that if that pain derives from a visceral source, the
tensed abdominal muscles protect the underlying structures, and therefore the tenderness should be reduced,
whereas continued tenderness during muscle contraction indicates the abdominal wall as the origin of pain
[4, 20]. Moreover, Carnett’s test is reported to be useful
for diagnosing psychogenic abdominal pain [18]. We report a case of chronic abdominal pain that took 2 years
to diagnose and that necessitated two operations.

Case presentation
A 36-year-old man, originally from Latin America, presented at our outpatient department with complaints of
abdominal pain that had persisted for 2 months. The patient had first noticed right lateral abdominal pain 2
months prior to the visit, and the pain was gradually
worsening. The abdominal pain was localized in an area
ranging from the right upper to the right lateral abdomen. The patient had undergone cholecystectomy for
acute cholecystitis as a 32-year-old in Latin America and
had moved to Japan for work approximately 3 years
prior to his initial visit to our hospital. He had returned
to Latin America once about 6 to 7 months before presenting at our clinic. When he went back to Japan, his
weight had increased from 130 kg to 145 kg. He did not
experience abdominal pain immediately after his return
to Japan, but, as noted above, he started to gradually feel
pain in the right lateral region about 2 months prior to
presentation.
He first visited another hospital emergency department 1 month after onset of the pain. Initially, gastrointestinal tract spasm was suspected, and he was treated
with tiquizium bromide. Though the medication partially relieved his abdominal pain, most of the pain persisted. The result of a workup by a urologist was
negative, even though nephrolithiasis was suspected. His
abdominal pain was exacerbated upon changing posture,
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Fig. 2 Carnett’s test A (a) and Carnett’s test B (b, c). First, the examiner confirms the area of tenderness with the patient in a relaxed, supine
position (a). Second, the examiner confirms whether tenderness continues, worsens, or decreases at the same point while the patient raises the
legs (b) or elevates the head and shoulders (c)

and thus it was suspected to be of somatic rather than
visceral origin. Abdominal pain persisted despite treatment with loxoprofen sodium hydrate, and any cause of
abdominal pain was not detected on further evaluations,
including hematologic laboratory analysis, urine analysis,
gastroscopy, or abdominal computed tomography (CT).
Finally, he was referred to our hospital for further
examination.
The results of screening for depression were negative,
and the patient did not have symptoms such as loss of
interest, depressed feelings, or any specific changes of
surrounding conditions, such as family or work environment changes. He had no history of sexually transmitted
infection, and his vital signs were within normal limits.
His physical examination result was positive for Carnett’s
test, and a prior surgical scar of approximately 18 cm
was apparent at the right subcostal region. The patient
experienced strong pain surrounding the surgical scar
that was exacerbated by tapping. There were no skin
rashes localized surrounding the pain. His pain exacerbated to 8 on a pain scale when he moved, such as during standing up or rolling over simultaneously. When he
stopped moving, pain was partially relieved within 1 minute (3 on a pain scale). When he moved again, abdominal pain was again exacerbated. Hence, he was
awakened by the abdominal pain when rolling over. No
inflammation was detected (leukocyte count was 8580/
mm3 and C-reactive protein was 0.10 mg/dl), and other
laboratory findings were nonspecific, including liver/kidney function, blood glucose, and electrolytes. Urinary

analysis indicated red blood cell count < 1/high-power
field, white blood cell count 1–4/high-power field. Additionally, no abnormality was detected for Chlamydia
trachomatis IgG/IgA, and no abnormality was apparent
on the electrocardiogram. Enhanced CT revealed bilateral renal stones and fatty liver.
We first considered abdominal wall pain due to nerve
entrapment because the Carnett’s test result was positive; therefore, we scheduled a trigger point injection at
the site of tenderness. About 2 weeks later, the patient
visited the emergency department of our hospital,
reporting that his prior abdominal pain had decreased
but that he was experiencing right inguinal pain. Loxoprofen administration had no effect on the pain. Costovertebral angle pain was apparent on tapping, the result
of urine analysis was positive for occult blood, and abdominal CT revealed a urinary stone at the right urinary
duct to the bladder. After pentazocine hydrochloride
was administered for pain relief, the urinary stone was
passed the following day. However, the patient’s right lateral abdominal pain was not relieved.
He felt that lying in the lateral position mostly relieved
his pain. He had occasional vomiting. The abdominal
pain was exacerbated by movements, such as rolling
over, standing up, walking, and coughing. Injection of
1% xylocaine 10 ml at a trigger point of the right lateral
region led to about 30% relief in pain. The patient was
referred to an anesthesiologist for further evaluation and
treatment, who performed transverse abdominal plane
block and administered multiple analgesic medications
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(tramadol hydrochloride, pregabalin, celecoxib, and scopolamine butylbromide). These medications decreased
the patient’s pain somewhat, and he reported that scopolamine butylbromide was most effective when the
pain worsened. Because the patient’s symptoms were not
relieved after trigger point treatment to the abdominal
wall, we considered potential causes that might be associated with the location between the abdominal wall and
visceral wall or related to other sources, including psychosocial, physiological, and other anatomical factors.
We rechecked the abdominal CT scan for a suspected
adhesion or abdominal hernia at the region of tenderness due to the prior surgical procedure, and we asked a
radiologist to reevaluate the right upper abdomen in
more detail. The radiologist confirmed a slight abnormality in the right upper abdomen and suggested the
possibility of an adhesion around the surgical scar
(Fig. 3). We referred the patient to a gastrointestinal surgeon for laparoscopic evaluation and adhesiolysis. The
patient underwent additional investigations, including
cholecystocholangiography and colonoscopy for suspected postcholecystectomy syndrome, biliary dyskinesia, or colon abnormality. However, no cause of the
abdominal pain was identified. On laparoscopic evaluation, a broad adhesion was observed. Adhesiolysis was
performed 6 months after the patient first visited our
hospital. Figure 4a shows adhesion between the peritoneum and omentum, liver, and ascending colon; Fig. 4b
shows the condition after adhesiolysis. One month after
adhesiolysis, the patient’s right abdomen pain level during movement improved from 8 to 2–3 on a pain scale.
Therefore, he was able to move with less pain, and he
did not feel pain when rolling over. The result of Carnett’s test was negative. After the patient started walking
around his house, he felt abdominal pain about 5 minutes after walking. Hence, he was afraid of recurrence
of abdominal pain and felt a little depressed and frustrated because he was unable to return to work early.
We recommended a gradual increase in activity. He
went on a trip 4 months after the operation without

A

problems due to abdominal pain and then resumed his
job 6 months after the operation.
However, his abdominal pain deteriorated within 1
month after he resumed working. He presented with
bleeding at the umbilicus, which was the laparoscopic port
site, and abdominal incisional hernia was confirmed on
the basis of CT. Repair of the abdominal incisional hernias
and laparoscopic adhesiolysis were performed 8 months
after the first operation. After the second operation,
although it took time for some symptoms to improve
because of surgical site infection, the patient’s symptoms
were ultimately relieved, and he resumed his job again 5
months after undergoing the second operation. Although
he reported mild abdominal pain and required analgesic
medication, his weight decreased to 133 kg, and he was
able to walk normally and work full-time, 2 years after he
initially visited our hospital. The timeline of interventions
and outcomes is shown in Additional file 1.

Discussion
We report a patient with chronic abdominal pain induced by abdominal adhesion and the great challenge
we experienced in identifying the origin of his pain. Specific symptoms and physical examinations were particularly valuable for determining the origin of the pain.
First, we suspected that the abdominal pain originated
in the abdominal wall for the following three reasons:
1. Our patient presented with sharp, dull pain at the
right abdomen and demonstrated a positive Carnett’s
test. Although this test’s reliability has some
limitations, it has a 78% sensitivity and 88% specificity
for pain arising from an abdominal wall source [4].
Abdominal wall pain is characterized by being
initially sharp, followed by a dull persistent ache, and
is associated with a positive Carnett’s test [4].
2. With postural changes, such as standing up or
turning over in bed, the patient’s pain was
exacerbated. This situation also indicated abdominal
wall pain. Srinivasan et al. [4] noted that pain may

B

Fig. 3 The transverse abdominal muscle shows atrophy at the postoperative scar on plain abdominal coronal computed tomography (a) and
plain abdominal transverse computed tomography (b). Arrows indicate adhesive region of the greater omentum
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Fig. 4 Adhesion was observed between the peritoneum and greater omentum, liver, and ascending colon (a). Laparoscopic adhesiolysis was
conducted at those adhesive regions (b)

radiate diffusely when abdominal wall pressure
increases or nerve traction occurs during standing,
lifting, walking, or coughing.
3. The patient’s pain was chronic abdominal pain,
which is a feature of abdominal wall pain that can
easily become chronic [4].
Some studies suggest that in approximately 10–30% of
all patients with chronic abdominal pain, the abdominal
wall is the origin [4, 21]. More than 90% of patients with
chronic abdominal pain have a positive Carnett’s test result, and the condition can be relieved by local
anesthetic injection in the trigger points [22, 23]. Hence,
we referred the patient to an anesthesiologist. When the
anesthesiologist conducted a local injection with anesthetics, our patient’s abdominal pain was reduced but
did not change substantially. Carnett [20] also indicated
that there are three sensory layers of the abdominal wall
that cause tenderness: the skin, muscles, and peritoneum. Finally, we speculated that the pain was associated
with the abdominal wall and, in particular, considered
that a peritoneal adhesion might also be involved because local anesthetic injections were less effective.
The patient’s pain was not only sharp but also dull,
and it was relieved by scopolamine butylbromide rather
than loxoprofen sodium hydrate. In addition, he experienced nausea. These features are associated with visceral
pain. Scopolamine butylbromide is used to treat abdominal pain associated with cramps induced by gastrointestinal spasms as well as biliary acute spasm or renal colic
[24, 25]. The pain emanated from around a postoperative scar, and a history of former abdominal surgery is
the most important predictive factor for adhesion formation. In addition, the most common complications associated with adhesion are small bowel obstruction and
chronic pain syndrome [26]. Chlamydial infection is
known to bring about right upper quadrant abdominal
pain due to intraabdominal adhesion (Fitz-Hugh–Curtis
syndrome); however, chlamydial antibodies were negative in our patient. Many studies have addressed the

association of chronic abdominal pain with intraperitoneal adhesion, particularly in the fields of obstetrics/
gynecology and gastroenterological surgery [9, 27–29].
Kresch et al. [9] compared laparoscopic findings between 100 women with chronic pelvic pain who underwent the procedure to identify the source of pain and 50
asymptomatic women who underwent the procedure for
tubal ligation. They found that 83% of women with
chronic abdominal pain had abnormal pelvic organs, including adhesions, compared with 29% of asymptomatic
women and concluded that while adhesions can cause
pain, not all of them cause pain [9]. Adhesions were
qualitatively different between the symptomatic and control groups, such that in patients with chronic pain and
adhesions, there was restriction of motion or expansibility in one or more organs. Moreover, adhesions involving the parietal peritoneum or bowel are more likely to
cause pain than adhesions involving other sites [9, 28].
Considering these studies, the history of abdominal surgery, severe abdominal pain during moving, positive
Carnett’s test result, and ineffective local anesthesia
made us suspect the cause of abdominal pain to be the
peritoneum adhesion.
We referred the patient to the department of digestive
surgery, where he underwent diagnostic laparoscopy and
adhesiolysis 7 months after the onset of abdominal pain.
That pain was relieved after the first laparoscopic adhesiolysis. Mueller et al. [28] recommended that patients
with chronic abdominal pain lasting more than 6
months who have a history of laparotomy or pelvic inflammatory disease should undergo diagnostic laparoscopy. The application of laparoscopic adhesiolysis for
chronic abdominal pain is controversial. Some studies
have reported significant reduction in chronic abdominal
pain after laparoscopic adhesiolysis [14, 30, 31]. Intermittent nausea and vomiting with colicky pain may be
associated with intestinal adhesion, and in patients with
a history of endometriosis or surgery, laparoscopic adhesiolysis is effective for the treatment of chronic pelvic
pain in the long term [16]. In contrast, other studies
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have reported that pain reduction does not differ between laparoscopic adhesiolysis and diagnostic laparoscopy alone and therefore they did not recommend
laparoscopic adhesiolysis as a treatment for adhesions in
patients with chronic abdominal pain [31, 32]. In carefully selected patients with chronic abdominal pain, the
positive effects of laparoscopic adhesiolysis can be sustained beyond 15 years after the surgery [33]. In one
study, some patients (43%) underwent repeat adhesiolysis because of pain aggravation [14], and it took approximately 6 months for the pain to decrease from an
average preoperative score of 8 to a postoperative score
of 2 [15]. This patient improved for movements such as
standing up and walking, as well as turning over in bed
after laparoscopic adhesiolysis; therefore, he could resume his work. Abdominal adhesion does not always require laparoscopic adhesiolysis; however, if the adhesion
causes restrictions in daily life activities, this procedure
should be considered.
An association between obesity and ventral hernia has
been reported [34], and our patient gained weight just
before abdominal pain was noticed. Therefore, obesity
may have been one factor in the etiology of the patient’s
pain and his need for a second operation. We considered
the possibility that weight gain was associated with this
pathology. Increased obesity increases the amount of visceral fat, which may cause adhesions involving the parietal peritoneum or bowel to restrict motion or
expansibility, ultimately causing more severe pain, as
noted by Kresch et al. [9]. Therefore, we advised our patient to lose weight, and his symptoms did finally improve with the restoration of his original weight.

Conclusions
Physicians should be aware of Carnett’s test as part of
the evaluation of chronic undiagnosed abdominal pain,
because many physicians are not familiar with this test
and do not routinely perform it. It is difficult to detect
the cause of chronic abdominal pain. If there is evidence
of adhesion-induced abdominal pain based on the patient’s history, symptoms, and physical examination, especially when the patient has a positive result for
Carnett’s test, physicians should carefully assess the findings of imaging modalities such as CT and consider referring the patient to a digestive surgeon for diagnostic
laparoscopy and adhesiolysis.
Additional file
Additional file 1: Timeline of interventions and outcomes. (DOCX 55 kb)

Abbreviation
CT: Computed tomography
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Chronic pain arising from peripheral inflammation and tissue or nerve injury is a common clinical
symptom. Although intensive research on the neurobiological mechanisms of chronic pain has
been carried out during previous decades, this disorder is still poorly managed by current drugs
such as opioids and non-steroidal anti-inflammatory drugs. Inflammation-, tissue injury-, and/or
nerve injury-induced changes in gene expression in sensory neurons of the dorsal root ganglion
(DRG), spinal cord dorsal horn, and pain-associated brain regions are thought to participate in
chronic pain genesis; however, how these changes occur is still elusive. Epigenetic modifications
including DNA methylation and covalent histone modifications control gene expression. Recent
studies have shown that peripheral noxious stimulation changes DNA methylation and histone
modifications and that these changes may be related to the induction of pain hypersensitivity
under chronic pain conditions. This review summarizes the current knowledge and progress in
epigenetic research in chronic pain and discusses the potential role of epigenetic modifications as
therapeutic antinociceptive targets in this disorder.

Keywords
DNA methylation; Histone acetylation; Histone methylation; Dorsal root ganglion; Spinal cord;
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Introduction
Chronic pain is a major public health problem that affects approximately 30% of the general
population in the USA. It is a cause of grave physiological and psychological distress in
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those affected, and it places significant pressures on the health care system. About 100
billion US dollars are spent on chronic pain related health care expenses, and many patients
experience a loss of productivity [1]. Chronic pain usually arises from inflammation, or
tissue and nerve injury. Although intensive research on the neurobiological mechanisms of
chronic pain has been carried out during previous decades, this disorder is still poorly
managed by current drugs such as opioids and non-steroidal anti-inflammatory drugs, which
are ineffective and/or produce severe side effects [2]. Peripheral inflammation and nerve
injury produce transcriptional and translational changes in the expression of receptors,
enzymes, ion channels, neurotransmitters, neuromodulators, and structural proteins in
primary sensory neurons of dorsal root ganglion (DRG), spinal cord, and other pain-related
regions in the brain [2–4]. These changes contribute to the induction and maintenance of
chronic pain; however, how these changes are regulated by peripheral noxious stimuli is still
not fully understood.

Author Manuscript
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Recent studies have suggested that the mechanism for gene regulation involves epigenetic
modifications. Environmental toxins, medications, diet, and psychological stress alter
epigenetic processes such as DNA methylation, covalent histone modification (e.g.,
acetylation and methylation), and non-coding RNA expression. Accumulating evidence
demonstrates that these processes play an important role in synaptic plasticity during
memory formation as epigenetic changes correlate with hippocampal activity [5–10]. Given
that peripheral and central sensitization under chronic pain conditions share common
mechanisms with the neuronal plasticity of memory formation, it is very likely that similar
epigenetic mechanisms occur under both conditions. Indeed, peripheral inflammation and
nerve injury drive changes in DNA methylation, histone modifications, and non-coding
RNAs in pain-related regions [8;9;11–14]. These changes might be responsible for
inflammation/nerve injury-induced alterations of some pain-associated genes in central
neurons. The evidence suggests that modification of epigenetic processes participates in the
mechanisms that underlie the induction and maintenance of chronic pain.
The role of non-coding RNAs including microRNAs and long non-coding RNAs in chronic
pain has recently been discussed [8]. This article focuses on the evidence for the changes in
DNA methylation and histone modification, mostly in DRG and spinal cord, under chronic
pain conditions. We explore how these changes are induced by peripheral noxious stimuli
and how these epigenetic processes regulate pain related genes. We finally deduce potential
mechanisms of how the changes in DNA methylation and histone modification contribute to
the development and maintenance of chronic pain.

1. Histone modification in chronic pain
Author Manuscript

1a. The Process of histone modification
The nucleosome is the basic unit of chromatin, composed of about 140 base pairs of DNA
wrapped around a histone octamer. Histones are small, alkaline proteins categorized into
five major families: H1/H5, H2A, H2B, H3 and H4. Histones H2A, H2B, H3 and H4 are
known as the core histones, while histones H1 and H5 are known as linker histones. The Nterminal histone tail protrudes from the nucleosome and can be post-translationally
modified, including acetylation, methylation, phosphorylation, citrullination, SUMOylation,
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ubiquitination, and ADP-ribosylation [15]. These modifications result in changes in the
three-dimensional chromatin structure and gene expression [15].
1b. Histone acetylation and deacetylation in chronic pain
Histone acetylation and deacetylation are the processes by which the histones on lysine
residues within the N-terminal tail and on the surface of the nucleosome core are acetylated
by histone acetyltransferase (HAT) or deacetylated by histone deacetylases (HDACs) [16].
Acetyl-Coenzyme A is the major source of the acetyl group in histone acetylation [16–19].
Conventionally, histone acetylation makes the condensed chromatin into a more relaxed
structure, and consequently promotes gene transcription. In contrast, histone deacetylation
tightly condenses chromatin resulting in gene silencing [16] (Figure 1).

Author Manuscript

Effect of HDAC inhibitors on inflammatory pain—Evidence from a pharmacological
study has shown that HDAC inhibitors can relieve inflammatory pain [20–22]. A 5-day
subcutaneous treatment with either of the two HDAC inhibitors, MS-275 and SAHA,
substantially reduced nociceptive behaviors in the second phase of the formalin test and led
to an increase in mGluR2 (but not mGluR1a, mGluR4 or mGluR5) in the dorsal root
ganglion (DRG) [21](Table 1). This antinociception could be abrogated by an mGlu2/3
receptor antagonist. The induction of DRG mGlu2 receptors in response to SAHA was
associated with increased acetylation of p65/RelA on lysine 310, a process that enhances the
transcriptional activity of p65/RelA at nuclear factor-kappaB-regulated genes [21]. Given
that transcription of the mGlu2 receptor gene is activated by p65/RelA in DRG neurons,
HDAC inhibition may produce antinociception by up-regulating mGlu2 receptor expression
in DRG. However, it is not clear whether formalin injection changes the histone acetylation
conditions and HDAC expression and activity in the DRG.
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It was reported that complete Freund’s adjuvant (CFA)-induced peripheral inflammation
increased the levels of class IIa HDAC members (HDAC4, 5, 7, 9), but not class I HDAC
members (HDAC1, 2, 3), in the spinal dorsal horn [20]. Intrathecal administration of HDAC
inhibitors targeting class II (SAHA, TSA, LAQ824) or IIa (VPA, 4-PB) significantly
delayed the development of thermal hyperalgesia and attenuated existing thermal
hyperalgesia in a CFA-induced inflammatory pain model [20] (Table 1). It appears that class
I and II or IIa HDAC members function differentially in inflammatory pain models. A recent
investigation from Zhang and colleagues revealed the epigenetic mechanism of
inflammatory pain in central pain-modulating neurons. CFA induced the increase of global
histone H3 and H4 acetylation in brainstem nucleus raphe magnus (NRM), a crucial
supraspinal site for maintenance of pain hypersensitivity [22]. However, acetylated H3 was
reduced in the Gad2 gene promoter region which epigenetically suppresses the transcription
of Gad2 (encoding glutamic acid decarboxylase 65) and consequently causes impaired
inhibitory function. Local injection of HDAC inhibitors TSA and SAHA into NRM reversed
this effect and produced a similar analgesic effect on CFA-induced inflammatory pain using
systemic administration [22](Table 1).
Effect of HDAC inhibitors on visceral pain—One study on visceral pain also provided
evidence to support the involvement of central epigenetic mechanisms in pain [23].
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Intracerebroventricular administration of TSA significantly attenuated water avoidance
stress induced visceral hypersensitivity in rats [23] (Table 1). However, the targets of
histone acetylation were not known in this study.
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Effects of HAT inhibitors and HDAC inhibitors on neuropathic pain—Several
groups reported that the HDAC inhibitors had an antinociceptive effect in neuropathic pain.
Oral administration of Sodium butyrate, a HDAC inhibitor, not only attenuated chronic
constriction injury (CCI)-induced pain hypersensitivity but also reduced the CCI-induced
increase in TNF-αin the sciatic nerve [24] (Table 1). However, how HDAC inhibition
affects TNF-α expression under CCI-induced neuropathic pain conditions is unknown.
Intrathecal pre-treatment with class I HDAC inhibitors (MS-275 or MGDC0103) attenuated
mechanical and thermal hypersensitivity in models of traumatic nerve injury and
antiretroviral drug (stavudine)-induced peripheral neuropathy [25] (Table 1). This analgesic
effect may be related to the increase in global H3K9ac in the spinal cord but not in DRG,
suggesting that any potential mechanism could be found in the central nervous system [25].
Interestingly, the acetylation changes at the promoters of some pain-related genes, like mu
opioid receptor, Kv4.3, Nav1.8, and brain-derived neurotrophic factor (BDNF), in DRG
neurons have been reported in a neuropathic pain model [26–29] (Table 1). Nerve injuryinduced reductions of histone H3 and H4 acetylation at the promoter regions of mu receptor,
Nav1.8, and Kv4.3 silence their expression in DRG and may represent an underlying cause
of common negative symptoms associated with neuropathic pain [27;28], whereas nerve
injury-promoted increases in histone H3 and H4 acetylation at the promoter regions of
BDNF in DRG and in histone H4 acetylation at the promoter regions of Cdk5 in spinal cord
up-regulates the expression of BDNF and CdK5, respectively, and may contribute to the
induction or maintenance of neuropathic pain [29;30] (Table 1).
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Interestingly, data from other groups showed that HAT inhibitors also had an
antinociceptive effect in neuropathic pain. The HAT inhibitor anacardic acid relieved spinal
nerve ligation (SNL)-induced neuropathic pain by suppressing the hyperacetylation of
histone H3 in the promoter region of macrophage inflammatory protein 2 (MIP-2) and its
receptor chemokine CC motif receptor 2 (CXCR2), resulting in the blockade of SNLinduced up-regulation of MIP-2 and CXCR2 in the injured sciatic nerve [31;32] (Table 1).
In another report, CCI increased the expression of p300, a HAT E1A binding protein, in the
lumbar spinal cord [33;34] (Table 1). Intrathecal administration of p300 shRNA or an
inhibitor of p300 HAT reversed CCI-induced mechanical allodynia and thermal
hyperalgesia and suppressed the expression of cyclooxygenase-2 (COX-2) in spinal cord
[33;34](Table 1). Consistently, the intrathecal administration of resveratrol, an activator of
Sirt1 (a classic III HDAC), attenuated CCI-induced mechanical allodynia and thermal
hyperalgesia, reversed the CCI-induced decrease in spinal Sirt1, and blocked the CCIinduced increase in spinal histone H3 acetylation [35]. The analgesic effect of HAT
inhibition was also reported in other persistent pain conditions. In an incision model,
injection of the HAT inhibitor anacardic acid intraperitoneally reduced incision-induced
pain hypersensitivity [36;37]. As expected, the HDAC inhibitor suberoylanilide hydroxamic
acid exacerbated mechanical hypersensitivity after incision [36;37] (Table 1). Given that
neuropathic pain and opioid tolerance/opioid-induced hyperalgesia share some common
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intracellular pathways in their mechanisms [38], the evidence suggests that histone
modification is also involved in the development and maintenance of opioid tolerance and
opioid-induced hyperalgesia. Indeed, daily administration of the HAT inhibitor curcumin
with morphine for 4 days reduced the development of morphine-induced mechanical
allodynia, thermal hyperalgesia, tolerance, and physical dependence [39]. Conversely, the
HDAC inhibitor SAHA enhanced these responses [39] (Table 1). The intrathecal injection of
resveratrol suppressed the established morphine analgesic tolerance, reversed the morphineinduced decrease in spinal Sirt1, and attenuated the morphine-induced increase in spinal
histone H3 acetylation [40]. Interestingly, baicalin, a flavonoid compound isolated from
Huang Qin, ameliorated SNL-induced neuropathic pain by suppressing HDAC1 expression
and preventing histone-H3 acetylation in the spinal cord dorsal horn [41] (Table 1).
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Given that the degree of histone acetylation is controlled by the enzymes HATs and
HDACs, conventionally, HAT inhibitors or HDAC activators should have opposite effects
compared to HDAC inhibitors. Based on provious observations described above, how HATs
and HDACs are involved in neuropathic pain is still elusive. The role of histone acetylation
and deacetylation in neuropathic pain remains to be verified.
1c. Histone methylation and demethylation in chronic pain

Author Manuscript

Histone methylation is another process of histone modification by which methyl groups are
transferred to amino acids of histone proteins in chromosomes (Figure 1). Histone
methylation is catalyzed by S-adenosylmethionine- (SAM) dependent histone lysine
methyltransferases (KMTs) and protein arginine methyltransferases (PRMTs), whereas
histone demethylation is catalyzed by histone N-methylated lysine residue demethylases and
the peptidyl arginine deiminases [15;42]. Histone methylation could repress or activate gene
transcription depending on the sites and content being methylated. In general, methylation of
histone H3 at Lys9 or Lys27 (H3K9 or H3K27) or histone H4 at Lys20 (H4K20) correlates
with transcriptional repression, whereas methylation of H3K4, H3K36 and H3K79
correlates with enhanced transcription [15].
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Although histone methylation has been reported to participate in the mechanism of
formation of long-term memories and learning [7;43–45], the role of histone methylation in
chronic pain is still unclear. Evidence indicates that histone methylation may be related to
the expression of chemokine (C-C motif) ligands (CCLs), a class of small cytokines, in
neuropathic pain [32;46]. The peripheral nerve injury-induced reduction in H3K27me3 in
the promoter region of monocyte chemotactic protein 3 (MCP-3, known as CCL7) might be
responsible for the nerve injury-induced increase in the expression of MCP-3 in spinal cord
[46]. Interleukin 6 may be involved in this response as the increased MCP-3 expression was
almost abolished in interleukin 6 knockout mice with partial sciatic nerve ligation [46].
Peripheral nerve injury also increased the mRNA levels of CCL2, CCL3 and their receptors
(CCR2 and CCR1/CCR5, respectively) in the injured sciatic nerve. These increases could be
related to the increased H3K4me3 in the promoter regions of these cytokine genes [32]. An
increase in global histone methylation was also observed in spinal cord after intrathecal
injection of pertussis toxin, which induced significant thermal hyperalgesia [47]. However,
whether these methylation sites are really required for these changes in gene expression is
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unknown. Furthermore, whether nerve injury-induced changes in histone methylation
contribute to neuropathic pain remains to be investigated. A recent study showed that an
increase in the expression of MeCP2 in mouse central nucleus of the amygdala (CeA) was
caused by both CFA-induced chronic inflammatory pain and repeated morphine exposure
[48]. The increased MeCP2 bound to and repressed the transcriptional repressor histone
dimethyltransferase G9a, resulting in a reduction in G9a-catalyzed repressive marker
H3K9me2 and an increase in the expression of brain-derived neurotrophic factor in CeA
[48]. Overexpression of CeA MeCP2 or knockdown of CeA G9a facilitated behavior of
morphine reward, whereas knockdown of CeA MeCP2 inhibited behavior of morphine
reward [48]. Whether such epigenetic cascade occurs in neuropathic pain needs to be
confirmed.

2. DNA methylation and chronic pain
Author Manuscript

2a. Process of DNA methylation

Author Manuscript

In mammalian cells, DNA methylation is a biochemical process, in which a methyl group is
added to the 5th carbon of cytosine residues situated adjacent to a guanine residue (CpG
site). DNA sequences with a high concentration of CpG residues are referred to as CpG
islands and are generally located at the start of the gene sequence within the promoter region
(Figure 2). The process of DNA methylation is mediated by a group of DNA
methyltransferases (DNMTs) that includes DNMT1, DNMT3a, and DNMT3b; this protein
family also includes DNMT2, an inactivated isoform, and DNMT3L, which lacks the
conserved catalytic domain [49–51]. DNMT1 maintains the methylation of DNA that is
already established at the genome and is considered to be the primary maintenance DNMT
[50;51]. Both DNMT3a and DNMT3b act as de novo methyltransferases and methylate
unmethylated DNA [50;51]. Evidence has now expanded the role of DNMT1 to also include
facilitation of de novo DNA methylation by DNMT3a and DNMT3b at gene promoters
[6;50;52–54].
DNA methylation interferes with gene transcription by (1) physically interfering with the
binding of transcription factors and (2) serving as docking sites for methyl-CpG-binding
domain proteins (MBDs) [55;56] (Figure 2). MBDs contain a specific domain of ~70
residues, the methyl-CpG-binding domain, which directly binds to one or more methylated
CpGs of a gene promoter. MBDs function as docking sites, in which they recruit other
transcriptional co-repressors, such as histone deacetylases (HDAC), to the targeted gene for
gene silencing, or co-activators, such as CREB1, for transcription activation [55–57]. The
ability to recruit these proteins may be why DNA methylation has such a profound effect on
gene expression.
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2b. DNA methytransferases and DNA methylation in chronic pain
Effect of the DNMT inhibitors on inflammatory pain—Although the function of
DNA methylation has been reported in other pathological states, so far, only a few studies
have demonstrated the potential role of DNA methylation and the activity and expressional
levels of DNMTs in pain. Cystathionine-β-synthase (Cbs) synthesizes hydrogen sulfide, an
endogenous gas molecule, which is necessary and sufficient to elicit mechanical pain
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hypersensitivity and increased excitability of DRG neurons. Peripheral inflammation
induced by CFA leads to demethylation of the cystathionine-β-synthase (cbs) gene in DRG
[58]. This demethylation may be associated with the CFA-induced increase in expression of
Cbs mRNA and protein in DRG and could influence the induction of inflammation-induced
mechanical hypersensitivity [58]. Given the fact that peripheral inflammation did not
decrease DNMT expression and activity in DRG [12], it is unclear how demethylation
occurs in DRG under chronic inflammatory pain conditions. The level of DNA methylation
is controlled by both DNMTs and demethylation enzymes (e.g., ten-eleven translocation
dioxygenases). Whether peripheral inflammation changes the expression and activity of
DNA demethylation enzymes in DRG remains to be determined. Interestingly, a recent
study reported the CFA-induced hypermethylation of CpG islands in the miR-129 promoter
in spinal cord neurons [59]. This methylation may regulate chronic inflammatory pain by
targeting CaMKIIγ [59].
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Effect of the DNMT inhibitors on neuropathic pain—In addition to peripheral
inflammation, peripheral nerve injury caused by sciatic nerve chronic constriction injury
(CCI) increased the level of global DNA methylation in the spinal cord [60]. Blocking spinal
cord DNA methylation with intrathecal 5-azacytidine attenuated CCI-induced thermal and
mechanical pain hypersensitivities [60]. CCI also increased the level of DNA methylation in
the proximal promoter region of the μ opioid receptor gene in DRG [61]. This increase may
be related to the CCI-induced decrease in the analgesic effect of opioids [61]. In the spared
nerve injury-induced neuropathic pain model, DNMT1 and DNMT3a (but not DNMT3b)
transcripts were up-regulated in the injured DRGs [62]. Interestingly, the level of global
DNA methylation was reduced in the prefrontal cortex and amygdala (but not the visual
cortex and thalamus) following spared nerve injury [63]. This reduction strongly correlated
with the severity of pain behaviors [63]. It appears that nerve injury-induced changes in
DNA methylation are spatially different in the central nervous system and are implicated in
distinct functions in spinal and supraspinal levels under neuropathic pain conditions.
However, which type of cells in the nervous system express these changes is elusive. A
recent study reported that DNMT1 was found in both neurons and satellite glial cells of
DRG, DNMT3a in DRG satellite glial cells, and DNMT3b in DRG neurons [62], but the
conclusion remains uncertain because no specific neuronal and glial markers were used [62].
Additionally, the specificity and selectivity of the antibodies used were not addressed [62].
These earlier studies raise several unanswered questions. For example, is the expression
and/or activity of DNMTs and demethylation enzymes spatially and temporally changed
following peripheral inflammation or nerve injury? If so, which type of DNMT? What are
the downstream targeted genes of DNMTs under chronic pain conditions? Do DNMT
inhibitors lead to side effects in addition to antinociception given that they are
pharmacologically non-selective for specific DNMTs? Broader future investigations are
required.
DNA methylation in patients with chronic pain—Alterations of DNA methylation
have also been observed in patients with painful diseases. Women with fibromyalgia showed
significant differences in DNA methylation patterns compared to aged-matched healthy
controls, when genomic DNA isolated from whole blood was examined [64]. Fibromyalgia
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associated genes with differential methylation include brain-derived neurotrophic factor,
histone deacetylase 4, N-Acetyltransferase 15, protein kinase C alpha, and protein kinase G1
[64]. Increased methylation at the extracellular matrix protein SPARC (Secreted Protein,
Acidic, Rich in Cysteine) gene promoter was reported in patients experiencing chronic low
back pain associated with disc degeneration [65]. The endothelin B receptor gene promoter
was heavily methylated in human oral squamous cell carcinoma lesions, which are highly
painful, whereas this promoter was not methylated in human oral dysplasia lesions, which
are typically not painful [66]. A regulatory DNA methylation region in the CpG-island shore
of the TRPA1 promoter was reported to have a possible impact on TRPA1 gene expression
and thermal sensitivity [67]. Joint resident synovial fibroblasts from patients with
rheumatoid arthritis exhibited a global hypomethylation or both hypomethylation and
hypermethylation patterns compared to patients with osteoarthritis or healthy controls [68–
70]. This hypomethylation was identified in key genes relevant for rheumatoid arthritis,
related to multiple pathways, and associated with increased gene expression [70]. A
reduction of DNMT1 and an increase in the expression of S-adenosyl methionine
decarboxylase, spermidine/spermine N1-acetyltransferase, and polya-mine-modulated
factor1-binding protein1 may be associated with hypomethylation in rheumatoid arthritis
[68;71]. Additionally, promoter methylation states of the death receptor 3, interleukin (IL) 6,
IL10, ILR2 and chemokine ligand 12 genes were altered in blood mononuclear cells and
synovial fibroblasts in rheumatoid arthritis [42;72]. It appears that DNA methylation has the
potential to serve as a biomarker for some types of painful disorders (e.g., autoimmune
disorders or inflammation).
2c. methyl-CpG-binding domain proteins (MBDs) in chronic pain

Author Manuscript
Author Manuscript

As discussed above, DNA methylation-triggered gene transcriptional changes require a
family of MBDs. The MBD family is composed of methyl-CpG-binding protein 2 (MeCP2)
and MBD1–4. Each of these proteins, with the exception of MBD3, is capable of binding
specifically to methylated DNA [73]. Accumulating evidence indicates that MeCp2 may be
related to chronic pain. MeCP2 is associated closely with Rett syndrome, a
neurodevelopmental disorder, which is primarily caused by mutations in the MeCP2 locus
and patients display decreased pain sensitivity [74;75]. Preclinical studies showed that the
expression of MeCP2 and the level of its phosphorylation were increased in the superficial
dorsal horn under CFA-induced inflammatory pain conditions [76;77]. This phosphorylation
is controlled by a descending serotonergic pathway as serotonergic depletion prevented
CFA-induced MeCP2 phosphorylation [76]. It has benn demonstrated that once MeCP2 is
phosphorylated, it can be dissociated from the promoter regions of genes that have been
repressed [78]. Therefore, the CFA-induced increase in MeCP2 phosphorylation may
facilitate gene expression in the superficial dorsal horn under inflammatory pain conditions.
However, the significance of how this increased phosphorylation is related to descending
inhibitory serotonergic function in this model is unclear. The changes in MeCP2 expression
following peripheral nerve injury are inconsistent. An increase in MeCP2 expression was
observed in the spinal cord of CCI rats [60], whereas a decrease was detected in the
superficial dorsal horn of rats after spared nerve injury [77]. The role of MeCP2 in
neuropathic pain remains to be further clarified.
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The evidence described above suggests that histone modifications and DNA methylation in
DRG and spinal cord are involved in chronic pain. The conclusion depends on the
behavioral observations following pharmacological inhibitor administration. These
inhibitors have varying degrees of specificity and selectivity for the corresponding
epigenetic enzymes. They may also exert their effects through non-epigenetic mechanisms,
resulting in potential side effects. For example, HATs and HDACs are not histone-specific
and can also acetylate and deacetylate, respectively, other targets in the cytoplasm. These
factors call for careful interpretation of current findings claiming the role of a particular
epigenetic enzyme in chronic pain. Therefore, the development of pharmacologic inhibitors
for isoform- or subtype-specific epigenetic enzymes and/or the use of targeted genetic
inhibition of isoform- or subtype-specific epigenetic enzymes will be required. Moreover,
whether these epigenetic enzymes are activated by peripheral noxious insults and how their
activation contributes to chronic pain remain to be investigated. Given that chronic pain
remains a challenging condition to manage and that the contribution of epigenetic
mechanisms underlying this disorder is becoming increasingly recognized, it is conceivable
that the significance of histone modification and DNA methylation in chronic pain will
become even more apparent in the coming years.
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Exclusive summary
Histone modification in chronic pain
•

HDAC inhibitors reduce inflammatory pain and visceral pain.

•

Both HAT inhibitors and HDAC inhibitors show antinociceptive effects in
neuropathic pain.

•

Peripheral nerve injury or inflammation alters histone methylation in the
promoter regions of some pain-related genes.

DNA methylation and chronic pain

Author Manuscript

•

DNMT inhibitors blocks inflammatory pain.

•

DNMT inhibitors attenuates neuropathic pain

•

Alterations of DNA methylation have been found in patients with some painful
diseases.
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Fig. 1.

Histone modification regulates gene expression. (A) Methylation (Me) of histones and
deacetylation of histones with HDAC results in a condensed chromatin. Under this
condition, transcription factors (TF) cannot bind to the promoter region of the gene, thereby
gene transcription is repressed. (B) Histone acetylation (Ac) with HAT results in loose
chromatin that allows the transcription factor (TF) to bind to the promoter region of the
gene. Consequently, gene transcription is activated.

Author Manuscript
Epigenomics. Author manuscript; available in PMC 2016 April 01.

Liang et al.

Page 16

Author Manuscript
Author Manuscript

Fig. 2.

DNA methylation represses gene transcriptional processes. (A) Without methylation at the
CpG sites of the gene promoter, the transcription factor (TF) and RNA polymerase II
(RNAPII) bind to the promoter region of the gene, thereby gene transcription is activated.
(B) When methyl groups are added at the CpG islands by methyl-CpG-binding domain
protein (MBD)-mediated DNA methyltransferases (DNMTs), the transcription factor (TF)
and RNA polymerase II (RNAPII) cannot bind the promoter region of the gene, resulting in
the repression of gene transcription. TSS: Transcription start site.
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Liang, 2013 [39]

He, 2014 [40]

Sun, 2013; Sun, 2013
[36;37]

Yin, 2013 [35]

Li, 2014 [30]

Zhu, 2012; Zhu, 2013
[33;34]

Kiguchi, 2012; Kiguchi,
2013 [31;32]

Uchida, 2010; Uchida,
2013 [27–29]

Cherng, 2014 [41]

Denk et al., 2013 [25]

Kukkar, 2013 [24]

Tran et al., 2013 [23]

Zhang, 2011 [22]

Bai, 2010 [20]

Chiechio, 2009 [21]
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na: not applicable; DRG: dorsal root ganglion; CFA: complete Freund’s adjuvant; NRM: nucleus raphe magnus; CCI: chronic constriction injury; SNL: spinal nerve ligation; COX-2: cyclooxygenase-2;
MIP-2: macrophage inflammatory protein 2; CXCR2: chemokine CC motif receptor 2; TSA: Trichostatin A; SAHA: suberoylanilide hydroxamic acid; i.t.: intrathecally; i.p.: intraperitoneal injection; s.c.:
subcutaneous injection; i.c.v.: intracerebroventricular injection
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Abstract
Introduction Approximately 400 000 Americans and
36 000 Canadians undergo cardiac surgery annually,
and up to 56% will develop chronic postsurgical pain
(CPSP). The primary aim of this study is to explore
the association of pain-related beliefs and genderbased pain expectations on the development of CPSP.
Secondary goals are to: (A) explore risk factors for
poor functional status and patient-level cost of illness
from a societal perspective up to 12 months following
cardiac surgery; and (B) determine the impact of CPSP
on quality-adjusted life years (QALYs) borne by cardiac
surgery, in addition to the incremental cost for one
additional QALY gained, among those who develop
CPSP compared with those who do not.
Methods and analyses In this prospective cohort
study, 1250 adults undergoing cardiac surgery,
including coronary artery bypass grafting and openheart procedures, will be recruited over a 3-year period.
Putative risk factors for CPSP will be captured prior to
surgery, at postoperative day 3 (in hospital) and day 30
(at home). Outcome data will be collected via telephone
interview at 6-month and 12-month follow-up. We will
employ generalised estimating equations to model the
primary (CPSP) and secondary outcomes (function and
cost) while adjusting for prespecified model covariates.
QALYs will be estimated by converting data from the
Short Form-12 (version 2) to a utility score.
Ethics and dissemination This protocol has been
approved by the responsible bodies at each of the
hospital sites, and study enrolment began May 2015.
We will disseminate our results through CardiacPain.
Net, a web-based knowledge dissemination platform,
presentation at international conferences and
publications in scientific journals.
Trial registration number NCT01842568.

Strengths and limitations of this study
►► This is a prospective, multisite study with a large

cohort of cardiac surgery patients.
►► One-year follow-up is compliant with Initiative for

Methods, Measurement, and Pain Assessment in
Clinical Trials recommendations to standardise timing of outcome assessment for prognostic studies of
chronic postsurgical pain (CPSP).
►► A robust analysis plan using generalised estimating
equations will be used to model the primary analysis: the association between pain-related beliefs and
gender-based pain expectations with the development of CPSP at 6 months and 1 year while adjusting
for prespecified covariates.
►► Assiduous follow-up procedures will be adhered to,
which have been proven effective in prior prospective observational studies.
►► There is reliance on pain and quality of life self-report outcome measures; however, rigorous criteria
to define CPSP will be applied, and valid and reliable
instruments will be used.

Introduction
Approximately 400 000 Americans and
36 000 Canadians undergo cardiac surgery
annually, and these numbers are expected
to rise as the population ages.1–5 Despite
the proven survival and symptom-related
benefits of cardiac surgeries, mounting
evidence suggests that chronic postsurgical
pain (CPSP)—and related poor functional
recovery—following these procedures are
major clinical problems.6–31 Moreover, the
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economic consequences of persistent pain and dysfunction remain uncertain. Identification of factors associated
with the development of CPSP could facilitate efforts
to improve outcomes among high-risk patients, yet the
majority of putative risk factors examined to date are not
tenably modifiable in the perioperative context. Three
psychological factors that do show promise as modifiable, potential risk factors for CPSP include pain-related
beliefs, gender-based pain expectations and somatic
preoccupation and coping. The purpose of this study is
to examine whether these factors are associated with transition to CPSP following cardiac surgery.
CPSP following cardiac surgery
Due to conceptual and methodological differences in
the assessment of pain, and conflicting opinions about
the duration of ‘chronicity’, there is no one accepted
definition of CPSP.32 However, there is consensus among
experts32–38 that CPSP should meet the minimum criteria,
set forth by Macrae and Davies33 and others,34–40 as
follows. It must: (A) have developed after the surgical
procedure, (B) be different from pain experienced prior
to the procedure, (C) not be caused by other factors (eg,
cancer recurrence and chronic infection), (D) be present
for at least 2–3 months and (E) interfere significantly with
health-related quality of life.34–40
Open cardiac surgeries involve many pain-sensitive
structures, as they require a median sternotomy, retraction of the ribs and invasion of muscles and visceral
tissues. In coronary artery bypass surgery (CABG), the
grafting procedure requires harvesting at several sites
including, most commonly, the internal mammary artery
(IMA). The manipulation and retraction of the sternum
as well as the use of electrocautery to dissect the IMA
from the chest wall may result in nerve damage that leads
to intercostal neuralgia.41–44 The greater and lesser saphenous veins are also used as grafts in CABG surgery and
require significant leg incisions. These procedures may
result in pain that can last for variable periods and may be
inflammatory or neuropathic in nature. CPSP in cardiac
surgery patients is often experienced in the thorax and
legs but has also been described, to a lesser degree, in
the shoulders, back and neck.10 12 45 The pathophysiological pathways underlying CPSP are multifactorial. Tissue
damage leads to release of high concentrations of bradykinin, adenosine, lactate and potassium in the peripheral microenvironment, thereby causing nociceptor
activation.46 47 These mediators activate capsaicin-sensitive TRVP1 receptors, which serve as the primary transducer of the noxious stimulus.47 Other neurochemicals,
such as the neuropeptides substance P and calcitonin
gene-related peptide, further augment pain.47 These
peripheral nociceptive processes are modulated in the
central nervous system by mechanisms involving selection, abstraction and synthesis of information from the
total sensory input.48 The amount, quality and nature
of the pain experienced are therefore dynamic and
multidimensional products of sensory-discriminative,
2

cognitive-evaluative and affective-motivational components.48 Like any form of chronic pain, ongoing pain after
surgery can lead to pathological nervous system changes,
collectively known as sensitisation47—a function of what
we now understand to be neuronal modifiability.46 Sensitisation of the nervous system may lead to increased pain
sensitivity (hyperalgesia), augmentation of the normal
duration (hyperpathia) amplitude of pain, perception
of non-painful stimuli as painful (allodynia)47 49 and
abnormal, unpleasant hypersensitivity (dysesthesia).50
As Katz and Seltzer argued,32 critical to understanding
the nature of CPSP is appreciating that in each case, the
pain was once acute and involved a transition phase.
There is much work to be done to continue to develop
our understanding of risk factors, which predispose
cardiac surgical patients to pain chronicity.
Prevalence and consequences
We reviewed 26 published/under review studies to date,
across 14 countries,6–31 which have examined the prevalence and/or factors associated with CPSP following
cardiac surgery. On careful examination of the available
data, it is important to recognise that cross-sectional and
retrospective studies have generally reported higher prevalence rates (14%–56%)%) than those investigations with
prospective designs (7.5%–45%). In the recent (2013)
large-scale Canadian CARDpain study (n=1010), Choinière et al28 reported CPSP prevalence rates of 40%, 22%
and 17% at 3, 6, and 12 months following cardiac surgery,
respectively. Routledge et al31 found similar prevalence
rates of CPSP in their prospective extension (Women’s
Recovery from Sternotomy-Extension (WREST-E)) of a
randomised clinical trial (Women’s Recovery from Sternotomy (WREST)) (n=222) to examine the impact of a
novel compression undergarment on women’s recovery
from median sternotomy (3 months postoperative [postop]: 41%; 12 months post-op: 16.7%). In contrast to
CARDpain and WREST-E, 1 year CPSP prevalence rates as
high as 39% and 45% have been reported in prospective
studies of patients following CABG in Turkey27 and the
Netherlands.30 Aside from differences in study design, the
observed variability in reported prevalence rates of CPSP
after cardiac surgery may be explained by the use of point
prevalence versus cumulative prevalence, variability with
respect to the operational definitions of CPSP, timing of
outcome measurement and duration of follow-up period.
CPSP has been associated with the development of
anxiety and depressive disorders,51–55 sleep disturbances
and fatigue,56–60 as well as poor self-rated health.7 51 53 61
For example, among those with CPSP in the CARDpain
study, over 50% reported significant pain-related interference with activities of daily living—including family and
home responsibilities, recreation and employment—at 3,
6 and 12 months following cardiac surgery.28 62
Risk factors for CPSP
Several studies have attempted to establish risk factors for
CPSP in cardiac surgery patients.
McGillion MH, et al. BMJ Open 2019;9:e022995. doi:10.1136/bmjopen-2018-022995
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Their limitations can be summarised63 as: (1) many
studies focused on univariate analyses, or were insufficiently powered to employ multivariate modelling techniques, (2) the vast majority of risk factors examined
to date are not tenably modifiable in the perioperative
context, (3) psychological risk factors (affective and
cognitive) are substantially understudied in comparison
with demographic, clinical/surgical and analgesic risk
factors, constituting a major gap and (4) although retrospective and cross-sectional studies provide some insight
on potential variables associated with CPSP, cross-sectional studies lack the temporal orientation to make solid
inferences about putative, causal relationships and retrospective studies can be limited by availability and quality
of data. In addition, even robust retrospective may be
limited in terms of risk factors explored and related data
collection methods. Risk factors for CPSP can be classified into four categories: (A) demographic, (B) baseline
clinical, technical-surgical, and hospitalisation-related
factors, (C) acute post-op pain and (D) psychological
factors.
Demographic factors
Demographic factors examined include age, sex, level
of education, body mass index (BMI) and smoking
history. Younger age has been positively associated with
CPSP7 9 12 17 20 25 28 in multiple retrospective, cross-sectional
and prospective studies, as observational data embedded
within randomised controlled trials (RCTs); significant
ORs have ranged from 1.43 to 7.03 in cases where this
outcome was dichotomised (ie, younger vs older patients).
However, four of the more recent published studies to
date (one retrospective,17one cross-sectional,18 one RCT50
and one prospective21) have found no positive association
between age and the development of CPSP. Conflicting
findings have also been reported for sex. Although some
studies indicate higher risk of CPSP with women,21 29 30
multiple studies with divergent designs9 12 14 18 20 28 48 have
reported no significant association between sex and the
development of CPSP. Examination of BMI as a risk factor
for CPSP has also produced mixed results. While two
studies (one cross-sectional7 and one RCT [embedded
observational data],20 ORs=1.34 and 9.05, respectively)
provided supportive evidence, other cross- sectional17 18
and prospective studies9 28 found no association between
CPSP and BMI (OR range: 1.02–1.1). Finally, we are aware
of two prospective studies to date that have examined the
association of CPSP with formal level of education28 and
smoking history,14 respectively; no significant association
was found in either case.
Baseline clinical, surgical and hospitalisation-related factors
Among baseline clinical factors, neither a history of
diabetes mellitus9 14 17 23 24 50 or peripheral arterial disease24
have been significantly associated with the development
of CPSP.
However, pre-existing peripheral arterial disease has
been examined as a risk factor in just one retrospective
McGillion MH, et al. BMJ Open 2019;9:e022995. doi:10.1136/bmjopen-2018-022995

study24 to date. Similar to diabetes mellitus, the majority of
prospective studies20 21 23 (including one RCT)20 reported
no predictive ability of baseline chronic pain conditions in the literature (OR=1.00–1.04, where reported).
To date, CARDpain28 is the only prospective examination to report that pre-existing chronic pain at baseline
(non-anginal) is positively associated with CPSP (adjusted
OR=1.44, 95% CI 1.12 to 1.86).28
The evidence pertaining to the predictive value of
preoperative angina is also mixed. Two cross-sectional
studies reported preoperative angina that was positively
associated with CPSP (OR, where reported=1.62)7 12;
however, another cross-sectional17 and two additional
large-scale prospective studies14 28 found no significant
associations to infer that preoperative angina is a significant risk factor for CPSP.
The majority of studies have reported no association6 12 13 17 22 28 50 between a range of surgical factors,
including: (A) type of surgical technique, (B) number
and type of bypass grafts per operation, (C) harvesting
technique and (D) total cross-clamp time (ie, total time
aorta is clamped to separate systemic circulation from
cardiac outflow) and the development of CPSP. There
is some evidence to suggest that not skeletonising the
internal thoracic artery harvest (ie, harvesting it along
with its surrounding pedicle of vascular tissue) is more
likely to invoke CPSP64; those who have undergone left
IMA harvesting may also be at higher risk.13 42 In general,
post-op complications and related adverse events (eg,
reoperation for bleeding and infections) have not been
associated with CPSP,9 12 14 16 20 28 with the exception of one
prospective study that identified post-op resternotomy as
a significant risk factor (OR=3.38).21 Cardiac surgeries
of longer duration (ie, total OR time) 18 20 also do not
seem predictive of CPSP; in fact, the CARDpain28 study
found that the longer the OR time, the less likely CPSP
was to develop. Finally, there seems to be no conclusive
evidence to suggest that length of time in the intensive
care unit,18 20 28 or total duration of hospitalisation18
contribute to the development of CPSP after cardiac
surgery.
Acute post-op pain
Two prospective studies found that severe pain (ie,
numeric rating scale [NRS] ≥7/10) on post-op day 3 was a
significant risk factor for CPSP at 1-year follow-up,21 as well
as worst and average pain ratings at 2-year follow-up.28 A
third prospective study found that severe pain on post-op
day 30 positively predicted CPSP at 3 months.23 The association between analgesic therapy and CPSP is uncertain.10–12 18 19 21 23 27 28
Psychological factors
Only the CARDpain28 study has examined the role of
psychological risk factors in the development of CPSP
and found that presurgical anxiety, as measured by the
Hospital Anxiety and Depression Scale (HADS), was a
significant risk factor, with a 10% increase in the odds of
3
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developing CPSP for each unit increase in HADS-A scale
scores (OR=1.10, 95% CI 1.06 to 1.14). Other psychological risk factors examined (catastrophising and depression) demonstrated no association.
Genetic factors
Several members of this investigative team (eg, HC and
JK) are involved in studies investigating the influence
of genetic polymorphisms on the development of CPSP
after cardiac and other types of surgery. The science of
pain genetics is evolving; investigations of this nature are
complex, requiring extensive research infrastructure for
genotyping and related proteomic methods. Controlling
for the influence of genetic factors is beyond the scope
this study.
Conceptual underpinnings and study focus
To address the above noted gap in the research to date, our
primary objective is to examine the potential influence of
psychological factors on the development of CPSP after
cardiac surgery. Clear justification for the specific putative risk factors to be measured requires that we first explicate the conceptual underpinnings of our study. Given
the complexity of the multidimensional pain experience,
there are many ways to conceptualise CPSP.65 We are
aligned with the biobehavioural view of pain, espoused by
international leaders in the science of the cognitive and
learning aspects of pain.65 66 Fundamental to the biobehavioural perspective is the assertion that people learn to
predict future events based on prior learning experiences
and information processing. As such, patients’ behaviours
elicit responses from significant others, including healthcare professionals, which can reinforce both adaptive and
maladaptive modes of thinking, feeling and behaving.65
With this understanding, patients’ pain-related cognitions and behaviours are of chief concern with respect to
identifying factors that may contribute to the transition
from acute post-op pain to chronic pain. In moving the
science forward, we therefore give primacy to the cognitive-behavioural side of the global biobehavioural view of
pain, as the conceptual premise for our primary objective. According to the fundamental tenets of the cognitive-behavioural perspective of pain65 66: (A) behaviour is
reciprocally determined by the person and environment,
(B) people can learn more adaptive ways of thinking and
behaving and (C) people are capable of and should be
involved as active agents in the change of maladaptive
thoughts, amenable to intervention.65 Our focus therefore will be on the contribution of patients’ pain-related
beliefs and expectations, as follows:
Pain-related beliefs
Decades of work9 67–82 in the fields of post-op pain and
anaesthesia has demonstrated that surgical patients have
beliefs about pain and pain medication, which: (A) are
based on incorrect information and (B) serve to block
effective pain assessment and management. For example,
one study found that among patients undergoing CABG
4

surgery (n=202), a majority (83%) reported that they
would not voluntarily ask for pain medication when they
needed it, although most reported unrelieved moderate-to-severe pain from post-op day 2 (80%) until day
5 (69%).67 As of 2013, data indicate that this unfortunate scenario remains largely unchanged. Cogan et al82
found that among cardiac surgery patients (n=564), 36%
believed that ‘pain medication should be spared until the
pain is very severe’, 20% believed that ‘good patients do
not speak of their pain’ and 31% believed it is ‘very easy
to become addicted to pain medication’ while recovering
from surgery. The particular role of these beliefs per se
in the development of CPSP has yet to be examined; we
will do so in this study using the Pain Barriers Questionnaire (PBQ) (validated in multiple populations).
Gender-based pain expectations
As with a number of fields in the health sciences, the
study of sex and gender, as they relate to pain, is evolving.
Our comprehensive review of risk factors for CPSP after
cardiac surgery revealed that, thus far, investigation has
been limited to the contribution of sex only as a risk factor.
For the purposes of this study, we employ the following
distinctions between sex and gender, set forth by Lips,83
which have been adopted in a number of well-cited pain
studies84–99: sex: the biological distinction of being male or
female; gender: learnt masculinity or femininity, related
to socially-constructed roles and behaviours attributed to
men and women in society.83 84
Emerging evidence suggests that gender-based pain
expectations defined as ‘Sex-related stereotypic attributions about pain sensitivity, pain endurance, and willingness to report pain’ 87 may lead to important differences
in the experience of pain and related response. Robinson
et al were among the first to investigate gender-based
pain expectations, using the Gender Role Expectations
of Pain Questionnaire (GREP).87 Their study of pain
cognitions in 156 men and 235 women found that men
were perceived to be less willing to report pain than
women, women were perceived to be more sensitive and
less enduring of pain than men and that men rated their
pain endurance as higher than average. Further testing
of the GREP by Wise et al94 found that after controlling
for age, GREP scores accounted for 7%, 11% and 21%
of the variance in pain threshold, tolerance and pain
unpleasantness scores, respectively, for women (n=87)
and men (n=61) exposed to thermal testing. A recent
meta-analysis by Alabas et al,91 for example, examined
the role of gender-related cognitions in the experience
of pain.91 Pooling the results of six trials (406 men and
539 women), they found that those who considered
themselves more masculine and less sensitive to pain,
than the typical man, exhibited higher pain thresholds
and tolerances in a variety of settings. Using the GREP,
our study will be the first we know of to examine the role
of gender-based pain expectations on the development
of CPSP after cardiac surgery.
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Health-related quality of life
Overwhelming evidence documents the deleterious
impact of CPSP on health-related quality of life.6–31 50–62
Cost of illness
We will examine the impact of CPSP on patient-level cost,
calculated from a societal perspective, wherein all costs
irrespective of payer are included thereby comprising
private and public costs, using the Ambulatory Home
Care Record. Data are available that indicate that from
20% to 30% of the occurrence of chronic pain is related to
CPSP.98 99 Given the rates of cardiac surgery in Canada,4 5
literature has shown that CPSP contributes substantially
to the $22.2 billion in direct and indirect costs borne by
cardiovascular interventions and services annually.15 With
a view to comprehensive examination of the impact of
CPSP, we will: (A) estimate the extra cost, expressed in
healthcare costs, for patients with CPSP compared with
those without and (B) estimate an incremental cost-effectiveness ratio, that is, the incremental cost for one
additional quality-adjusted life year (QALY) gained,
by virtue of cardiac surgery, among those who develop
CPSP compared with those who do not. QALY is a preference-based utility measure of health-related quality of
life as perceived by the patient.100 101 QALYs incorporate
both length of life and quality of life into a single measure
and are calculated by combining health- related quality
of life measures with data on health state duration. As
such, QALY is the gold standard measure of effectiveness
recommended for economic evaluation and represents
a universally comparable outcome measure. QALY will
be derived from our Short Form-12 (SF-12) version 2
(SF-12v2) data.
Study objectives
Our primary objective is to examine the influence of
pain-related beliefs and gender-based pain expectations
on the development of chronic pain following cardiac
surgery. Our secondary objectives are to: (A) examine the
influence of pain-related beliefs and gender-based pain
expectations on functional status and patient-level cost of
illness following cardiac surgery; and (B) to determine
the impact of CPSP on the QALY borne by cardiac surgery
and the incremental cost for one additional QALY gained
for patients, by virtue of cardiac surgery, among those
who develop CPSP compared with those who do not.

Methods and analysis
Design
This study is a substudy of the Vascular Events In Surgery
patIents cOhort evaluatioN - Cardiac Surgery study
(https://clinicaltrials.gov/ct2/show/NCT01842568),
examining 30-day all-cause mortality, myocardial injury
and related complications following cardiac surgery
in 15 000 participants. In this substudy, we propose
to prospectively follow a cohort of patients who have
undergone cardiac surgery for 1 year. Data on potential
McGillion MH, et al. BMJ Open 2019;9:e022995. doi:10.1136/bmjopen-2018-022995

predictors will be collected at baseline. The total follow-up
period is 12 months, with pain, functional status and cost
of illness-related data being collected at 6 months and 12
months following cardiac surgery.
Patient and public involvement
We collected patient testimonials to articulate the nature
of the chronic pain problem following cardiac surgery
from the patient perspective and establish the need for
this study. Following the completion of the study, we will
debrief the patient panel with the results of our findings.
Study population
The target population of 1250 cardiac surgery patients
will be recruited from participating hospital sites in
Canada, USA and Hong Kong. Patients eligible for our
study will be undergoing a first-time cardiac surgery
involving a median sternotomy, including CABG and all
open heart procedures, such as valvular repairs/replacement. Eligible patients will also be able to read, speak
and understand English and have a telephone allowing
for follow-up. Patients will be ineligible if they: (A) have
undergone previous cardiac surgery, thoracotomy or
mastectomy, (B) are scheduled for an isolated pericardial
window procedure (due to malignancy), pericardectomy,
permanent pacemaker, or defibrillator implantation, (C)
have a major cognitive disorder precluding participation,
or (D) have a hearing impairment or speech impediment
precluding telephone-based follow-up.
Cardiac surgery inpatients will be recruited in one of
two ways: (1) from the hospital sites preoperative assessment clinic, if their surgery is prebooked, or (2) from
the cardiac surgical ward, if they have been admitted to
hospital via the hospital’s emergency department or the
heart investigation unit. A study nurse will obtain written,
informed consent to participate among those willing and
interested. The study enrolment period will conclude
once the 1-year follow-up telephone interview is complete.
Data collection
Immediately following enrolment, standard baseline
demographic, independent variable data (participants’
age, sex, ethnicity, highest level of formal education,
and marital and employment status) and data on baseline covariates (age and sex) will be collected by the
study nurse via interview and chart audit. Postoperatively, the study nurse will collect data on surgical details
via chart audit, and data on post-op day 3 cumulative
analgesic dose and pain intensity scores via chart audit
and participant interview, respectively. The study nurse
will contact patients by phone at 30 days, and 6 and 12
months after surgery; the 30-day call will be for post-op
pain monitoring, and the two subsequent calls will be for
outcome assessment. Data on dependent variables will be
measured at 6 months and 12 months following cardiac
surgery. Table 1 outlines this visit schedule. The timing
of this follow-up outcome measurement is in compliance
with recommendations (2013) set forth by the Initiative
5
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Table 1 Visit schedule
Baseline
Pain Barriers Questionnaire
Gender-based pain expectations

X
X

Somatic Pre-Occupation and Coping

X

State-Trait Anxiety Inventory

X

Hospital Anxiety and Depression Scale
(HADS)

X

Short Form-12 (SF-12)

X

CPSP-related disability

X

Postoperative day 3 Day 30

X

Analgesic chart audit

X

Brief Pain Inventory
Ambulatory Home Care Record

X

for Methods, Measurement, and Pain Assessment in Clinical Trials to standardise the timing of outcome assessment for prognostic studies of CPSP.102
Dependent variables
Chronic postsurgical pain
The development of CPSP will be measured using a telephone structured interview protocol, defined as pain:
(A) that developed after the surgical procedure, (B) is
different from pain experienced prior to the procedure
(eg, preopeative angina), (C) is not caused by other
factors (eg, cancer recurrence and chronic infection),
(D) is present for at least 2–3 months and (E) that interferes significantly with health-related quality of life.34–40
If participants answer in the affirmative to each of these
questions, it will be indicated that ‘Yes’ they have developed
CPSP; otherwise, it will be indicated that ‘No’ they have
not. Among those deemed to have developed CPSP (ie,
‘yes’) pain intensity, and its related interference with usual
daily activities, will be measured via the Brief Pain Inventory-Short Form (BPI-SF).103–107 The BPI-SF includes four
11-point NRSs of pain intensity, which measure ‘average’,
‘least’ and ‘worst’ pain intensity in the past 24 hours, respectively, as well as pain intensity ‘now’ (0=no pain, 10=pain
as bad as you can imagine). As is common to studies of
CPSP28 29 62 67 108–113 (including cardiac surgery), participants
will be asked for their ‘worst’ pain intensity rating both on
rest and movement in the past 24 hours. The BPI-SF interference subscale103–107 will also be used, which measures the
degree to which pain interferes with general activity, mood,
walking, work, relations with others, sleep and enjoyment of
life (NRS for each item; 0=does not interfere, 10=completely
interferes). A total interference score is taken by calculating the sum of these seven items. The BPI-SF has strong
psychometric properties with well-established reliability and
validity across divergent surgical groups,29 103–117 including
those reporting acute and chronic pain following cardiac
surgery.28 29 62 67 112 113 The BPI-SF also contains supplemental items,103–106 for optional use (pain treatment and
body diagram). Of these, only the body diagram will be
used for descriptive purposes.
6

X

6 months

1 year

X

X

X

X

X
X

X
X

Functional status
Functional status will be measured with the SF-12v2), an
established reliable and validated health status measure.118
It consists of 12 items taken from the Short Form 36
(SF-36), which is a widely accepted instrument that was
developed from the Medical Outcomes Study.119–121 The
SF-12v2 was developed to reduce respondent burden. It
can be administered by telephone interview and consists
of two scales that measure physical and mental health
status. The SF-12v2 comprises eight domains, measured
via eight subscales: (1) physical functioning; (2) role
limitations due to physical problems; (3) role limitations
due to emotional problems; (4) bodily pain; (5) general
health; (6) vitality; (7) social functioning; and (8) mental
health. Results may be expressed as physical component
summary (PCS) and mental component summary scores.
These scores range from 0 (worst) to 100 (best).118
Cost of illness
The Ambulatory and Home Care Record (AHCR)122–132
will be used to measure patient-level cost of illness from
a societal perspective. This approach gives equal consideration to health system costs and costs borne by patients
and unpaid caregivers, such as family members and
friends. Items in the AHCR can be categorised as publicly
financed care (ie, resources paid for by the public sector)
or privately financed care (ie, all out-of-pocket payments,
third party insurance payments and time costs incurred
by caregiver). Face validity of the AHCR has been assessed
by several healthcare providers, health economists and
administrators who work in the field of ambulatory and
home-based care.122 125 Reliability of the AHCR has been
assessed via the level of agreement between self-reports of
cost by cystic fibrosis care recipients and administrative
data.125 Moderate to almost perfect agreement was found
between study participants’ responses on the AHCR and
administrative data (kappa=0.41–1.00).125 The AHCR
has since been used to evaluate various conditions,124–132
including chronic cardiology patients who were interviewed over the phone131 132 Additionally, the AHCR has
been used to assess costs for an array of patients, including
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the elderly, middle-aged adults and children.122–132 The
AHCR has been used in telephone and face-to-face interviews as well as in mailed form; it has been translated into
several languages.122–132
Independent variables
Pain-related beliefs
Pain-related beliefs will be examined at baseline using
the PBQ76 77 version II (PBQ-II)74 76–79 133 The PBQ-II134
includes 27 items divided into four subscales: erroneous
beliefs regarding secondary effects of medication (12
items) and their harmful effects (six items), fatalism about
the control of pain (three items) and attitudes regarding
reporting pain to health professionals (six items). Each
item is rated on a 0–5 scale (0: totally disagree; 5: totally
agree). A total score and scores for each subscale can be
calculated by taking the sum of the items. The PBQ-II has
established validity, internal consistency and sensitivity to
change113 135 136 and has recently been adapted and validated for use with cardiac surgical patients.113
Gender-based pain expectations
Gender-based pain expectations will be measured at baseline using the GREP. The GREP87 measures stereotypic
attributions regarding three constructs: pain endurance,
pain sensitivity and willingness to report of pain. Each
construct includes four 100 mm visual analogue scales
regarding how women and men perceive themselves and
the opposite sex, relative to: (A) their own sex and (B) the
opposite sex with respect to how much pain can males/
females endure, how sensitive to pain males/females are
and how willing males/females are to report pain; respondents indicate their views on a 100 mm line anchored by 0
(far less) and 100 (far more). An average score is derived
for each construct; greater scores indicate more stereotypical views. The GREP has now been used in multiple
pain investigations.87 89 91–93 137 138 Test–retest reliability
is acceptable across items87 (0.53 to 0.93), and internal
consistency reliability testing has demonstrated high
correlations (−0.71 to −0.81) between individual items
which assess opposite perceived gender roles (eg, typical
masculine vs feminine orientation to pain endurance).87
Covariates
We will control for the following demographic, clinical
and surgical covariates: sex, age, BMI, diabetes mellitus,
peripheral arterial disease, preoperative chronic pain
and angina (Canadian Cardiovascular Society class),
non-skeletonised internal throacic artery harvest, re-sternotomy and operating time. Additional covariates include
baseline functional status, anxiety and acute post-op pain.
Functional status
We will control for baseline functional status using the
SF-12v2 PCS score.118
Baseline anxiety
We will control for anxiety at baseline using the Spielberger State-Trait Anxiety Inventory (STAI), a widely used,
McGillion MH, et al. BMJ Open 2019;9:e022995. doi:10.1136/bmjopen-2018-022995

well-validated anxiety measure.139 140 The STAI has 40
items that comprise two domains: the State (STAI-S) and
Trait (STAI-T) score, both ranging from 20 to 80, with
higher scores representing higher levels of anxiety. The
STAI-S measures the transitional emotional status evoked
by a stressful situation, such as surgery. The STAI-T score
reflects enduring individual differences in the likelihood
of anxiety.141 The STAI has been found reliable and valid
among patients undergoing cardiac surgery (Cronbach’s
alpha=0.94)142 and is commonly applied in studies capturing
preoperative anxiety among cardiac surgery patients.143 144
Acute post-op pain
Pain on post-op days 3 and 30 will be measured with the
BPI. Cumulative 24 hours analgesic on post-op day 3,
as an indication of analgesic dosing in hospital during
recovery, will be determined via chart audit using a tool
we have used in previous cardiac studies.28 62 67 Opioid
dosage will be converted into parenteral morphine equivalents per day using standard dosage tables.28 62 67
Sample size
The primary analysis for this study is the association of
pain-related beliefs and gender-based pain expectations
with CPSP at 6 months and 12 months while adjusting for
a number of prespecified covariates. Therefore, sample
size was calculated based on the methods used by Hsieh
and colleagues145 for multivariable logistic regression. In
this validated method, the sample size for a simple logistic
regression modelling a single independent variable X1 on
the outcome is inflated by a variance inflation factor equal
to 1 / (1-ρ2×2…xp), where ρ2×2…xp is equal to the proportion of the variance of X1 explained by the regression
relationship with X2…Xp.145 Additionally, sample size was
inflated to account for the clustered nature of the data (ie,
6-month and 12-month measurements) by incorporating
an additional design effect equivalent to 1+ (m−1)*ρICC,
where m is the number of measurements per cluster (ie,
two time points) and ρICC represents the correlation
of responses within clusters. A conservative scenario was
assumed in which the correlation between the two follow-up
measurements could be as high as 0.60, and the variance of
the independent variables explained by covariates (ie, R2)
was 0.16, resulting in a requirement of 1250 participants to
detect a significant change in the odds of post-op pain of
5% (ie, OR of 1.05). This calculation allows the prevalence
of CPSP to be as low as 10% (as found in some previous
studies). Should the prevalence of CPSP be higher, the
correlation between measurements be smaller, or the variance explained in the independent variables be smaller,
1250 participants will provide >80% power.145
Data analyses
Categorical data (eg, presence or absence of CPSP at 6
months and 1 year) will be summarised with frequencies and proportions. Continuous data (eg, functional
disability scores) will be evaluated for normality using
Shapiro-Wilk tests of normality and summarised using
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measures of central tendency and dispersion (eg, means
and SD for normally distributed factors and medians and
IQRs for non-normally distributed data). Generalised
estimating equations (GEEs) will be used to model the
primary analysis: the association between pain-related
beliefs and gender-based pain expectations with the development of CPSP at 6 months and 1 year while adjusting
for prespecified covariates. GEE models account for
the lack of independence in outcome measurements
introduced by multiple measurements.146 We will enter
all prespecified variables in the model and retain them
throughout the analysis. For each model, the inclusion
of an interaction term between the two independent variables of interest (pain belief scale and gender- based pain
expectations) will be guided by 95% CIs and likelihood
ratio significance tests. Model diagnostics will consist of
influential observation examination and Breslow-Day
tests for goodness of fit.147 148 We will also assess for multicollinearity in our model via assessment of condition
indices.147 148
QALYs100 101 will be estimated by converting SF-12v2
data collected in the study to utility score using a validated algorithm.149 After estimating QALYs, we will
analyse it as a dependent variable using regression to estimate the difference in expected QALYs between the two
groups (ie, those with CPSP vs those without). In addition, after calculating total cost from the AHCR, we will
analyse it as a dependent variable using regression to estimate the difference in expected healthcare cost between
the two groups (ie, patients with CPSP vs those without).
Employing regression will allow for the adjustment of
potential confounders. With a variety of different types
of regression (ie, ordinary least squares and generalised
linear models), we will explore the impact of various
modelling assumptions. In addition, we will compare
parametric and non-parametric CIs using bootstrapping.
In theory, an ordinary least squares model produces
unbiased estimates even if the data are skewed; however,
different estimation methods (eg, generalised linear
models) and different uncertainty methods (eg, non-parametric bootstrapping) will facilitate careful investigation of the impact that various assumptions have on our
conclusions.150–153 The regression models will provide
estimates of differences in QALYs and costs for participants who develop CPSP versus those who do not develop
CPSP, which will allow us to calculate incremental cost for
one QALY gained. A cost-effectiveness acceptability curve
and 95% CI will be used to characterise the uncertainty
of our findings.153
Ethics and dissemination
Both integrated and end-of-grant dissemination strategies will be implemented. Study progress and results
will be disseminated on CardiacPain.Net,154 a web-based
pain resource centre (http://cardiacpain.onlinecjc.ca/)
linked to Elsevier’s global online readership, featuring
active knowledge ‘push’ mechanisms including e-banner
advertising and opt-in email blasts. Final results will be
8

presented at international conferences and published in
scientific journals.
Implications
CPSP is an important socioeconomic problem with
well-documented deleterious consequences on functional status for cardiac patients. We aim to investigate
putative psychological risk factors that could be targeted
for preventative intervention. We will also examine the
economic consequences of CPSP comprehensively,
including the impact on QALYs, with no additional data
collection required. This study may contribute towards
reducing the risk and impact of CPSP after cardiac
surgery.
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Nociceptive pain has a physiological protective role in preventing tissue injury. However, pain can
become chronic due to a multitude of pathophysiological states, such as: inﬂammation, nerve injury,
tumors, infections, autoimmune diseases, and vascular and metabolic disorders. These pathological
states can trigger alterations of the pain pathways that can lead to painful hypersensitivity, and in
such circumstances, pain loses its protective role and instead, becomes chronic, pathologic, and it
can be extremely debilitating for people who suffer from it (Basbaum et al., 2009). Chronic pain has
recently been deﬁned as pain that persists or recurs for more than 3 months (Treede et al., 2019)
Chronic pain is a very signiﬁcant health problem around the world. Although its prevalence is
difﬁcult to calculate, it has been estimated that a 10% of adults are diagnosed with chronic pain each
year (Goldberg and McGee, 2011), and in a very recently meta-analysis, the prevalence of chronic
pain in the general population of developing countries was estimated at 18% (Sá et al., 2019).
However, the management of chronic pain is still no fully satisfactory probably due to the variety of
persistent pain conditions with different etiologies, such as musculoskeletal (McWilliams and
Walsh, 2017), neuropathic (Alles and Smith, 2018), visceral (Gebhart and Bielefeldt, 2016) and
cancer-related (Lam, 2016) pain, whose pathophysiological mechanisms are only partially known.
In addition, current analgesics for pathologic pain are not totally effective in all patients and are
associated with serious side effects and/or abuse and dependence problems, in fact, opioids still keep
an important role in the treatment of certain chronic pain conditions (Finnerup et al., 2015; Noori
et al., 2019). Non-pharmacological treatments for chronic pain relief, such as acupuncture and
different neurostimulation techniques might have some therapeutic beneﬁts, although the clinical
efﬁcacy of these complementary therapeutic approaches are difﬁcult to prove (Coutaux, 2017;
Lefaucheur, 2019). Therefore, there is a huge need for new effective therapies with less adverse
effects for the control and prevention of the different types of chronic pain.
Chronic pain can emerge as a consequence of dysfunction of the nociceptive circuits at any level
of the nervous system, resulting in an increased perception of pain (hyperalgesia and allodynia), and
even spontaneous pain. Tissue damage and inﬂammation lead to a reduced threshold and increased
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induced painful neuropathies, although the scientiﬁc evidence to
support its efﬁcacy in these neuropathies is still limited (Ibrahim and
Ehrlich, 2020). Meng et al. provided important evidence on the
mechanisms involved in the ameliorative effects of duloxetine in
chemotherapy-induced neuropathic pain that point to an inhibition
of the activation of p38 MAPK and NF-kB induced by
chemotherapy, thus reducing the inﬂammatory response in the
DRG. In addition, this study showed that duloxetine did not affect
the antitumor activity of oxaliplatin and paclitaxel, which is a key
issue for the pharmacological management of chemotherapyinduced peripheral neuropathies. Starobova et al. established a
new model of peripheral neuropathy induced by vincristine based
on the local administration of this drug into the hind paw of mice.
They compared the resulting pain phenotypes from this new model
to that of a conventional model based on systemic administration of
vincristine. They found that mechanical allodynia was decreased in
mice lacking Toll-like receptor 4, as well as in mice treated with the
antibiotic minocycline, which has been shown to modulate the
activation of microglia and immune cells.
Two studies evaluated the analgesic effects of natural compounds
on models of neuropathic pain induced by chronic constriction
injury (CCI) of the sciatic nerve. Jin et al. demonstrated that
systemic administration of koumine (an indole alkaloid presents
in Gelsemium elegans) reduced CCI-induced mechanical allodynia
in rats by reducing astrocyte-mediated neuroinﬂammation. In the
study conducted by Fotio et al. was shown that a combination of
several natural products, including N-Palmitoylethanolamide
(PEA), beta-caryophyllene, carnosic acid and myrrh extract
administered orally, was as effective as gabapentin, a ﬁrst line
drug for treating neuropathic pain (Finnerup et al., 2015),
reducing pain behaviors induced by CCI in mice.
Two other articles evaluate the effects of natural plant-derived
products on different pain models. Uddin et al. described the
antinociceptive effects of the methanol extract of Anisomeles
indica on two classical model of chemical-induced pain such as,
acetic acid-induced writhing test and formalin-induced licking test.
Huang et al. found that Bulleyaconitine A, a diterpenoid alkaloid
isolated from Aconitum Bulleyanum, produced antinociceptive
effect in the acetic acid-induced writhing test in rats. In addition,
this compound showed anxiolytic effects and improved
gastrointestinal function in rats with chronic visceral pain.
Other basic research studies collected in this Research Topic
evaluated the analgesic effects of several drugs on different pain
models. Thus, Zhang et al. described that duloxetine had analgesic
effects on formalin-induced pain hypersensitivity through
increasing the concentration of serotonin in the central nucleus of
amygdala (CeA). Hu et al. described that the local administration of
TRPV1 antagonist had analgesic effects on pain hypersensitivity
associated to a rat model of complex regional pain syndrome
(CRPS) induced by ischemia. This study suggests that TRPV1
channel might have an important role on this pain syndrome,
whose pathophysiology remain poorly understood (Eldufani et al.,
2020). Idris et al. showed that two synthetic benzimidazole
derivatives attenuated morphine-induced paradoxical pain in
mice. Srebro et al. showed that systemic administration of
tramadol had both prophylactic and therapeutic analgesic effects

sensitivity of the peripheral terminals of the nociceptors,
resulting in pain hypersensitivity – a process known as
peripheral sensitization (Costigan et al., 2009). On the other
hand, central sensitization represents a phenomenon of
enhanced function of neurons and circuits of central pain
pathways, caused by increased membrane excitability and
synaptic efﬁcacy and by reduced inhibition (Latremoliere
and Woolf, 2009). Peripheral and central sensitization
is a manifestation of the extraordinary plasticity of the
somatosensory nervous system in response to inﬂammation or
injury and they are major contributor of chronic pain (Woolf
and Salter, 2000). Neuronal functional changes, including
alterations in neurotransmitter synthesis and signaling, and
changes in expression and trafﬁcking of receptors and ion
channels can trigger the sensitization of the pain pathways
(Costigan et al., 2009; Latremoliere and Woolf, 2009). In
addition, accumulating evidence suggests that non-neuronal
cells mainly immune and glial cells play active roles in the
pathogenesis and resolution of chronic pain by releasing
neuroactive mediators that modulate pain (Hore and Denk,
2019). Among these non-neuronal cells, satellite glial cells,
macrophages and T cells in the peripheral nervous system, and
microglia and astrocytes in the central nervous system, are the
most studied by far. Interestingly, nociceptive neurons can also
release active substances on glial and immune cells, which can
also contribute to the neuroinﬂammatory process that is
involved in chronic pain (Ji et al., 2016). Therefore, there is an
authentic cross-talk between neurons and immune and glial cells
which has attracted the attention of numerous pain scientists in
the last years to increase our knowledge of how neuroimmune
and neuroglial mechanisms contribute to chronic pain states.

OVERVIEW OF THE ARTICLES INCLUDED
IN THIS RESEARCH TOPIC
This Research Topic includes twenty four articles that address
different aspect of the pathophysiology and treatment of chronic
pain. Most of the studies are basic research with experimental
animals, but our Research Topic also includes clinical research.
In addition, the reader will also ﬁnd several reviews and metaanalysis addressing very interesting subjects.
Among the basic research studies, three articles focused on
neuropathic pain induced by chemotherapy, one of the most
prevalent adverse effects of cancer patients treated with
antineoplastic drugs (Sisignano et al., 2014). Kim et al. showed
that a selective phosphodiesterase (PDE)-4 inhibitor called
Rolipram attenuated mechanical hypersensitivity induced by the
antitumour drug paclitaxel in rats. The mechanism involved seems
to be related to the decreased on the expression of inﬂammatory
cytokines in the DRG induced by paclitaxel. In another article
conducted by Meng et al., it was shown that the antidepressant drug
duloxetine (a serotonin-norepinephrine reuptake Inhibitor) was
effective in reducing neuropathic pain induced by two
antineoplastic drugs (paclitaxel or oxaliplatin) in mice. Duloxetine
is considered a ﬁrst line drug for the treatment of chemotherapy-
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Finally, the present Research Topic also offers to the reader a
good number of review articles that provide an update on the
pathophysiology and treatment of different type of chronic pain.
Valente performed a mini review about the pharmacology of
pain associated with the monoiodoacetate (MIA) model of
osteoarthritis. This model consists of intra-articular injection
of MIA to rodents and results in histopathological changes and
functional disability that mimic to some extend some of the
features of patients with osteoarthritis. Vučković et al. conducted
an extensive narrative review about the role of cannabinoids in the
treatment of pain. This article includes preclinical and clinical
research about the pharmacodynamics, pharmacokinetics,
efﬁcacy, safety and tolerability of these compounds. Joksimovic
et al. addressed the role of neurosteroids in the management of
pain with an interesting review that focuses on their involvement
in the pain pathway, their potential use as analgesics in different
models of pain, as well as the future therapeutic perspectives.
Lloriá n-Salvador and Gonzá lez-Rodrı́guez carried out an opinion
article about the involvement of the vascular endothelial growth
factor (VEGF) in several types of pain. VEGF is an important
mediator with pro-angiogenic properties, being an important
regulatory factor in tumor angiogenesis what explains the use of
anti-VEGF therapies for the treatment of cancer. However, VEGF
has been proposed as a potential key factor in the establishment
and maintenance of chronic pain.
There are also three review articles with a more clinical
perspective. Vigano et al. performed an update on the role of
neurophysiological abnormalities and maladaptive plasticity on
the treatment of migraine with neuromodulation. They reviewed
the available evidence from therapeutic and physiological studies
using neuromodulation in chronic migraine. Stamenkovic et al.
carried out a narrative review to analyze preventive measures to
avoid the development of chronic pain in intensive care unit
(ICU) patients. In addition, they outlined possible management
options to minimize both chronic pain and long term opioid use
following ICU discharge. Knezevic et al. performed a review
about the role of corticosteroids in the treatment of chronic pain.
These drugs have been widely used in the treatment of back pain
and osteoarthritis over the past decades. However, their use has
been also questioned due to the serious adverse events of
corticosteroids, and the emergence of new therapeutic options.

in inﬂammatory pain and edema induced by intraplantar injection
of carrageenan. Interestingly, they found that the co-administration
of a ﬁxed dose of tramadol with different doses of magnesium
sulfate led to a dose-dependent enhancement of the analgesic effect
of tramadol, opening the door to the use of magnesium as adjuvant
therapy along with tramadol to counteract inﬂammatory pain.
Magnesium ion acts as a blocker of the N-methyl-D-aspartate
(NMDA) receptor in the central nervous system and it is well
known that NMDA receptor activation is key in the central
sensitization process (Latremoliere and Woolf, 2009).
Another study conducted by Metcalf et al. used a nonpharmacological approach to demonstrate that music can
enhance analgesia and antiseizure effects of several drugs in
animal models of pain and epilepsy. The playlist used in the
experiments comprised several Mozart`s compositions. Although
the analgesic effects of music “per se” (Lunde et al., 2019) or as
adjunct to analgesic drugs (Chai et al., 2017) have been previously
described in patients, Metcalf et al. presented the ﬁrst animal study
on music-enhanced antinociceptive activity of analgesic drugs.
This Research Topic also includes a technology report
performed by González-Cano et al. which described a software to
simplify the process of calculating 50% mechanical threshold values,
when using calibrated von Frey ﬁlaments with the up–down testing
paradigm. This article can be of interest for scientists working on
basic pain research with rodents, as von Frey ﬁlaments are by far the
tool used most frequently to assess tactile allodynia in mice and rats
(Gonzá lez-Cano et al., 2020). They present an open-source
computer program that can read handwritten von Frey result
sheets and translate these measurements into mechanical
hypersensitivity threshold values, eliminating the chance of a
manual calculation error.
There are also several clinical reports in this Research Topic.
Thibaut et al. presented a pilot crossover randomized controlled
study to evaluate the effects of transcranial direct current stimulation
and transcranial pulsed current stimulation on brain oscillations in
patients with chronic visceral pain. Knezevic et al. conducted an
open-labeled pilot study to determine the efﬁcacy and safety of a
new formulation of gabapentin-extended release in patients with
postamputation pain. Gabapentin is a ﬁrst-line drug for the
treatment of neuropathic pain (Finnerup et al., 2015) and
Knezevic et al. demonstrated for the ﬁrst time, that once-daily
dosing of gabapentin-extended release shows signiﬁcant
improvement in pain severity and functional status in these
patients, with rates of side effects similar to previously published
literature. Shan et al. assessed the current available evidence of a
traditional Chinese medicine herb from the rhizome of Ligusticum
chuanxiong, for the treatment of migraine. The results of this
systematic review article indicated that this herb can reduce
frequency, duration and pain severity of migraine, with a low rate
of side effects. Another systematic review article conducted by
Garcı́a-Henares et al. showed that low doses of intravenous
ketamine (a NMDA receptor antagonistin) reduced morphine
consumption and pain intensity scores after remifentanil-based
general anesthesia for major and minor surgery in adults. This
report also showed that ketamine did not increase the incidence of
adverse effects.
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Case Report

Thoracic Disc Herniation Manifesting as Abdominal Pain Alone
Associated with Thoracic Radiculopathy
Motonori Ishii,1 Yusuke Nishimura,1 Masahito Hara,2 Kaoru Eguchi,1 Yoshitaka Nagashima,1
Takayuki Awaya,1 Ryo Ando,1 Shoichi Haimoto,1 and Toshihiko Wakabayashi1

Symptomatic thoracic disc herniation (TDH) with thoracic radiculopathy alone is an extremely rare condition.
Here, we report a rare case of TDH in a 52-year-old man
who presented with medically refractory severe right
flank pain. Based on pain distribution, pain intensity
changes according to truncal position, ineffectiveness of
intercostal nerve block, and radiological findings, his
pain was determined to be caused by TDH at T9-10 level.
Symptomatic TDH often requires invasive surgery. However, TDH with radiculopathy alone can be treated via a
posterior approach without spinal cord manipulation or
spinal fusion. We could eliminate the pain by removing
TDH with hemilaminectomy and microdiscectomy using
an O-arm-based navigation system.
Key words: thoracic disc herniation, thoracic
radiculopathy, intercostal neuralgia, abdominal wall pain,
posterior approach

Introduction
Symptomatic thoracic disc herniation (TDH) is estimated to
occur with a frequency of 1 per million each year.1,2) The commonest location of TDH is central or centrolateral to the spinal
canal below the T7 level. When TDH occurs in these positions, it
is extremely rare that radicular pain is the only symptom.1) A
patient who only complains of radiculopathy, such as abdominal
pain, might be mistakenly diagnosed with psychogenic pain,
intercostal nerve entrapment caused by muscle stiffness and
truncal position or visceral disease without history of trauma,
prior surgery or skin infection, thereby resulting in the risk of
downgrading the severity of the disease or undergoing unnecessary invasive procedures.3) We report here a rare case of a
52-year-old male, who presented with unilateral severe flank
pain with a previous diagnosis of intercostal neuralgia after visiting different hospitals. We evaluated that his pain derived from
thoracic radiculopathy caused by TDH and successfully treated
him surgically. In the discussion section, we also review the literature of TDH presenting with thoracic radiculopathy to discuss
how to make a correct diagnosis and provide adequate treatment.
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Case Report
A 52-year-old male was referred to us with medically
refractory severe right flank pain lasting for 1 year. The pain
radiated from the back to the umbilics on the right side in the
T9 dermatomal distribution, which was relieved by truncal
extension and deteriorated by truncal flexion. He was
working as a security guard and had to put a lumbar brace on
to maintain the truncal extension posture and avoid daily
excruciating pain. He had visited multiple medical institutions
and was unsuccessfully prescribed with various type of pain
killers. He also underwent several intercostal nerve block procedures performed by anesthetists with little effect. Otherwise, he was neurologically intact, without weakness and
sensory disturbance in the four limbs. His past medical history was unremarkable, and there was no history of trauma,
prior surgery or skin infection. Thoracic spine magnetic resonance imaging (MRI) showed a centrolateral to foraminal
TDH at the T9-10 level (Fig. 1). Thoracic spine computed
tomography (CT) showed intraforaminal calcification, indicating the presence of calcified disc herniation (Fig. 2). We
evaluated that his symptoms were compatible with T9 thoracic radiculopathy caused by TDH, based on his pain distribution, characteristic pain intensity changes in accordance
with his truncal position, and the corresponding radiological
imaging findings. We also judged that the prior intercostal
nerve block procedures had been ineffective, since the
pathology was located far proximal to the injection site for the
nerve block. The patient declined to undergo additional nerve
root block, such as T9 nerve root block, so we proceeded to
perform a thoracic hemilaminectomy and microdiscectomy
at T9-10 level via a posterior approach, following the patient’s
wish. We used an O-arm-based navigation system to control
the scope of facet joint resection up to 50%. The herniated
disc was successfully removed, taking the pressure off from
the affected T9 nerve root (Figs. 3D and 3E). The surgery
was successful, without any neurological complications and
his pain disappeared immediately after surgery. Postoperative
CT showed that more than half of the facet joint was preserved (Figs. 3A–3C). At his postoperative 1-year follow-up,
he is completely free from the pain.
Discussion
There is a wide variety of signs and symptoms caused by
TDH. Quint et al.4) reported that 92% of TDH patients complained of pain, and more than half of them complained of
radicular pain. In their review of literature, Elhadi et al.5)
reported that 39.5% of the 488 TDH patients showed
161
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Fig. 1 Sagittal (A, B) and axial (C) section of T2-weighted MRI showing centrolateral to foraminal disc herniation compressing the T9 nerve root.
Arrows indicate the herniated disc. MRI: magnetic resonance imaging.

Fig. 2 Sagittal (A and B) and axial section (C) of CT showing the calcified TDH and narrowing of the intervertebral foramen (B). Arrows indicate
the calcified TDH. CT: computed tomography, TDH: thoracic disc herniation.

radiculopathy. Radicular pain itself is not uncommon for
TDH. However, it is extremely rare that radiculopathy is the
only symptom.1) To the best of our knowledge, there are only
11 cases in the literature reporting a TDH with radiculopathy
alone, such as chest, abdominal pain, and abdominal muscle
weakness (Table 1).3,6–14) Radiculopathy of TDH could result
in abdominal muscle weakness and pain along with the
162

thoracic spinal dermatomal distribution, occasionally accompanied by nausea and vomiting, which may easily be misdiagnosed with intra-abdominal or pelvic pathology.15,16) Some
of the reported cases underwent unnecessary invasive procedures, such as laparoscopy, before the correct diagnosis of
TDH was made.3) While a thorough visceral test should be
required in these cases, when a diagnosis of visceral disease

Thoracic Disc Herniation with Thoracic Radiculopathy

Fig. 3 Postoperative CT images showing the location of laminectomy (arrow) and decompressed intervertebral foramen (A). Axial CT images
show that more than half of the facet joint was preserved (B, C). D showed T9 disc herniation. T9 nerve root (arrow) was severely compressed by
the disc TDH (arrowhead) and displaced rostrally, looking congested (E). The pressure was successfully taken off from the T9 root (arrow) and
TDH was nicely removed (arrowhead). C: caudal side, CT: computed tomography, M: medial side, L: lateral side, R: rostral side, TDH: thoracic disc
herniation.

is ruled out, we need to differentiate abdominal wall pain.
Abdominal wall pain includes intercostal neuralgia, myofascial pain, and visceral disease in which inflammation
spreads to the peritoneum other than thoracic radiculopathy.
Srinivasan et al.17) reported the usefulness of Carnett's test
(judged as positive if the tenderness exacerbates when the
abdominal wall is tensed) in differentiating abdominal wall
pain from visceral diseases. They described that chronic
abdominal wall pain can be diagnosed with 85% sensitivity
and 97% specificity if any of the following criteria are satisfied with pain lasting more than 1 month: (1) very localized
pain that can be covered with a fingertip and (2) fulfillment
of any of the following criteria: fixed location of tenderness
with superficial tenderness; point tenderness less than 2.5 cm;
or positive Carnett's test. Routine needle EMG is also
helpful for the assessment of nerve root impairment, disclosing positive sharp waves or fibrillation potentials in muscles on the radiculopathy level.12) Carnett's test was positive
in the present case, while invasive tests such as EMG was not
performed since the diagnosis could be made based on radiological findings and clinical symptoms. Intercostal neuralgia is the most common in the abdominal wall pain, which
is usually caused by herpes zoster, direct injury to the nerve
or nerve entrapment associated with iatrogenic neuroma or

prior surgery and deteriorates on coughing, sneezing, and
deep inspiration.18) It is sometimes difficult to identify the
thoracic radiculopathy as a cause of intercostal neuralgia. In
the present case, the intercostal nerve block had almost no
effect on the pain, indicating far more proximal lesion to the
site of nerve block. Furthermore, the pain distribution corresponded to a dermatomal distribution at the index level and
the intensity of pain varied in accordance with spinal movements. Several reports described that the radiculopathy
caused by TDH is aggravated with lateral bending, rotation,
flexion of the trunk,19) and supine or side-lying position.14,20)
The patient in this report exhibited pain relief only when the
trunk was extended when standing with a rigid lumbar brace.
We think that reduction of intervertebral disc pressure by
extension and/or stabilization of functional motion unit of
T9-10 by rigid lumbar brace led to temporary pain relief.
Furthermore, we observed a clearly calcified TDH squeezing
the T9 nerve root on MRI, which was consistent with his
pain distribution. These findings prompted us to consider
that his pain originated from the thoracic spine.
The surgical indications and surgery of choice for treating
TDH should be determined on a case-by-case basis. Surgical
treatment is indicated in the case of medically refractory pain
or progressive myelopathy.21,22) Several surgical approaches
163
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Table 1

Summary of thoracic disc herniation cases with radiculopathy alone
Age (years)/
sex

Level

Location

Symptoms

Wrong site surgery or
invasive examination

Treatment

Whitcomb DC et al.,
1995

NS/F

T7-8

NS

Epigastric pain

Pancreatico-jejunostomy

Microdiscectomy

Xiong Y et al., 2001

32/F

T9-10

Centrolateral

Abdominal and pelvic
pain

Laparoscopy

Laminectomy and
discectomy

Stetkarova I et al.,
2007

50/F

T12-L1

Centrolateral

Flank pain and muscle
weakness

NA

Medication

Stetkarova I et al.,
2007

34/M

T10-11,
T11-12

Centrolateral

Lower abdominal pain

NA

Root nerve injection

LaBan MM et al.,
2007

75/M

T12-L1

Centrolateral

Abdominal muscle
weakness, and flank and
abdominal pain

NA

Split-table intermittent
pelvic tractionthermal
therapy

Papadakos N et al.,
2009

52/F

T11-12

Centrolateral

Left loin pain radiating to
groin

Laparoscopy,
colonoscopy, and
cystoscopy

Microdiscectomy

Baranto A et al., 2009

24/M

T2-3,
T3-4

Centrolateral

Chest pain

NA

Physiotherapy

Hafsteinsdottir B
et al., 2012

59/M

T11-12

Centrolateral

Right flank pain

NA

Conservating therapy

Srinivasan V et al.,
2012

72/M

T9-10

Centrolateral

Left-sided chest pain

NA

Operation

Piccirilli M et al.,
2012

36/F

T7-8

Centrolateral

Subscapular right-sided
dorsal pain

NA

Medication

NA

Medication and
physical therapy

NA

Microdiscectomy

Authors and year

Sari H et al., 2016

38/M

T7-8

Centrolateral

Subscapular left-sided
dorsal radiating pain, and
paresthesia radiating to
left chest wall

Present case

52/M

T9-10

Centrolateral

Right flank pain

NA: not applicable, NS: not specified.

have been suggested for the removal of TDH without manipulating the spinal cord. These procedures are classified into
posterolateral, posterior, lateral transthoracic approach, and
less invasive techniques using image-guided thoracoscopy,
endoscope, and novel retractor system.23–26) Because the herniated disc was not centrally located in our case, we could
successfully remove TDH without spinal cord manipulation
via the posterior approach without spinal fusion. Fusion may
be avoided if the lateral portion of the facet joint is preserved.21,22) As reported by Kim et al.27) and Schlenzka
et al.,28) an O-arm-based navigation system helped to firmly
identify the spinal anatomy. We could determine the extent of
the bone resection and muscles dissection with the image
guidance technique resulting in preservation of more than
half of the facet joint. O-arm-based navigation system allows
us to minimize muscle invasion and damage to medial branch
of posterior ramus of the spinal nerves. Furthermore, we
could easily identify the index level with this system even for
hard-to-localize middle to upper thoracic levels. We could
eventually preserve more than half of the facet joint with the
image guidance technique. Postoperative CT showed that the
164

bone resection had been performed as planned, resulting in
no indication of spinal instability.

Conclusion
We report here a patient manifesting abdominal pain due to
radiculopathy caused by TDH at the T9-10 level. If abdominal pain alone is observed, it is necessary to investigate the
characteristics of pain and considering the possible presence
of TDH. TDH with only thoracic radiculopathy can be treated
with less invasive surgical procedure, without spinal fusion.
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Abstract
Background: L-acetylcarnitine, a drug marketed for the treatment of chronic pain, causes analgesia by epigenetically
up-regulating type-2 metabotropic glutamate (mGlu2) receptors in the spinal cord. Because the epigenetic mechanisms
are typically long-lasting, we hypothesized that analgesia could outlast the duration of L-acetylcarnitine treatment in
models of inflammatory and neuropathic pain.
Results: A seven-day treatment with L-acetylcarnitine (100 mg/kg, once a day, i.p.) produced an antiallodynic effect in the
complete Freund adjuvant mouse model of chronic inflammatory pain. L-Acetylcarnitine-induced analgesia persisted for at
least 14 days after drug withdrawal. In contrast, the analgesic effect of pregabalin, amitryptiline, ceftriaxone, and N-acetylcysteine disappeared seven days after drug withdrawal. L-acetylcarnitine treatment enhanced mGlu2/3 receptor protein
levels in the dorsal region of the spinal cord. This effect also persisted for two weeks after drug withdrawal and was
associated with increased levels of acetylated histone H3 bound to the Grm2 gene promoter in the dorsal root ganglia.
A long-lasting analgesic effect of L-acetylcarnitine was also observed in mice subjected to chronic constriction injury of the
sciatic nerve. In these animals, a 14-day treatment with pregabalin, amitryptiline, tramadol, or L-acetylcarnitine produced
a significant antiallodynic effect, with pregabalin displaying the greatest efficacy. In mice treated with pregabalin, tramadol or
L-acetylcarnitine the analgesic effect was still visible 15 days after the end of drug treatment. However, only in mice treated
with L-acetylcarnitine analgesia persisted 37 days after drug withdrawal. This effect was associated with an increase in
mGlu2/3 receptor protein levels in the dorsal horns of the spinal cord.
Conclusions: Our findings suggest that L-acetylcarnitine has the unique property to cause a long-lasting analgesic effect that
might reduce relapses in patients suffering from chronic pain.
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Introduction
1

A large body of evidence indicates that L-acetylcarnitine
(LAC) is clinically eﬀective in the treatment of neuropathic pain, ﬁbromyalgia, and other types of chronic
pain, with an excellent proﬁle of safety and tolerability.1–10 LAC treatment may also cause antidepressantlike eﬀects that may be advantageous in the management
of patients suﬀering from chronic pain.11–14 To our
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2
knowledge, LAC is the only drug that causes analgesia
via an epigenetic mechanism mediated by acetylation of
p65/RelA, a member of the NFkB family of transcription factors. Acetylation of p65/RelA leads to an
enhanced expression of type-2 metabotropic glutamate
(mGlu2) receptors in the dorsal root ganglia and dorsal
horns of the spinal cord with an ensuing reduction of
glutamate release from primary aﬀerent sensory
ﬁbres.15 In rats subjected to chronic constriction injury
(CCI) of the sciatic nerve, repeated administrations of
LAC reduced mechanical allodynia after ﬁve to seven
days, and a single injection of an mGlu2/3 receptor
antagonist at the end of LAC treatment was suﬃcient
to abrogate LAC-induced analgesia.16 Acetylation of
p65/RelA and induction of mGlu2 receptors by LAC
could also be demonstrated in cultured dorsal root ganglia neurons, and the induction of mGlu2 receptors was
abrogated by pharmacological inhibition of NFkB.17
Interestingly, drugs that inhibit histone deacetylases
(HDACs) mimicked the analgesic action of LAC and
were also able to enhance p65/RelA acetylation and
mGlu2 receptor expression in the dorsal horns of the
spinal cord.18 That epigenetic regulation of mGlu2
expression is critically involved in the control of pain is
also demonstrated by the evidence that pharmacological
inhibition of histone acetyl transferase (HAT) causes a
marked down-regulation of mGlu2 receptors in the
spinal cord and a hypoacetylation of histones H3 and
H4 in the dorsal root ganglia, thereby preventing the
analgesic activity of the mGlu2/3 receptor agonist,
LY379268.19 LAC treatment was shown to enhance the
amount of acetylated histone H3 acetylation bound to
the promoter of the mGlu2 receptor-encoding gene
(Grm2 gene) in the prefrontal cortex and hippocampus
of spontaneously depressed rats.12 Whether LAC
enhances histone acetylation in the spinal cord of mice
with chronic pain is unknown.
On the basis of these ﬁndings, we predicted that LAC
treatment could induce long-lasting changes in the expression of mGlu2 receptors in the spinal cord resulting into a
persisting analgesic eﬀect. We now demonstrate that
LAC-induced analgesia persists for at least two weeks
after drug withdrawal in the complete Freund adjuvant
(CFA) mouse model of inﬂammatory pain and for more
than one month in the CCI mouse model of neuropathic
pain. In addition, we oﬀer the ﬁrst evidence that LAC
treatment enhances the amount of acetylated histone H3
bound to the Grm2 promoter in the dorsal root ganglia.

Materials and methods
Drugs
LAC was a generous gift from Sigma Tau Laboratories
(Pomezia, Italy); N-acetylcysteine (NAC), amitriptyline
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and ceftriaxone were purchased from Sigma Aldrich
(St. Louis, MO); pregabalin was purchased from Tocris
Cookson (Avonmouth, Bristol, UK). All these drugs
were dissolved into saline. We used a clinical injectable
formulation of tramadol HCl (Contramal, 50 mg/ml),
which was also dissolved into saline.

Animals
We used adult male C57BL/6 J mice (20–25 g, b.w.) purchased from Charles River (Calco, Italy). All mice were
housed ﬁve per cage, under a standard 12/12 h light/dark
cycle with food and water ad libitum for at least two
weeks prior to the experiments. All experiments were
carried out according to the European (86/609/EEC)
and Italian (D: Lgs. 116/92) guidelines of animal care.
The experimental protocol was approved by the Italian
Ministry of Health. All eﬀorts were made to minimize
animal suﬀering and the number of animals.

Induction of chronic inflammatory pain and drug
treatment design
Chronic inﬂammatory pain was induced by intraplantar
(i.pl.) injections of 20 ml of CFA (F5881 Sigma-Aldrich;
1 mg/ml) in the right hind paw. Control mice received an
i.pl. injection of saline. In a ﬁrst experiment, six groups
of six CFA-injected mice were treated intraperitoneally
(i.p.) as follows: two groups of mice received a single
injection of saline or LAC (100 mg/kg) and pain thresholds were assessed after 1 h; the four remaining groups of
mice were treated daily with saline or LAC for either
three or seven days, and pain thresholds were assessed
1 h after the last injection. Mice of the ﬁrst two groups
were killed 24 h after a single injection of saline or LAC
for the analysis of mGlu2/3 receptor protein levels in the
spinal cord. Mice of all the other groups were killed
immediately after the assessment of pain thresholds. In
a second experiment, four groups of mice were treated as
follows: (1) i.pl. injection of saline followed, 1 h later, by
i.p. injection of saline (once a day for seven days); (2)
i.pl. injection of saline followed by i.p. injection of LAC
(100 mg/kg, once a day for seven days); (3) i.pl. injection
of CFA followed by i.p. injection of saline (once a day
for seven days); and (4) i.pl. injection of CFA followed
by i.p. injection of LAC (once a day for seven days).
Mechanical pain thresholds were assessed under basal
conditions (i.e. before i.pl. injection of CFA or saline)
after seven days (i.e. at the end of systemic treatment
with LAC or saline), and seven days after drug withdrawal (corresponding to 14 days after i.pl. injection of
CFA or saline). Parallel groups of mice injected i.pl. with
CFA and treated with saline or LAC for seven days were
killed at the end of saline or LAC treatment or seven
days later for measurements of mGlu2/3 receptor protein
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levels in the spinal cord. In a third experiment, two
groups of mice were injected i.pl. with CFA and treated
for seven days with either saline or LAC. One week after
drug withdrawal (i.e. 14 days after CFA injection), mice
were killed 1 h after measurements of pain thresholds,
and the dorsal root ganglia were used for chromatin
immunoprecipitation analysis. In a third experiment,
six groups of mice were injected i.pl. with CFA and treated i.p. once a day for seven days with saline, LAC
(100 mg/kg), pregabalin (30 mg/kg), amitryptiline
(10 mg/kg), ceftriaxone (200 mg/kg), or NAC (100 mg/kg).
Pain thresholds were assessed prior to CFA injection
(basal), 1 h after the end of drug treatment, and then at
seven and 14 days after drug withdrawal (corresponding
to 14 and 21 days after CFA injection). One hour after
the last injection, three to four mice selected from the
groups treated with i.p. with saline, LAC, or pregabalin
were killed for measurements of mGlu2/3 receptor protein in the spinal cord.

Induction of neuropathic pain and drug
treatment design
Neuropathic pain was induced by CCI of the sciatic
nerve using the method described by Bennet and Xie20
modiﬁed as follows: mice were anesthetized with isoﬂurane (5% for induction and 2% for maintenance), the
biceps femoris, and gluteus superﬁcialis were separated
by blunt dissection, and the left sciatic nerve was exposed
for ligation. One ligature was tied loosely around the
nerve, until it elicited a brief twitch in the respective
hind limb, taking care to preserve epineural circulation.
The incision was cleaned and the skin was closed with
two to three ligatures of 5-0 dermalon. Mice were then
placed on a warmed surface and, following recovery,
they were returned to their home cages and checked routinely for 72 h. Five groups of mice (n ¼ 7–8 per group)
were treated i.p. daily for 14 days with saline, LAC
(100 mg/kg), pregabalin (30 mg/kg), amitryptiline
(10 mg/kg), or tramadol (100 mg/kg). Mechanical
pain thresholds were measured prior to CCI, and at
the end of drug treatment, and then at 7 and 37 days
after drug withdrawal. mGlu2/3 Receptor protein levels
were measured exclusively in CCI mice treated with
saline or LAC.

Measurements of mechanical allodynia
Mechanical allodynia was quantiﬁed by measuring the
hind paw withdrawal response to von Frey ﬁlament
stimulation. In brief, mice were placed in a Plexiglas
box (20 cm high, 9 cm diameter) with a wire grid
bottom through which the von Frey ﬁlaments (North
Coast Medical, Inc., San Jose, CA, USA; bending
force range from 0.008 to 3.5 g) were applied by using
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a modiﬁed version of the up-down paradigm, as reported
by Chaplan et al.21 The ﬁlaments were applied ﬁve times
each, in order of increasing forces, and pressed perpendicularly to the plantar surface of the hind paw until they
bent. The ﬁrst ﬁlament that evoked at least three
responses was assigned as the pain threshold in grams.
For the assessment of mechanical sensitivity, mice were
placed in individual cages with elevated mesh ﬂoor 1 h
before all behavioral testing.

Western blot analysis
Tissues (dorsal regions of the lumbar segments of the
spinal cord ipsilateral to i.pl. injection of CFA or
saline) were homogenized on ice with RIPA buﬀer
containing protease inhibitors cocktail tablet (Santa
Cruz Biotechnology, Inc., Temecula, CA, USA).
Homogenates were centrifuged at 14,000 rpmin for
10 min and an aliquot was used for protein determinations. Equal amounts of proteins (20 mg) from supernatants were separated by 8% SDS polyacrilamide gel
and transferred on Immuno PVDF membranes (BioRad, Milan, Italy) for 7 min using Trans Blot Turbo
System (Bio-Rad, Milan, Italy) for the detection of
mGlu2/3 receptor. Filters were blocked overnight in
blocking buﬀer (TBS, 0.05% Tween-20 and 5%
non-fat milk) at 4 C. Membrane were incubated for
1 h with rabbit polyclonal anti-mGlu2/3 receptors
(1:500, Sigma-Aldrich), and secondary peroxidasecoupled anti-rabbit antibodies (1:7000 Calbiochem,
Milano, Italy). The blots were re-probed with anti-bactin monoclonal antibody (1:50,000 Sigma-Aldrich).
Immunostaining was revealed by enhanced chemiluminescence luminosity (Amersham Pharmacia Biotech,
Arlington Height, IL).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assay was performed
by standard procedures. Brieﬂy, dorsal root ganglia
were cross-linked using 1% formaldehyde at room
temperature for 10 min. The cross-linking reaction was
stopped by adding glycine to a ﬁnal concentration of
0.125 M. Tissue was then washed three times with
ice-cold PBS supplemented with protease inhibitors
(Sigma-Aldrich), homogenized in lysis buﬀer (5 mM
PIPES pH 8.0, 85 mM KCl, 0.5% NP40, protease inhibitors), and nuclei lysis buﬀer (1% SDS, 10 mM EDTA,
50 mM Tris-HCl pH 8.0, protease inhibitors), and then
sonicated on ice using a Covaris S220 ultrasonicator.
Following sonication, chromatin fragments of 0.2–0.6 kb
in length were obtained. Ten percent of the sonicated
lysate was saved and successively used to quantify
the total amount of DNA present in diﬀerent samples
before immunoprecipitation (inputs). The chromatin
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solution was precleared with salmon sperm DNA/
protein A-agarose 50% gel slurry for 1 h at 4 C and
immunoprecipitated overnight at 4 C with antibodies
against pan-acetylated-H3 histone (6 mg/ml, Upstate
Biotechnology, Billerica, MA, USA) or the respective
isotype matched control Ig. After precipitation, the chromatin-antibody complexes were collected using Protein
A Sepharose beads and washed. Samples were then
eluted with 1% SDS, 100 mM NaHCO3 at room
temperature for 15 min, reverse cross-linked with NaCl
100 mM at 65 C overnight, and treated with proteinase-K.
Levels of histone acetylation at the Grm2 gene
promoter were expressed as percentage of the input
DNA that was immunoprecipitated by the anti-acetylhistone H3 antibody using the following equation:
% (acetDNA-IP/total input) ¼ 2  [(Ct(10%input) 3.32)
Ct (acetDNAIP)] 100%.

Statistical analysis
Statistical analysis was performed by one-way ANOVA
or two-way ANOVA for repeated measures followed by
Fisher’s LSD or, alternatively, by Student’s t-test, as
indicated.
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LAC treatment is known to produce analgesia in the
CCI model of neuropathic pain after at least ﬁve days
of daily injections.16 First, we examined whether LAC
was also able to produce analgesia in the CFA model
with a similar temporal proﬁle. i.pl. CFA injection
induced a large reduction in pain thresholds, which persisted for at least two weeks. LAC failed to induce
changes in mechanical pain thresholds after a single
administration or three days of injections, but produced
substantial analgesia after seven days of daily injections
(Figure 1(a)). To examine whether the eﬀect of LAC
outlasted the end of treatment, we performed a second
experiment in which LAC or saline were administered
daily for seven days. Pain thresholds were assessed at
the end of the treatment and, again, seven days later.
LAC treatment produced substantial analgesia in CFAinjected mice at both time points (Figure 1(b)). LAC
treatment did not signiﬁcantly aﬀect mechanical thresholds in control mice that received i.pl. injection of saline
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7 days of treatment + 7 days of withdrawal
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Results
LAC produced long-lasting analgesia and a long-lasting
increase in mGlu2/3 receptor protein levels in the CFA
model of chronic inflammatory pain

*
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Figure 1. Effect of LAC on mechanical pain thresholds in the CFA mouse model of chronic inflammatory pain. (a) Six groups of six CFAinjected mice were treated intraperitoneally (i.p.) as follows: two groups of mice received a single injection of saline or LAC (100 mg/kg)
and pain thresholds were assessed after 1 h; the four remaining groups of mice were treated daily with saline or LAC for either three or
seven days, and pain thresholds were assessed 1 h after the last injection. Values are means  S.E.M. of six determinations per group.
*p < 0.05 (two-way ANOVA þ Fisher’s LSD; F(5,25) ¼ 11.13). Mechanical pain thresholds in mice injected i.pl. with saline or CFA and then
treated i.p. with either LAC (100 mg/kg, once a day for seven days) or saline are shown in (b). Thresholds were measured under basal
conditions (i.e. prior to i.pl. injections of saline or CFA), at the end of the seven days of treatment with saline or LAC (1 h of withdrawal),
and again after seven days of withdrawal. Values are means  S.E.M. of five to seven determinations. p < 0.01 vs. the corresponding values
obtained in mice injected i.pl. and i.p. with saline (*) or vs. the corresponding values obtained in mice injected i.pl. with CFA and i.p. with
saline (#) (two-way ANOVA for repeated measures þ Fisher’s LSD; treatment x time F(8,24) ¼ 4.975).
CFA: complete Freund adjuvant; LAC: L-acetylcarnitine.
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Figure 2. Repeated injections of LAC induced an increase in mGlu2/3 receptor protein levels that outlasted the end of drug treatment.
mGlu2/3 protein levels were measured in the dorsal regions of the lumbar spinal cord ipsilateral to CFA injection. Data in (a) and (b) were
obtained by the same groups of mice as in Figure 1(a) and (b), respectively. Mice treated with a single injection of saline or LAC were killed
after 24 h. Mice treated with saline or LAC for three or seven days were killed pain assessment 1 h following the last injection. Data at
seven days from animals used in Figure 1(a) are not shown. Values are means þ S.E.M. of four to five and 5–10 determinations in (a) and (b),
respectively. *p < 0.05 vs. the corresponding values of mice treated i.p. with saline (one-way ANOVA þ Fisher’s LSD; F(3,23) ¼ 5.884).
Wdt: withdrawal; CFA: complete Freund adjuvant; mGlu2: type-2 metabotropic glutamate.

instead of CFA (Figure 1(b)). Moving from the evidence
that induction of mGlu2 receptors mediates the analgesic
action of LAC,16 we measured mGlu2/3 receptor protein
levels in the dorsal regions of the lumbar spinal cord
ipsilateral to the site of CFA injection. Western blot analysis showed two bands at 100–110 KDa, of which the
upper band corresponds to mGlu2/3 receptor monomers, and an additional band at >200 kDa corresponding to the active, dimeric form of mGlu2/3 receptor.
LAC had no eﬀect on mGlu2/3 receptor protein levels
after a single administration or three days of treatment
(Figure 2(a)). In contrast, seven days of treatment with
LAC enhanced mGlu2/3 receptor protein levels in the
dorsal region of the lumbar spinal cord. This eﬀect persisted after seven days of drug withdrawal (data of the
two experiments are similar, and only data of the second
experiment are shown in Figure 2(b)).

Increased levels of acetylated histone H3 bound to the
Grm2 gene promoter in the dorsal root ganglia one
week after LAC treatment in CFA mice
Induction of mGlu2 receptors by LAC in the dorsal root
ganglia and spinal cord has been related to an increased
acetylation of p65/RelA.17 However, acetylation of a
transcription factor may not be suﬃcient to explain the
long-lasting increase in mGlu2/3 receptor protein we
have seen in mice treated with LAC. Thus, we examined
whether LAC treatment was also able to enhance histone
acetylation on the Grm2 gene promoter in the dorsal root
ganglia as already observed in other brain regions.12 Two
additional groups of mice injected with CFA were treated with saline or LAC for seven days, and killed seven
days later. We could conﬁrm in these mice that LAC
induced an analgesic eﬀect that outlasted the end of

6

Molecular Pain

0.3

0.2

0.1

(b)

*
GRM2 promoter H3 acetylation
(% control)

Mechanical threshold (g)

(a) 0.4

2.5

2.0

Saline
LAC, 100 mg/kg, i.p.

*

1.5

1.0

0.5

0

0

7 days of treatment + 7 days of withdrawal
CFA, i.pl.

Figure 3. Increased levels of acetylated histone H3 bound to the
Grm2 gene promoter in the dorsal root ganglia of mice with
inflammatory pain treated with LAC. Mice were injected i.pl. with
CFA and then treated with either saline or LAC for seven days.
Pain thresholds and levels of acetylated histone H3 bound to the
Grm2 gene promoter in the dorsal root ganglia were measured
seven days after the end of drug treatment and shown in (a) and
(b), respectively. Values are means  S.E.M. of six to nine determinations for mechanical threshold and five to seven determinations for Grm2 gene promoter. *p < 0.05 (Student’s t-test) vs. the
corresponding values obtained in mice treated i.p. with saline
(t ¼ 3.384 for mechanical threshold and t ¼ 2.301 for Grm2
gene promoter).
CFA: complete Freund adjuvant.

treatment (Figure 3(a)). ChIP analysis showed an
increased acetylation of histone H3 bound to the Grm2
promoter in the dorsal root ganglia of LAC-treated mice
after seven days of withdrawal, as compared to mice
treated with saline (Figure 3(b)).

LAC was the only tested analgesic drug that produced
a long-lasting increase in pain thresholds in the CFA
model of chronic inflammatory pain
Mice injected i.pl. with CFA were treated for seven days
with either saline, LAC (100 mg/kg), pregabalin (30 mg/kg),
amitriptyline (10 mg/kg), ceftriaxone (200 mg/kg), or
N-acetylcysteine (NAC, 100 mg/kg). All drugs produced
similar analgesic eﬀects at the end of treatment, but only
mice treated with LAC retained the analgesic at seven or
14 days after drug withdrawal (Figure 4(a)). Selected
mice treated with saline, LAC, or pregabalin were also
used for measurements of mGlu2/3 receptor protein
levels in the dorsal region of the spinal cord after the
last determination of pain thresholds. LAC-treated
mice showed increased mGlu2/3 receptor protein levels
after 14 days of drug withdrawal (Figure 4(b)), whereas a
small reduction in mGlu2/3 receptor protein levels was

observed in the group of mice treated with pregabalin
(Figure 4(c)).

Long-lasting analgesic effect of LAC in the CCI mouse
model of neuropathic pain
Mice subjected to CCI of the sciatic nerve were treated
daily for 14 days, i.p., with either saline, LAC (100 mg/
kg), pregabalin (30 mg/kg), amitriptyline (10 mg/kg), or
tramadol (100 mg/kg), and mechanical pain thresholds
were measured 1 h after the end of treatments and at 7
and 37 days after drug withdrawal. CCI mice treated
with saline showed the expected reduction in mechanical
pain threshold as compared to sham-operated mice. At
least under our conditions, mechanical allodynia
remained stable up to 51 days after CCI in saline-treated
mice (Figure 5(a)). At the end of systemic treatments
(i.e. 14 days after CCI), a signiﬁcant increase in pain
thresholds was seen in all groups of mice treated with
drugs, with pregabalin displaying the greatest analgesic
eﬀect (Figure 5(a)). Seven days after the end of treatments, analgesia was still observed in mice treated with
pregabalin, tramadol, or LAC, but not in mice treated
with amitryptiline (Figure 5(a)). In contrast, only mice
treated with LAC still showed a signiﬁcant increase in
pain thresholds 37 days after drug withdrawal
(Figure 5(a)). An increase in mGlu2/3 receptor protein
levels was observed in the ipsilateral dorsal horns of the
spinal cord of the group of mice treated with LAC after
37 days of withdrawal as compared to mice treated with
saline (Figure 5(b)).

Discussion
A number of recent reviews highlight the role of epigenetic mechanisms in the pathophysiology and treatment of
chronic pain.22–26 Changes in histone acetylation have
been consistently found in the pain neuraxis of mice
developing chronic inﬂammatory or neuropathic pain.
CFA-induced inﬂammatory pain is associated with an
increased expression of class-II HDACs in the dorsal
horns of the spinal cord.27 Spinal nerve ligation causes
a reduced acetylation of histone H3 bound to the promoter of the gene encoding for the GABA-synthesizing
enzyme, glutamate decarboxylase-65, in the nucleus
raphe magnus, resulting into a disinhibition of serotonergic neurons projecting to the spinal cord.28 In models of
neuropathic pain, changes in acetylation mechanisms
aﬀect the expression of genes encoding for proteins
that critically regulate pain thresholds, such as m opiate
receptors, Kv4.3 potassium channels, Nav1.8 voltagesensitive sodium channels, and brain-derived neurotrophic factor.28–31 Drugs that enhance acetylation of
histones or transcription factors, such as HDAC inhibitors, consistently cause analgesia in models of
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Figure 4. LAC has the unique property to induce a long-lasting analgesia in the CFA model of chronic inflammatory pain. Mice were
injected i.p. with CFA and treated i.p. once a day for seven days with either saline, LAC (100 mg/kg), pregabalin (30 mg/kg), amitryptiline
(10 mg/kg), pregabalin (30 mg/kg), ceftriaxone (200 mg/kg) or NAC (100 mg/kg). Pain thresholds measured under basal conditions, at the
end of treatments, and then 7 and 14 days after drug withdrawal are shown in (a), where values are means  S.E.M. of 8 determinations.
*p < 0.05 vs. the corresponding values obtained in mice treated i.p. with saline (one-way ANOVA for repeated measures þ Fisher’s LSD).
F(23,161) ¼ 6.399. mGlu2/3 receptor protein levels in the dorsal region of the ipsilateral lumbar spinal cord of the same groups of mice
treated with saline, LAC or pregabalin are shown in (b), where values are means  S.E.M. of three to four determinations. *p < 0.05 vs.
values obtained in mice treated with saline (Student’s t-test; t ¼ 3.199 for pregabalin and t ¼ 24.07 for LAC).
CFA: complete Freund adjuvant; LAC: L-acetylcarnitine; mGlu2: type-2 metabotropic glutamate.
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Figure 5. Comparative effects of LAC and other analgesic drugs on pain thresholds in the CCI model of neuropathic pain. Mice were
subjected to CCI of the sciatic nerve and then treated i.p. once a day for 14 days with either saline, LAC (100 mg/kg), pregabalin (30 mg/kg),
tramadol (100 mg/kg), or amitryptiline (10 mg/kg). Pain thresholds were measured under basal conditions, at the end of drug treatments,
and then after 7 or 37 days. Data are shown in (a). Basal pain thresholds are not shown and were similar in all experimental groups. Values
are means  S.E.M. of seven to eight determinations. *p < 0.05 (one-way ANOVA for repeated measures þ Fisher’s LSD; F(14,89) ¼ 8.984).
mGlu2/3 protein levels in the ipsilateral dorsal region of the lumbar spinal cord of mice treated with saline or LAC at the end of experiment
(i.e. after 37 days of withdrawal) are shown in (b). Values are means  S.E.M. of seven determinations. Two samples from sham-operated
rats (S.O., 51 days after surgery) are also shown in one of the blots. *p < 0.05 (Student’s t-test; t ¼ 3.89) if compared to CCI mice treated
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CCI: chronic constriction injury; LAC: L-acetylcarnitine; mGlu2: type-2 metabotropic glutamate.

inﬂammatory and neuropathic pain, although histone
acetyl-transferase inhibitors may also relieve pain.24
The acetylating agent, LAC, causes analgesia by enhancing the expression of mGlu2 receptors in the dorsal root
ganglia and dorsal horns of the spinal cord.15–17 At least
a component of the analgesic action of LAC is mediated
by acetylation of NFkB p65/RelA, which enhances its

transcriptional activity at the Grm2 gene promoter.17
This mechanism is shared by at least two HDAC inhibitors, which were shown to cause analgesia in the second
phase of the formalin test by up-regulating mGlu2
receptors.18
LAC is a safe drug that is currently marketed for the
treatment of chronic pain (see Introduction section and
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references section therein). However, LAC is not considered as a ﬁrst-line drug in the treatment of inﬂammatory, mixed, or neuropathic pain32 in spite of its
widespread use in the medical practice. Our data
demonstrate that LAC has the unique property to produce an analgesic eﬀect that outlasts by several days or
weeks the end of treatment in models of chronic inﬂammatory and neuropathic pain. This strengthens the value
of LAC as an analgesic drug and supports the hypothesis
that epigenetic mechanisms are valuable candidate drug
targets in the treatment of chronic pain. As active comparators, we used drugs that are known to cause analgesia by targeting mechanisms that regulate pain
threshold in the spinal cord and other region of the
pain neuraxis. Pregabalin binds to the a2d subunit of
voltage-sensitive Ca2þ channels, thereby restraining
neurotransmitter release at the synapses between primary aﬀerent ﬁbres and spinal cord neurons.33
Pregabalin also prevents the increased transport of the
a2d subunit from dorsal root ganglia to the spinal cord
associated with neuropathic pain,34 thus weakening the
molecular machinery that allows Ca2þ entry in the presynaptic terminals of primary sensory ﬁbres. Although
pregabalin is a ﬁrst-line drug in the treatment of neuropathic pain,32 it also shows eﬃcacy in the CFA model of
chronic inﬂammatory pain.35 Amiptryptiline is a tricyclic
antidepressant that is also used as a ﬁrst-line drug in the
treatment of neuropathic pain32 and acts primarily by
inhibiting noradrenaline and serotonin uptake from presynaptic terminals. However, amitryptiline exerts pleiotropic eﬀects that widen its action to diﬀerent types of
pain, such as inhibition of TrpV1 channels36 and induction of endogenous opioid release.37 Tramadol is a m
opioid receptor agonist that can also inhibit serotonin
and noradrenaline uptake and is widely used in the treatment of diﬀerent types of pain including neuropathic
pain.32 Ceftriaxone is a b-lactam antibiotic that induces
the expression of the glial glutamate transporter, GLT-1,
thereby causing analgesia in experimental animal models
and humans.38–40 NAC is an activator of the cystineglutamate antiporter that causes analgesia by enhancing
the endogenous activation of mGlu2 receptors.41,42 We
used all these drugs at a single dose, selected in conformity with previous reports.16,35,40–44 In the CFA model of
chronic inﬂammatory pain, all drugs were equally eﬀective in increasing mechanical pain thresholds, but only in
mice treated with LAC the analgesic eﬀect was still
observed after one or two weeks of drug withdrawal.
In the CCI model, pregabalin and amitryptiline displayed the greatest eﬃcacy in causing analgesia, as
expected by their ﬁrst-line indication in the treatment
of neuropathic pain.32 Interestingly, the analgesic eﬀect
of pregabalin and tramadol persisted after one week of
drug withdrawal, whereas the eﬀect of amitryptiline was
not durable. Pregabalin-induced analgesia outlasted the
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end of treatment in mice with neuropathic pain but not
in mice with chronic inﬂammatory pain. In mice with
neuropathic pain, pregabalin may cause a prolonged
analgesia by preventing the increased traﬃcking of the
a2d subunit from the dorsal root ganglia to the spinal
cord.34 LAC was less eﬃcacious than pregabalin in
enhancing mechanical pain thresholds in CCI mice, but
its eﬀect persisted after ﬁve weeks of drug withdrawal,
when the eﬀect of all other drugs was no longer visible.
The long-lasting eﬀects of LAC in the CFA and CCI
models of chronic pain suggest that the drug causes persistent changes in the molecular machinery that controls
pain threshold in the CNS. LAC is known to induce the
expression of mGlu2 receptors by enhancing the acetylation of the transcription factor, p65/RelA.15–17 This
mechanism has been clearly demonstrated in in vitro
and in vivo models,11,12,17 but it is insuﬃcient to explain
the induction of mGlu2 receptors we have seen in the
spinal cord of CFA and CCI mice after weeks of drug
withdrawal. At least in CFA mice, we have demonstrated
that levels of acetylated histone H3 bound to Grm2 promoter were elevated in LAC-treated animals after two
weeks of withdrawal. This suggests that LAC-induced
acetylation is not restricted to transcription factors,
and that durable changes in chromatin structure caused
by histone acetylation may underlie an analgesic eﬀect
that outlasts by several days or weeks the end of LAC
treatment. It is likely that LAC enhanced histone acetylation acting as an acetyl donor at the Grm2 promoter.
However, we cannot exclude that LAC acts indirectly to
enhance H3 histone acetylation at the Grm2 promoter.
For example, LAC might acetylate a transcription factor
that represses HDAC expression, thereby enhancing histone acetylation.
An increased histone acetylation by LAC has already
been found in the hippocampus and prefrontal cortex of
spontaneously depressed Flinders Sensitive Line rats,
where LAC was shown to induce a long-lasting antidepressant-like eﬀect.12 It is therefore possible that acetylation of both p65/Rel and histones contributes to Grm2
induction in response to LAC, and that histone acetylation in particular accounts for the long-lasting increase
in mGlu2 receptor expression and analgesia in models of
chronic pain. A direct correlation between histone acetylation and mGlu2/3 receptor expression in the spinal cord
has been demonstrated in a model of stress-induced irritable bowel disorder, in which HDAC inhibition attenuates visceral hypersensitivity by enhancing the levels of
acetylated histone H3 bound to Grm2 and Grm3
promoters.45
mGlu2 and mGu3 receptors are expressed in all stations of the pain neuraxis, and their activation consistently produces analgesia in a variety of pain models.46–56
At least in the formalin model of inﬂammatory pain,
mGlu2 rather than mGlu3 receptors appear to regulate
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pain threshold and mediate the analgesic activity of
mGlu2/3 receptor agonists.57 Thus, our ﬁndings support
the hypothesis15 that targeting the epigenetic mechanisms that regulate mGlu2 receptor expression may be a
valuable strategy for an eﬃcient and durable treatment
of chronic pain.

Conclusions
We have shown that LAC, a drug marketed for the treatment of chronic pain, produces a long-lasting analgesia in
mouse models of inﬂammatory and neuropathic pain.
Analgesia outlasted by several days or weeks the end of
treatment. This property was unique to LAC in mice with
chronic inﬂammatory pain, and was also shared by pregabalin and tramadol in mice with neuropathic pain.
However, at a late time point after drug withdrawal,
only mice with neuropathic pain treated with LAC
retained the analgesic eﬀect. An increase in histone acetylation at Grm2 gene promoter may contribute to the longlasting analgesic eﬀect of LAC. These ﬁndings suggest
that LAC may relieve pain for a long time causing a persistent up-regulation of mGlu2 receptors, which are key
players in the regulation of pain threshold. These ﬁndings
strengthen the value of mGlu receptors as drug targets for
the treatment of pain.58–62 The peculiar mechanism of
action of LAC is promising from a clinical standpoint
considering that the beneﬁt achieved with current analgesic drugs in patients suﬀering of neuropathic pain and
other types of chronic pain is suboptimal and a large percentage of patients is resistant to medication.63 Our data
encourage clinical studies with LAC in patients suﬀering
from chronic inﬂammatory or neuropathic pain in which
the relapse rate at diﬀerent time intervals after drug withdrawal is included as a primary endpoint.
Author Contributions
SN and GM contributed equally to this article. SN, GM,
MB, CZ, PS, MC, TI: performed experiments and analyzed data; RG, GB, VB, FN: designed experiments,
supervised research and wrote the manuscript. All
authors read and approved the ﬁnal manuscript.
Declaration of Conflicting Interests
The author(s) declared no potential conﬂicts of interest
with respect to the research, authorship, and/or publication of this article.
Funding
The author(s) disclosed receipt of the following ﬁnancial support for the research, authorship, and/or publication of this
article: This work was supported by the Italian Ministry of
Health (project code: RF-2011-02352582).

Molecular Pain
References
1. Onofrj M, Fulgente T, Melchionda D, et al. L-acetylcarnitine as a new therapeutic approach for peripheral neuropathies with pain. Int J Clin Pharmacol Res 1995; 15: 9–15.
2. Sima AA, Calvani M, Mehra M, et al. Acetyl-L-carnitine
improves pain, nerve regeneration, and vibratory perception in patients with chronic diabetic neuropathy: an analysis of two randomized placebo-controlled trials. Diabetes
Care 2005; 28: 89–94.
3. Flatters SJ, Xiao WH and Bennett GJ. Acetyl-L-carnitine
prevents and reduces paclitaxel-induced painful peripheral
neuropathy. Neurosci Lett 2006; 397: 219–223.
4. Evans JD, Jacobs TF and Evans EW. Role of acetyl-Lcarnitine in the treatment of diabetic peripheral neuropathy. Ann Pharmacother 2008; 42: 1686–1691.
5. Memeo A and Loiero M. Thioctic acid and acetyl-L-carnitine in the treatment of sciatic pain caused by a herniated
disc: a randomized, double-blind, comparative study. Clin
Drug Investig 2008; 28: 495–500.
6. Xiao WH and Bennett GJ. Chemotherapy-evoked neuropathic pain: abnormal spontaneous discharge in A-fiber
and C-fiber primary afferent neurons and its suppression
by acetyl-L-carnitine. Pain 2008; 135: 262–270.
7. Janiri L, Martinotti G, Tonioni F, et al. Acetyl-L-carnitine
in the management of pain during methadone withdrawal
syndrome. Clin Neuropharmacol 2009; 32: 35–40.
8. Valcour V, Yeh TM, Bartt R, Clifford D, et al. Acetyl-lcarnitine and nucleoside reverse transcriptase inhibitorassociated neuropathy in HIV infection. HIV Med 2009;
10: 103–110.
9. Leombruni P, Miniotti M, Colonna F, et al. A randomised
controlled trial comparing duloxetine and acetyl L-carnitine in fibromyalgic patients: preliminary data. Clin Exp
Rheumatol 2015; 33: S82–S85.
10. Li S, Li Q, Li Y, et al. Acetyl-L-carnitine in the treatment
of peripheral neuropathic pain: a systematic review and
meta-analysis of randomized controlled trials. PLoS One
2015; 10: e0119479.
11. Cuccurazzu B, Bortolotto V, Valente MM, et al.
Upregulation of mGlu2 receptors via NF-kB p65 acetylation is involved in the Proneurogenic and antidepressant
effects of acetyl-L-carnitine. Neuropsychopharmacology
2013; 38: 2220–2230.
12. Nasca C, Xenos D, Barone Y, et al. L-acetylcarnitine
causes rapid antidepressant effects through the epigenetic
induction of mGlu2 receptors. Proc Natl Acad Sci USA
2013; 110: 4804–4809.
13. Zanardi R and Smeraldi E. A double-blind, randomised,
controlled clinical trial of acetyl-L-carnitine vs. amisulpride
in the treatment of dysthymia. Eur Neuropsychopharmacol
2006; 16: 281–287.
14. Bersani G, Meco G, Denaro A, et al. L-Acetylcarnitine in
dysthymic disorder in elderly patients: a double-blind, multicenter, controlled randomized study vs. fluoxetine. Eur
Neuropsychopharmacol 2013; 23: 1219–1225.
15. Chiechio S, Copani A, Zammataro M, et al.
Transcriptional regulation of type-2 metabotropic glutamate receptors: an epigenetic path to novel treatments for
chronic pain. Trends Pharmacol Sci 2010; 31: 153–160.

Notartomaso et al.
16. Chiechio S, Caricasole A, Barletta E, et al.
L-Acetylcarnitine induces analgesia by selectively upregulating mGlu2 metabotropic glutamate receptors.
Mol Pharmacol 2002; 61: 989–996.
17. Chiechio S, Copani A, De Petris L, et al. Transcriptional
regulation of metabotropic glutamate receptor 2/3 expression by the NF-kappaB pathway in primary dorsal root
ganglia neurons: a possible mechanism for the analgesic
effect of L-acetylcarnitine. Mol Pain 2006; 2: 20.
18. Chiechio S, Zammataro M, Morales ME, et al. Epigenetic
modulation of mGlu2 receptors by histone deacetylase
inhibitors in the treatment of inflammatory pain. Mol
Pharmacol 2009; 75: 1014–1020.
19. Zammataro M, Sortino MA, Parenti C, et al. HDAC and
HAT inhibitors differently affect analgesia mediated by
group II metabotropic glutamate receptors. Mol Pain
2014; 10: 68.
20. Bennett GJ and Xie YK. A peripheral mononeuropathy in
rat that produces disorders of pain sensation like those
seen in man. Pain 1988; 33: 87–107.
21. Chaplan SR, Bach FW, Pogrel JW, et al. Quantitative
assessment of tactile allodynia in the rat paw. J Neurosci
Methods 1994; 53: 55–63.
22. Kurita M, Moreno JL, Holloway T, et al. Repressive epigenetic changes at the mGlu2 promoter in frontal cortex of
5-HT2A knockout mice. Mol Pharmacol 2013; 83:
1166–1175.
23. Descalzi G, Ikegami D, Ushijima T, et al. Epigenetic
mechanisms of chronic pain. Trends Neurosci 2015; 38:
237–246.
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Neurotrophin family are traditionally recognized for their nerve growth promoting function and
are recently identified as crucial factors in regulating neuronal activity in the central and
peripheral nervous systems. The family members including nerve growth factor (NGF), brainderived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3) are reported to have distinct roles
in the development and maintenance of sensory phenotypes in normal states and in the modulation
of sensory activity in disease. This paper highlights receptor tyrosine kinase (Trk) -mediated
signal transduction by which neurotrophins regulate neuronal activity in the visceral sensory reflex
pathways with emphasis on the distinct roles of NGF and BDNF signaling in physiologic and
pathophysiological processes. Viscero-visceral cross-organ sensitization exists widely in human
diseases. The role of neurotrophins in mediating neural cross talk and interaction in primary
afferent neurons in the dorsal root ganglia (DRG) and neurotrophin signal transduction in the
context of cross-organ sensitization are also discussed.
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Visceral hypersensitivity refers to increased sensation of stimuli to the visceral organs. It is a
major source of abdominal pain which is attributable to abnormal responses of the sensory
reflex pathways that govern the viscera. Information arising from the visceral organ project
to extrinsic sensory neurons located in the dorsal root ganglia (DRG) and/or the nodose
ganglia where information are organized and passed along to the central nervous system
(CNS) in the spinal cord and brainstem. Descending nerves carrying excitatory or inhibitory
neurotransmission in turn regulate the functionality of the organs. Neuronal tracing dye
techniques have allowed identifying the spinal segmental distribution patterns of visceral
sensory pathways and provide a powerful tool in study of the phenotypes of specifically
labeled primary afferent neurons that innervate a particular organ. For example, neuronal
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tracing studies demonstrate that primary afferent neurons with projection to the distal colon,
the urinary bladder or a small number of neurons with dichotomizing projection to both
bladder and colon are located in thoracolumbar (T10-L2) and lumbosacral DRG (L6-S1)
(Applebaum et al., 1980; Morgan et al., 1981; Keast and Degroat, 1992; Christianson et al.,
2007; Qiao and Grider, 2007). DRG neurons are of the pseudo-unipolar type. They have an
axon with two branches referred to as a distal process in the periphery and a proximal
process at the terminals in the dorsal horn of the spinal cord. Primary afferents synapse at
the dorsal gray of the spinal cord with the efferent neurons located in the lateral horn of the
spinal cord, and lead to changes in the efferent pathways and ultimately in the function of
visceral organs.
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The primary afferent neurons exhibit extensive plasticity in response to a variety of
conditions and innocuous/noxious stimuli of the viscera, resulting in alterations in
neurochemical, structural, organizational and electrophysiological properties of the neurons.
One of the driving forces that lead to sensory neuronal plasticity under pathophysiologic
conditions arises from the visceral organs which demonstrate increased levels of endogenous
factors including growth factors, cytokines, chemokines, cannabinoids, adenosines, etc.
(Dinis et al., 2004; Theiss et al., 2004; Nazif et al., 2007; Saini et al., 2008). The large
number of mediators that are identified in the viscera during organ inflammation or injury
not only play significant roles in mediating inflammatory process in the organs but also can
lead to increases in the excitability of the axonal terminals located in the organ, resulting in
sensory hypersensitivity (Nazif et al., 2007). The increases in the axonal terminal
excitability in turn lead to neuropeptide expression in and release from primary afferent
neurons at the peripheral terminals through multiple pathways and ion channel activation,
which result in an increase in local blood flow exacerbating the inflammatory process and
dysfunction of the visceral organ (Donnerer et al., 1992; Donnerer and Stein, 1992; Tonra et
al., 1998; Roza and Reeh, 2001). Among the numerous factors generated by the viscera,
nerve growth factor (NGF) has a prominent role in regulating sensory sensitivity. Exogenous
NGF injected into the normal rat bladder (Lamb et al., 2004; Zvara and Vizzard, 2007) or
intrathecal NGF to rat spinal cord (Yoshimura et al., 2006) result in bladder hyperactivity;
conversely treatment with NGF inhibitor attenuates visceral hypersensitivity and organ
hypertrophy as results of inflammation (Tyagi et al., 2006; Chung et al., 2010; Matricon et
al., 2013). NGF is produced in and released from the epithelial cells and mast cells during
visceral inflammation, where it acts in a paracrine manner to regulate the cytological
changes and the sensitivity of the viscera (Skaper et al., 2001; Stanzel et al., 2008). Within
the NGF family, other members including brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3) also have critical roles in modulating sensory activity in diseases
(Obata and Noguchi, 2006; Tender et al., 2011). Distinct receptors and signal transduction
mediated by these neurotrophins endow them unique roles in the sensory reflex pathway that
govern the visceral organs.

Neurotrophin signal transduction
The mammalian neurotrophins consist of four secreted small proteins, NGF, BDNF, NT-3,
and NT-4/5. The high affinity receptors for each distinct neurotrophin are tyrosine kinase A
(TrkA) binding to NGF, TrkB binding to BDNF or NT-4, and TrkC binding to NT-3. Under
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some circumstances, NT-3 can also bind to TrkA and TrkB. The general neurotrophin
receptor (NTR) p75 that was originally cloned and identified as a receptor for NGF binds to
each of the neurotrophins with low affinity (Kd ~ 10−9M) when present in cells alone or with
high affinity (Kd ~ 10−11M) when co-expressed with Trk by which the cell responsiveness to
neurotrophins is further enhanced (Zampieri and Chao, 2004; Wehrman et al., 2007). The
unprocessed precursor of the neurotrophins, the proneurotrophins, can also bind to p75NTR
in the present of sortilin. Sortilin recognizes the pro-domain of the proneurotrophins, which
upon dimerization with p75NTR, transmits signals through the intracellular docking protein
to the intracellular domain of p75NTR. The cellular responses to Trk/p75NTR complex
verse sortilin/p75NTR complex are often leading to opposite and antagonistic effects, with
the former enhancing survival and growth promoting signals and the latter causing apoptosis
(Wehrman et al., 2007; Skeldal et al., 2012). These are due to that interaction of p75NTR
and Trk can increase the specificity and affinity of Trk for specific ligands thereby
enhancing cell growth and survival through activation of the phosphoinositide 3-kinase
(PI3K)/Akt pathway or the mitogen-activated protein kinases (MAPK)/extracellular signalregulated kinases (ERK) pathway, while interaction of p75NTR with sortilin often activates
the c-Jun N-terminal kinases (JNK), nuclear factor κ-B (NFκB), or Rho pathways which
contribute to inflammatory responses and/or apoptosis. Neurotrophins influence cell
biologic function through two mechanisms: 1) activation of signal transduction cascades at
the nerve terminals, and 2) retrogradely transport of signaling molecules or signal from the
nerve terminals to the neuronal cell body. The PI3K/Akt and ERK5 pathways are involved
in the target-derived neurotrophin retrograde signaling cascades (Watson et al., 2001). The
phospholipase C gamma (PLCγ) pathway activated by neurotrophins leads to Ca2+ and Na+
influx through the activation of ion channels and contributes prominently to long-term
potentiation (LTP) and neuronal plasticity in CNS (Gruart et al., 2007). Another feature of
neurotrophin transport involves anterograde transport of neurotrophins and receptors away
from the neuronal cell body toward axonal terminals (Tonra et al., 1998; Wang et al., 2002;
Ng et al., 2007; Ha et al., 2008).

Neurotrophin signaling in the viscera
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NGF was discovered by Rita Levi-Montalcini, 1986 Nobel Laureate in Medicine, who found
that NGF released from malignant tumors caused nerve fibers to grow rapidly. Subsequent
studies have revealed that NGF is a target-derived trophic factor that promotes neuronal
innervation and axonal terminal branching during development and has roles in the
maintenance of neural homeostasis in adult. In the visceral organs, NGF and its receptor
TrkA are found for their expression in neuronal and non-neuronal structures of the gut (Lin
et al., 2005; Barada et al., 2007; Stanzel et al., 2008; Qiao and Grider, 2010), and NGF and
TrkA are also expressed by the urinary bladder epithelial cells and detrusor muscle (see
review (Cruz, 2014)). Pancreatic β cells are able to synthesize and secrete NGF (Rosenbaum
et al., 1998) which can lead to selective hyperinnervation of the islets when NGF is
overexpressed (Edwards et al., 1989). When the visceral organs are inflamed or
dysfunctional by diseases, NGF levels are often elevated in the viscera which then become a
strong chemical cue acting on cells within the organ via a paracrine manner and/or act on the
nerve terminals and sensitize the nervous system (Nazif et al., 2007; Yu et al., 2012; Qiao et
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al., 2013). In inflammatory states, NGF is a critical contributor in promoting excessive
collagen production and deposition thereby resulting in poor compliance and stiffness of the
organ (Chung et al., 2010; Kilic et al., 2011). In the urinary bladder with inflammation,
endogenous NGF promotes type I collagen production through the MAPK and PI3K/Akt
pathways (Chung et al., 2010). In chronic allergic airway inflammation, the increased NGF
production contributes to type III collagen expression and deposition in the subepithelial
compartment of the airways (Kilic et al., 2011). The novel role of NGF in regulating nonneuronal structure morphology is also suggested by transgenic overexpression of NGF in the
organ which leads to excessive collagen deposition resulting in altered visceral physiology
(Allen and Saban, 2010; Schnegelsberg et al., 2010; Kilic et al., 2011). NGF-regulated
collagen production is mediated by the MAPK pathways involving the activation of ERK
and p38, however, is independent of the traditional pathway involving the transforming
growth factor beta (TGF-β)1/mothers against decapentaplegic homolog (SMAD) pathway
(Kilic et al., 2011; Zhang and Qiao, 2012).
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In addition to the non-neuronal tissue, overexpression of NGF in the smooth muscle cells
under the control of the smooth muscle alpha-actin promoter results in robust sprouting of
sympathetic axons in the colon and bladder (Elliott et al., 2009). Overexpression of NGF in
the urothelium under the control of the uroplakin II promoter results in a marked increase in
the density of sensory afferent fibers positive to calcitonin gene-related peptide (CGRP),
substance P, and neurofilament 200, as well as sympathetic nerve fibers positive to tyrosine
hydroxylase (Schnegelsberg et al., 2010). Inhibition of NGF action in vivo by NGF
antiserum or Trk inhibitor K252a reverses peripheral mechanical hypersensitivity as a result
of bladder inflammation suggesting Trk-mediated NGF action in the regulation of sensory
activity (Guerios et al., 2006). This may be due to an action of NGF on receptors localized at
the sensory nerve terminals in the viscera. NGF receptors TrkA and p75NTR are both
expressed in the neuronal and non-neuronal structures in the primary afferent pathways.
These transmembrane proteins are generally embedded in the plasma membrane of the cells
in the visceral organ or nerve terminals of innervating neurons. TrkA is also found to be
expressed in the mitochondrial compartment (Carito et al., 2012) and is likely to be involved
in the process of oxidation stress (Podratz and Windebank, 2005; Ersahin et al., 2012;
Valdovinos-Flores and Gonsebatt, 2013).
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BDNF, which has about 50% amino acid identity with NGF, was first isolated from pig
brain (Barde et al., 1982). BDNF is also found to express in non-neuronal tissues such as gut
mucosa, adipocytes, liver, lung, pancreas and the urinary bladder (Lommatzsch et al., 1999;
Bonini et al., 2001; Lucini et al., 2003; Lommatzsch et al., 2005; Grider et al., 2006;
Steinkamp et al., 2012; Yu et al., 2012; Cruz, 2014). Its role in peripheral tissues is less
studied. In addition to its ability in affecting neuronal function via retrograde fashion, BDNF
and receptor TrkB more likely undergo antergrade transport away from neuronal cell bodies
(Tonra et al., 1998; Ng et al., 2007; Ha et al., 2008). NT-4, which is often interchangeable
with BDNF in initiating TrkB-mediated signal transduction, also has a role in the periphery
in sensitizing peripheral innervation and sensory sensitivity (Krimm et al., 2006; Aven et al.,
2014; Huang and Krimm, 2014).
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The primary afferent pathways such as the vagal pathway and the spinal pathway contain
primary afferent neurons that convey normal and aberrant sensation of the visceral organs.
Primary afferent neurons are composed of a variety of cells in terms of their size, genotype
and function. The spinal afferent pathways projecting via DRG at different levels of the
spinal cord support the visceral reflexes including both nociceptive and nonnociceptive
signals. Nociceptive signals from primary afferents enter the spinal cord through Lissauer’s
tract, a thin tract of small axons capping the dorsal horn, and terminate in laminae I of the
dorsal horn gray matter, where ascend one or two segments before crossing to the
contralateral side.
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The distribution and expression level of each neurotrophin or Trk in primary afferent
pathways are affected by many factors and dependent on the region, cell type and
developmental stage. In adult DRG, TrkA, TrkB and TrkC mRNA are specifically expressed
in functionally distinct neurons at a similar level ranging from 10% to 35% of the total
number of neurons (Kashiba et al., 2003), with TrkA in nociceptive and thermoceptive small
sensory neurons sensing temperature and noxious stimuli, TrkB in less specifically
characterized touch neurons, and TrkC in proprioceptive neurons that sense body position
(Huang and Reichardt, 2003). The phenotypic formation of DRG sensory neurons is largely
dependent on the expression of certain Trks in these neurons (Wright and Snider, 1995).
During development, all nociceptive neurons initially expressed TrkA, which mediates
target-dependent cell survival. In mice lack of TrkA activation, 70% – 85% of sensory
neurons are lost (Silossantiago et al., 1995); however, when mice are engineered to express
TrkC protein from the TrkA genomic locus, overexpression of TrkC rescues the DRG
neurons from apoptosis, but turns these DRG neurons from TrkA-containing nociceptive
and thermoceptive phenotype to TrkC-containing proprioceptive-like neurons (Moqrich et
al., 2004). TrkA also plays a role in sensory neuron diversification and maturation. During
the first 2 to 3 postnatal weeks, a fraction of nociceptive neurons switch their neurotrophic
factor dependence by downregulating expression of TrkA and upregulating the expression of
Ret, the GDNF receptor, turning the nociceptive sensory neurons from TrkA-containing
peptidergic to Ret-containing non-peptidergic subtypes (Molliver et al., 1997; Chen et al.,
2006; Lopes et al., 2012). Activation of Trks in sensory neurons is mediated by retrograde or
autocrine/paracrine neurotrophin signals (Korsching, 1993; Delcroix et al., 2003). NGF
synthesis in the peripheral tissue and TrkA expression in the sensory neuronal soma do not
begin until the fibers reach their peripheral targets (Davies et al., 1987). BDNF, on the other
hand, is synthesized in the afferent neuronal cell body and released synaptically or
extrasynaptically to induce pre- or post-synaptic efficacy, or maintain sensory neuronal
survival (Swanwick et al., 2004; Obata and Noguchi, 2006; Qiao et al., 2008; Vaz et al.,
2011; Xia et al., 2012). BDNF protein is expressed in small- and medium-sized sensory
neurons that also express TrkA but not TrkB (Kashiba et al., 1997; Michael et al., 1997;
Mannion et al., 1999; Qiao et al., 2013). Within the DRG, BDNF acts on TrkB-expressing
neurons via a paracrine manner (Obata and Noguchi, 2006; Qiao and Grider, 2007; Xia et
al., 2012).
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The expression of neurotrophins in sensory neurons at physiologic state keeps at a low level.
In normal healthy rats, less than 10% of DRG neurons express BDNF (Qiao et al., 2008; Lin
et al., 2011; Yu et al., 2012). The level of BDNF dramatically increases with inflammation
(Mannion et al., 1999; Obata and Noguchi, 2006; Qiao et al., 2008; Lin et al., 2011; Yu et
al., 2012). The mechanism underlying BDNF upregulation in sensory neurons has been
suggested showing an involvement of NGF-mediated ERK and PI3K/Akt pathways
(Michael et al., 1997; Obata et al., 2003; Qiao and Grider, 2010; Yu et al., 2012; Qiao et al.,
2013). Changes in the level of neurotrophins in sensory neurons with inflammation also
contribute to the upregulation of a series of sensory markers thereby enhancing the activity
of pronociceptive receptors and ion channels. CGRP is one of the most prominent sensory
markers that labels peptidergic nociceptors and has a key role in mediating visceral sensory
hypersensitivity (Plourde et al., 1997; Delafoy et al., 2006). In DRG, CGRP is co-expressed
with TrkA and partially TrkB and its expression is regulated by NGF and BDNF (Patel et
al., 2000; Ruiz and Banos, 2005; Qiao and Grider, 2007; Yu et al., 2012). In cultured DRG
neurons, NGF, BDNF and NT-3 regulate CGRP expression with a different magnitude and
time course (Mulderry 1994; Sterne et al., 1998; Qiao and Grider, 2007). NGF induces
CGRP expression with an acute to prolonged effects (Ruiz and Banos, 2005); while acute
BDNF treatment has no effects on CGRP expression but prolonged BDNF treatment is able
to enhance CGRP expression (Qiao and Grider, 2007); in contrast, CGRP is unable to be
regulated by NT-3 (Sterne et al., 1998). In an animal model of bladder inflammation, NGFinduced CGRP expression in DRG is regulated by the ERK5 but not the PI3K/Akt pathway
(Yu et al., 2012). It is suggested that NGF-induced Akt activation participates in the
expression, activation and trafficking of vaniloid receptor TRPV1 (Zhang et al., 2005; Stein
et al., 2006; Zhu and Oxford, 2007). In DRG, TRPV1 is expressed in both peptidergic and
non-peptidergic neurons and 60% of CGRP DRG neurons contain TRPV1
immunoreactivity, however, there is scarce overlap of TRPV1 and CGRP fibers in the dorsal
horn of the spinal cord (Guo et al., 1999). NGF-induced TRPV1 expression also involves the
activation of Ras-mediated MAPK (Bron et al., 2003; Zhu and Oxford, 2007), and Racmediated p38 MAPK (Puntambekar et al., 2005), which upregulates TRPV1 expression and
increases pain perception (Ji et al., 2002). Other ion channels that participate in visceral pain
perception, e.g. the tetrodotoxin-resistant (TTX-R) sodium channel α subunits Nav1.8 and
Nav1.9, are also co-expressed with TrkA in sensory neurons and is regulated by NGF (Benn
et al., 2001). Conversely, intrathecal infusion of NT-3 reduces the levels of Nav1.8 and
Nav1.9 mRNA and proteins in DRG neurons (Wilson-Gerwing et al., 2008). This is
consistent with an antagonistic role of NT-3 in suppressing thermal hyperalgesia associated
with neuropathic pain (Wilson-Gerwing et al., 2005).
The axon terminals of primary afferent neurons are located in the dorsal horn of the spinal
cord. Afferent input received by the sensory cell bodies in DRG pass along to the spinal cord
where the signals are organized and in turn affect the physiological function of peripheral
organ through efferent output. The spinal plasticity is initiated by the neurotransmitters
produced in the afferent cell body and released at the terminal. These neuroactive
compounds include glutamate, substance P, somatostatin, VIP, CGRP, neurotrophins, etc.
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Electrophysiological recording of C-fiber evoked field potentials in spinal dorsal horn shows
that exogenous BDNF is able to induce a LTP-like activity, which is blocked by antagonists
of TrkB, N-methyl-D-aspartate (NMDA) receptor, ERK, p38MAPK, NF-κB, but not by
JNK inhibitor (Zhou et al., 2008). Upregulation of BDNF in the DRG during visceral
inflammation may also release at the central axonal terminals located in the spinal cord and
regulates spinal central sensitization by activating the MEK/ERK pathway (Qiao et al.,
2008). CGRP is able to induce the activation of cAMP-responsive element binding protein
(CREB), a molecular switch of neuronal plasticity, in the spinal cord through signal
convergent of PI3K/Akt and NMDA receptor-mediated pathways (Kay et al., 2013) and
contribute to cystitis-induced bladder hyperactivity (Kay et al., 2013).

Neurotrophin signaling in cross-organ sensitization
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Inter-organ cross-talk has been identified between visceral organs, such as the distal colon
and the urinary bladder. Clinical evidence has shown sensory cross-sensitization between
the urinary bladder and the distal colon (Alagiri et al., 1997; Ben-Ami et al., 2002). Patients
with bowel dysfunction such as inflammatory bowel disease (IBD) are more likely to
experience nocturia and some forms of urinary urge incontinence compared to the non-IBD
population (Ben-Ami et al., 2002). Case studies show that 50% of patients with bowel
dysfunction have evidence of bladder dysfunction including detrusor instability (Whorwell
et al., 1986), suggesting the necessity of periodic urologic evaluation in the management of
patients with bowel problems. Vice versa, individuals with interstitial cystitis are 100 times
more likely to have IBD in comparison to the general population (Alagiri et al., 1997). In the
past years, rigorous studies have been initiated to increase the understanding of the
underlying mechanisms and pathways by which cross-organ sensitization is regulated
(Malykhina, 2007; Brumovsky and Gebhart, 2010; Daly et al., 2013). In regard to the role of
neurotrophins, strong evidence suggests that NGF elevated in one visceral organ such as the
distal colon may lead to activation of the primary afferent neurons projecting to this organ
and cross-activation of the nearby afferent neurons projecting to a different viscus such as
the urinary bladder (Qiao and Grider, 2010; Xia et al., 2012). In an animal model involving
visceral-somatic cross-sensitization, injection of NGF to the urinary bladder causes
enhanced sensitivity to mechanical and thermal stimulation of both hind paws (Bielefeldt et
al., 2006). Overexpression of NGF in the urinary bladder also triggers hypersensitivity of the
distal colon (Bielefeldt et al., 2006). This suggests that excess of NGF at the nerve terminals
may induce neuronal alterations in the primary afferent pathway that receives afferent input
from multiple organs. NGF signaling can undergo retrograde transport to the DRG and
regulate a paracrine effect within the DRG to facilitate neuron-neuron interaction (Qiao and
Grider, 2010; Xia et al., 2012), or may act on dichotomizing DRG neurons that project to
both organs (Christianson et al., 2007; Qiao and Grider, 2007). NGF signal can also activate
the ERK pathway and lead to neuropeptide expression (Li et al., 2008; Berger, 2009). As for
BDNF, its paracrine action on nearby TrkB-containing DRG neurons or perineuronal
satellite cells may lead to inter-cell interaction and neuronal cross-sensitization (Lee et al.,
1999; Qiao and Grider, 2007; Xia et al., 2012). Cross-organ sensitization can also be
regulated at the spinal level (Qin et al., 2005). It is not known whether BDNF release to the
spinal cord regulates this process. The increases in mast cells are suggested to have a role in
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cross-organ sensitization (Fitzgerald et al., 2013). In the periphery, TrkB/BDNF binding can
acutely sensitize nocireceptive pathway that require the presence of mast cells (Huang and
Reichardt, 2001). Activation of ion channels such as TRPV1 and TTX-R sodium channels in
the DRG are involved in viscera-visceral cross-organ sensitization (Malykhina et al., 2006;
Chaban, 2008; Pan et al., 2010; Lei and Malykhina, 2012). The ability of neurotrophins in
regulating the activity of these channels (Benn et al., 2001; Natura et al., 2005; Zhang et al.,
2005; Stein et al., 2006; Zhu and Oxford, 2007; Zhang et al., 2008) may underlie the
mechanisms of DRG neuronal cross - activation.

Conclusions
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Neurotrophins are traditionally known for their roles in inducing the survival,
differentiation, and growth of neurons. With each neurotrophin binding to a specific receptor
and facilitate unique signaling pathways, the family members, NGF, BDNF and NT-3 as
mostly studied, have distinct roles in mediating neuronal physiology especially in visceral
hypersensitivity. Target-derived NGF acts on sensory nerve terminals leading to sensory
activation and neuropeptide production in the primary afferent neurons that innervate the
visceral organ. BDNF generated by the primary afferent neurons acts in a paracrine manner
within the DRG leading to neuron-neuron cross-activation, and also releases to the nerve
terminals peripherally to the target organ where reinforcing terminal sensitization in the
presence of mast cells and/or centrally to the spinal cord leading to central sensitization.
NT-3 often has antagonistic role in sensory hypersensitivity. Although supporting
documents suggest the role of neurotrophins in regulating cross-organ sensitization, the
underlying mechanisms and signaling pathways by which neurotrophins regulating
neuropeptide expression and ion channel activity is unknown. Tanezumab, a humanized
monoclonal antibody against NGF, has been tested in reducing pain arising from
inflammation of the urinary bladder (Evans et al., 2011), however it shows unfavorable side
effects. In March 2012 the FDA Committee voted in favor of a continuation of Anti-NGF
testing as long as certain safety precautions were made. A better understanding of
neurotrophin action and signal transduction in visceral hypersensitivity and pain may
provide strategies for an alternative target in the neurotrophin cascades.
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Abstract: The diagnosis of neck pain is challenging. Many visceral disorders are known to
cause it, and clinical practice guidelines recommend to rule them out during neck pain diagnosis.
However, the absence of suspicion of any cause impedes one from establishing that specific aetiology as
the final diagnosis. To investigate the degree of consideration given to visceral aetiology, a systematic
search of trials about neck pain was carried out to evaluate their selection criteria. The search yielded
309 eligible articles, which were screened by two independent reviewers. The PEDro scale score was
used to assess the methodological quality of the studies. The following information was retrieved:
number of authors affiliated to a clinical or non-clinical institution, number of citations in the Web
of Science, study aims, characteristics of participants, and eligibility criteria. The top 15 most cited
trials, and the 15 most recent studies about treatment efficacy in neck pain, published in first quartile
journals of the Journal Citation Reports, were selected. Females represented 67.5% of participants.
A single study was of poor methodological quality (4/10). Based on the eligibility criteria of the
articles that were systematically reviewed, it would appear that visceral aetiology was not considered
in eighty percent of the trials on neck pain, showing a low level of suspicion both in research and
clinical settings.
Keywords: referred pain; visceral pain; diagnosis; phrenic nerve; neck pain

1. Introduction
Neck pain (NP) constitutes a major health problem. Its prevalence varies from 4.8% to 79.5%,
and is more common in females and in high-incomes countries [1]. It is ranked the 4th most disabling
condition as measured by years lived with disability [2]; hence, it poses a substantial economic burden
due to extended periods of sick leave and high use of health services [3]. Those individuals with
a precise pathoanatomical cause for their NP, e.g., radiculopathy [4,5], facet joint pain [6], chronic
rheumatic diseases [7], or cancer, are categorized as having specific NP. Yet, patients without a well
identified source for their NP are labelled as having idiopathic, mechanical, or non-specific NP, which is
the most common type [8].
As a sign of visceral suffering, pain originating in internal organs is amongst the most frequent
forms of pain experienced by individuals in the course of life, and pain involving internal organs
Diagnostics 2019, 9, 186; doi:10.3390/diagnostics9040186
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would show an underconsideration of that source of NP, and in addition, result in a likely incorrect
estimation of the treatment’s effect size. Therefore, the aim of the systematic review was to investigate
to what extent the top 15 most cited and the 15 most recent clinical trials published in high impact
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would show an underconsideration of that source of NP, and in addition, result in a likely incorrect
estimation of the treatment’s effect size. Therefore, the aim of the systematic review was to investigate
to what extent the top 15 most cited and the 15 most recent clinical trials published in high impact
journals, by November 2018, that assessed treatment outcomes in patients with NP, took into account
VRP when establishing their eligibility criteria.
2. Materials and Methods
The present systematic review was performed according to the Preferred Reporting Item for
Systematic Reviews and Meta-Analyses extension for Scoping Reviews guidelines [26]. It has
been registered in the International Prospective Register of Systematic Reviews (PROSPERO),
with registration number CRD42018101987.
2.1. Data Sources and Search Strategy
One author (C.G.-G.) conducted a systematic computerized search between November and
December 2018 using the Web of Science database. The search used the key terms neck pain and trial,
and considered the following limitations: both key terms being included in the title of the article;
language—English/Spanish/Italian/French; and having a publication date between January 1995 and
November 2018.
2.2. Study Selection
In order to obtain the information from high-quality studies, eligible articles were the top 15 most
cited clinical trials published between 1995 and 2018, and the 15 most recent studies included in high
impact journals (first quartile of the Journal Citation Reports in the year of publication of the study),
which assessed any therapy for subjects suffering from NP. Those articles with any of the following
characteristics were excluded: NP patients with only a traumatic, surgical, or neurological origin
for the condition; study protocols for clinical trials; studies including only elderly adults (older than
65 years), or including adolescents or children (younger than 18 years); or a lack of a clear description
of the eligibility criteria. All relevant titles were saved in a reference manager (EndNote® , version
X8.2, Thomson Reuters). Two researchers (C.G.-G. and Á.O.-P.-V.) independently performed the
assessment of the studies in a blinded and standardized manner, taking into account the eligibility
criteria previously set out. In the case of a disagreement, the issue was discussed together with a third
member of the research team (A.M.H.-R.) until a final consensus was reached.
2.3. Assessment of the Methodological Quality
The Physiotherapy Evidence Database (PEDro) scale score was used to assess the methodological
quality of the clinical trials. The PEDro scale is an 11-item tool where items are scored as either absent
(0) or present (1), except for item 1 that refers to external validity of the study. A final score from 0 to 10
is given. The PEDro scale is a valid [27] and reliable [28] tool to rate the methodological quality of
clinical trials. A cut-off of at least 5 or 6 points is required for a study to be of adequate quality [29].
PEDro scores were extracted from the PEDro database. Two independent raters (J.C.F.-D. and A.F.-G.)
evaluated, with the PEDro scale, those trials not included in the PEDro database. A final consensus
about the final score was reached, together with a third member of the research team (A.M.H.-R.),
whenever necessary.
2.4. Data Extraction
Once the studies were selected, two authors (C.G.-G. and J.O.-P.-V.) independently retrieved
the following information from each article following a standardized form: the number of authors
affiliated with a clinical institution, e.g., hospital, private practice, or health-center, and the number
affiliated with a non-clinical institution, e.g., a university or research center; total number of citations
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in the Web of Science; the PEDro scale score; aims of the study; sample size and characteristics of
participants (distribution by sex, mean age and pain duration); and eligibility criteria (inclusion and
exclusion criteria). Data collected from the studies we included were pooled into tables.
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3.2. Study Characteristics
3.2. Study Characteristics
All of the clinical trials which were included were randomized and controlled. Detailed
All of the clinical trials which were included were randomized and controlled. Detailed
descriptions of articles included in this systematic review are presented in Table 1; Table 2. Researchers
descriptions of articles included in this systematic review are presented in Table 1; Table 2.
from non-clinical institutions authored more than 90% of the studies (28 out of 30), while authors
Researchers from non-clinical institutions authored more than 90% of the studies (28 out of 30), while
from clinical institutions, e.g., hospitals, health-centers, and private practices, participated in 79% of
authors from clinical institutions, e.g., hospitals, health-centers, and private practices, participated in
trials (21 out of 30). The studies included a total of 4467 participants, with females representing 67.5%
79% of trials (21 out of 30). The studies included a total of 4467 participants, with females representing
of the total (3017 females). One clinical trial did not clearly specify the sex distribution of the study
67.5% of the total (3017 females). One clinical trial did not clearly specify the sex distribution of the
sample [30]. Two studies recruited exclusively females [31,32], and only two of them selected more
study sample [30]. Two studies recruited exclusively females [31,32], and only two of them selected
male than female individuals [33,34]. The mean age of participants was between 35 and 53 years,
more male than female individuals [33,34]. The mean age of participants was between 35 and 53
with one study including younger participants (mean age of 21 years) [35].
years, with one study including younger participants (mean age of 21 years) [35].

3.3. Methodological Quality of Studies
The assessment of the methodological quality by means of the PEDro scale revealed that, in
general, the top 15 most cited clinical trials denoted adequate to good methodological quality, with a
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3.3. Methodological Quality of Studies
The assessment of the methodological quality by means of the PEDro scale revealed that, in general,
the top 15 most cited clinical trials denoted adequate to good methodological quality, with a final
score of six points or higher, except for one study that scored five out of 10 points (Table 1) [36].
Similar findings were observed amongst the 15 most recent articles published in high impact journals
(Table 2), although one study denoted poor methodological quality (four out of 10) [37]. One of all
studies included achieved excellent methodological quality (10 out of 10) [38]. The reliability between
coders for those studies whose scores were not available in the PEDro database was almost perfect
(Kappa = 0.84) [39].
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Table 1. Top 15 most cited clinical trials about treatment efficacy in neck pain published between 1995 and 2018. NP, neck pain; Clinical, number of authors belonging
to clinical institutions; Non-Clinical, number of authors belonging to academic institutions; SM, spinal manipulation; PT, physical therapy; GP, general practitioner.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants
(Sex and Mean Age)

Inclusion Criteria

Exclusion Criteria

Ylinen et al., 2003 [32]
Clinical: 5
Non-Clinical: 4
Citations: 285

7/10

Assess the efficacy of intensive
isometric training and light
endurance training in chronic NP

N = 180
All females
46 years

Females; aged 25 to 53 years; office
worker; permanently employed;
motivated to continue working and for
rehabilitation; constant or frequently
occurring NP > than 6 months

Severe neck disorders, e.g., disk prolapse
and spinal stenosis; postoperative
conditions in the neck-shoulder; severe
trauma; instability; spasmodic torticollis;
frequent migraine; peripheral nerve
entrapment; fibromyalgia; shoulder
tendonitis, bursitis, or capsulitis;
inflammatory rheumatic disease; severe
psychiatric illness; diseases that prevent
physical loading; pregnancy

Cleland et al., 2005 [40]
Clinical: 5
Non-Clinical: 0
Citations: 156

8/10

Evaluate the immediate effects of
thoracic SM in chronic NP

N = 36
27 females
9 males
35 years

Aged 18 to 60 years; primary complaint
of mechanical NP, defined as
non-specific pain in the cervicothoracic
region and exacerbated by neck
movements

Red flags for serious spinal conditions, e.g.,
infection, tumors, osteoporosis, fracture;
positive signs or symptoms suggestive of
nerve root involvement, e.g., altered upper
limb reflexes, sensation, or strength;
cervical or thoracic surgery; prior SM
treatment; thoracic spine hypermobility;
pregnancy

Jordan et al., 1998 [36]
Clinical: 3
Non-Clinical: 3
Citations: 152

5/10

Assess the effectiveness of intensive
cervical training vs. PT vs.
chiropractic treatment in chronic NP

N = 119
88 females 31 males
39 years

Aged 20 to 60 years; NP > 3 months
with or without non-radicular pain; to
live within a close distance to the
hospital; X-ray examination of the
cervical spine; to be able to speak and
read Danish

Acute NP with no freedom of movement;
PT, SM, or training for the neck-upper
extremity within 6 months; neuropathy;
systemic disease; inflammatory joint or
muscle disease; headache dominating over
NP; migraine; hypermobility; whiplash;
primary shoulder or upper extremity
problems; previous neck surgery

Irnich et al., 2001 [41]
Clinical: 0
Non-Clinical: 10
Citations: 146

7/10

Compare the efficacy of acupuncture
vs. massage combined with “sham”
laser acupuncture in chronic NP

N = 177
117 females 60 males
52 years

Aged 18 to 85 years; chronic NP;
painful restriction of neck mobility > 1
month; had not received any treatment
in the previous 2 weeks

Previous surgery, dislocation or fracture;
neurological deficits; systemic disorders;
contraindications to any of the applied
treatments
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Table 1. Cont.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants
(Sex and Mean Age)

Inclusion Criteria

Exclusion Criteria

Korthals-de Bos et al.,
2003 [42]
Clinical: 0
Non-Clinical: 9
Citations: 137

6/10

Evaluate the cost effectiveness of PT,
manual therapy, and GP care for
acute, subacute and chronic NP

N = 183
121 females 62 males
45 years

Aged 18 to 70 years; NP > 2 weeks
(confirmed during physical
examination); willingness to comply
with treatment and follow up

PT or manual therapy for NP in the
previous 6 months; neck surgery; a specific
cause for the NP (for example, malignancy,
fracture, or inflammation)

Cleland et al., 2007 [43]
Clinical: 4
Non-Clinical: 2
Citations: 133

7/10

Compare the effect of thoracic
nonthrust vs. mobilization/SM, and
compare frequencies, side effects, and
durations in acute and subacute NP

N = 60
33 females 27 males
43 years

Aged 18 to 60 years; a primary
complaint of NP with or without
unilateral upper-extremity symptoms;
a baseline Neck Disability Index score
≥ 10%

Signs suggestive of a non-musculoskeletal
aetiology; whiplash within 6 weeks;
cervical spinal stenosis; signs of nerve root
compression (decrease of at least 2 of the
following: myotomal strength, sensation,
or reflexes); central nervous system
involvement; previous cervicothoracic
surgery; pending legal action

Irnich et al., 2002 [44]
Clinical: 0
Non-Clinical: 8
Citations: 127

6/10

Evaluate immediate effects of 2
different modes of acupuncture vs.
sham procedure in chronic NP

N = 34
25 females
9 males
52 years

NP > 2 months; diagnosis of
myofascial syndrome or irritation
syndrome based on history, pain
characteristics, radiological findings
and manual examination

Radicular cervical syndrome; segmental
instability; fracture or surgery of the
cervical spine; contradictions to
acupuncture; drug, PT or manual
treatment in the last 4 weeks

Viljanen et al., 2003 [31]
Clinical: 6
Non-Clinical: 0
Citations: 117

8/10

Assess the effectiveness of dynamic
muscle training and relaxation
training in chronic NP

N = 393
All females
45 years

Female sex; aged 30 to 60 years; suffer
from chronic non-specific NP > 12
weeks

Cancer; major trauma; rheumatic disease;
neural entrapment; major rehabilitation in
the previous 3 months

Hurwitz et al., 2002 [45]
Clinical: 0
Non-Clinical: 6
Citations: 112

7/10

Compare the relative effectiveness of
cervical SM and mobilization in
acute, subacute and chronic NP

N = 336
231 females 105
males
46 years

Aged 18 to 70 years; NP, defined as
pain within the upper thoracic spine to
the occiput and the surrounding
musculature; members of health
maintenance organization; had sought
care at one of the study sites; had not
received NP treatment in the past
month

NP due to fracture, severe
spondyloarthropathy, tumor, infection, or
other non-mechanical cause; progressive
neurological deficit, myelopathy, herniated
nucleus pulposus, or severe incapacitating
pain; severe coexisting disease; previous
electrotherapy treatment; blood
coagulation disorder; use of anticoagulant
or corticosteroids; stroke or transient
ischemic attacks; inability to read English;
pain involving third-party liability or
compensation
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Table 1. Cont.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants
(Sex and Mean Age)

Inclusion Criteria

Exclusion Criteria

White et al., 2004 [46]
Clinical: 2
Non-Clinical: 2
Citations: 104

7/10

Compare acupuncture and placebo in
chronic NP

N = 135
87 females 48 males
53 years

Aged 18 to 80 years; mechanical NP > 2
months; pain score > 30 mm on a
Visual Analogue Scale for 5 of 7 days
before treatment

Previous neck fracture or surgery; cervical
congenital abnormality; uncontrolled low
back pain; contraindication to
acetaminophen; systemic illness, e.g.,
rheumatoid arthritis; ongoing litigation or
disability claims; current or recent manual
neck treatment or steroid use (oral or local
injection); or pregnancy

Evans et al., 2002 [47]
Clinical: 1
Non-Clinical: 3
Citations: 102

7/10

Compare the effects of SM combined
with low-tech rehabilitative exercise,
MedX rehabilitative exercise, or SM
alone in chronic NP

N = 191
113 females 78 males
44 years

Aged 20 to 65 years; mechanical NP >
12 weeks; no specific, identifiable
aetiology (i.e., inflammatory disease,
infection); pain reproduced by neck
movement or provocation tests and
localized between the most inferior
part of the occipital bone and T1
spinous process

NP referred from peripheral joints or
viscera; progressive neurologic deficits;
severe osteopenia; vascular disease of the
neck or upper extremity; significant
infectious disease or other severe disabling
health conditions; previous neck surgery;
inability to work because of NP; current or
pending litigation, SM or exercise therapy
within 3 months; concurrent treatment for
NP by other health care providers

Manchikanti et al., 2010
[38]
Clinical: 3
Non-Clinical: 1
Citations: 96

10/10

Evaluate the clinical outcomes of
therapeutic cervical medial branch
blocks with local anesthetic with or
without steroids in chronic NP of
facet joint origin

N = 120
89 females 31 males
45 years

Function-limiting NP > 6 months; 18
years or older; to provide written
informed consent; positive results with
controlled diagnostic cervical facet
joint nerve blocks (80% pain relief and
the ability to perform previously
painful movements)

Disc herniation with radicular pain;
symptomatic spinal stenosis; neck surgery
within 3 months; uncontrolled major
depression or psychiatric disorders; heavy
opioid usage; acute or uncontrolled
medical illness; chronic severe conditions;
inability to stay in a prone position; history
of adverse reactions to local anesthetics or
steroids; or pregnant or lactating women

Hoving et al., 2006 [48]
Clinical: 0
Non-Clinical: 11
Citations: 92

8/10

Compare the effectiveness of manual
therapy, PT and continued care by
the GP over a 1 year period

N = 183
111 females 72 males
45 years

Aged 18 to 70 years; pain and/or
stiffness in the neck > 2 weeks;
nonspecific neck complaints
reproducible during active or passive
range of motion; willingness to
participate

No specific cause for the pain, e.g.,
systemic disease, fracture, or organic
disorders; a history of trauma or additional
dominant complaints, such as headache or
nonradicular pain; previous neck surgery;
manual or physiotherapy in the previous 6
months
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Table 1. Cont.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants
(Sex and Mean Age)

Inclusion Criteria

Exclusion Criteria

Chiu et al., 2005 [49]
Clinical: 0
Non-clinical: 3
Citations: 86

7/10

Evaluate the efficacy of a neck
exercise program in chronic NP

N = 145
100 females
45 males
44 years

Aged 20 to 70 years; NP (of various
intensity of pain) > 3 months; able to
read Chinese

Previous neck or upper back (T1-T6) injury;
inflammatory condition, e.g., rheumatoid
arthritis; former neck surgery; a
malignancy or congenital spinal
abnormality; parallel NP treatment;
contraindication for infrared irradiation;
neurologic symptoms, e.g., muscle
weakness or changes in spinal reflex jerks;
other musculoskeletal problems; acute NP
with no freedom of movement; training or
SM for NP within 6 months; work-related
injuries

Bronfort et al., 2012
[50]
Clinical: 3
Non-clinical: 3
Citations: 81

7/10

Determine the relative efficacy of SM,
medication, and home exercise with
advice for acute and subacute NP in
the short and long term.

N = 272
178 females 94 males
48 years

Aged 18 to 65 years; primary symptom
of mechanical, nonspecific NP
equivalent to grades I or II of the Bone
and Joint Decade 2000–2010 Task Force
on NP and Its Associated Disorders
classification; NP between 2–12 weeks
duration; NP ≥ 3 on a 0 to 10 scale; not
seeking additional NP treatment

Cervical spine instability; fracture; NP
referred from peripheral joints or viscera;
progressive neurologic deficits: cardiac
disease requiring medical treatment; blood
clotting disorders; diffuse idiopathic
hyperostosis; inflammatory or destructive
tissue changes of the cervical spine;
infectious disease; substance abuse;
cervical spine surgery; severe disabling
health problems; pending or current
litigation; having received any of the study
treatments within 3 months; pregnancy or
breastfeeding
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Table 2. List of the fifteen most recent clinical trials, by November 2018, about treatment efficacy in neck pain published in high impact journals. NP, neck pain;
Clinical, number of authors belonging to clinical institutions; Non-Clinical, number of authors belonging to academic institutions; NDI, neck disability index; PT,
physical therapy; VAS, visual analogue scale; SM, spinal manipulation; N/S, non-clearly specified.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants

Inclusion Criteria

Exclusion Criteria

Celenay et al., 2016 [51]
Clinical: 0
Non-Clinical: 3
Citations: 13

6/10

Assess the effect of neck stabilization
and scapulo-thoracic treatment with
and without connective tissue
massage in chronic NP

N = 60
39 females
21 males
48 years

Aged 18 to 65 years; NP > 3 months;
baseline NDI ≥ 20%

Stenosis; traumatic injury history; previous
neck surgery; cancer; hypermobility;
inflammatory rheumatologic diseases;
severe psychological disorders; exercise or
PT intervention in the last 3 months;
pregnancy

Celenay et al., 2016 [52]
Clinical: 0
Non-Clinical: 3
Citations: 8

7/10

Compare the effect of stabilization
exercises with or without manual
therapy in patients with mechanical
chronic NP

N = 102
74 females
28 males
46 years

Aged 18 to 65 years; NP > 3 months,
with symptoms provoked by
postures, movements, or palpation

Inflammatory rheumatologic diseases,
structural deformity, or malignity;
previous cervical surgery; spinal stenosis;
bilateral upper extremity symptoms; ≥ 2
positive radicular signs of nerve root
compression; referred pain > than 7 on a
0-10 VAS in the related dermatome in the
upper extremities; capsular pattern of
arthritis; severe psychological disorder;
pregnancy; any intervention including
exercise or PT within 3 months

Cerezo et al., 2016 [30]
Clinical: 4
Non-Clinical: 4
Citations: 10

6/10

Assess the effect of deep dry needling
of myofascial trigger points in
chronic nonspecific NP

N = 128
Sex distribution: N/S
50 years

NP (with or without radiation) > 6
months, with no known pathological
basis (neurological, trauma); having
myofascial pain syndrome

Major trauma; widespread pain;
inflammatory, hormonal, or neurological
disorders; upper limbs tendinopathy;
severe psychiatric illness; inability to speak
or write Spanish; use of muscle relaxant,
analgesic, antidepressant, or anticoagulant
medication in the last week; fibromyalgia;
any contraindication to PT (infection, fever,
hypothyroidism, wounds, metal allergy,
cancer or systemic disease, fear of needles);
or pregnancy

De Araujo et al., 2018 [34]
Clinical: 0
Non-Clinical: 5
Citations: 0

8/10

Assess the effectiveness of the Pilates
method in chronic NP

N = 64
14 females
50 males
49 years

Aged 18 to 65 years; non-specific NP
according to the Neck Pain Task
Force; pain > 3 months; and pain
intensity between 3–8 cm on a 0 to
10 cm rating scale

Fibromyalgia; spine trauma, infection or
inflammation; NP radiating to the upper
limbs; having started or changed physical
activity > 2/week within 3 months; visual
impairments and no use of glasses; new or
changed pain medication, or injections in
the last 3 months; neurological diseases;
musculoskeletal diseases hindering the
practice of Pilates; pregnancy
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Table 2. Cont.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants

Inclusion Criteria

Exclusion Criteria

Essex et al.,
2017 [37]
Clinical: 1
Non-Clinical: 16
Citations: 0

4/10

Assess the cost-effectiveness of usual
care vs. acupuncture and usual care
vs. Alexander Technique and usual
care for chronic NP

N = 517
347 females
170 males
53 years

NP > 3 months; score > 28% on the
Northwick Park Neck Pain
Questionnaire

Current acupuncture treatment for NP or
attended Alexander lessons in the last 2
years; litigation; serious underlying
pathology; prior neck surgery; alcohol or
drug dependency; involvement in other
trial; history of psychosis, rheumatoid
arthritis, osteoporosis, hemophilia,
ankylosing spondylitis, cancer, HIV or
hepatitis; inability to speak English;
pregnancy

Fernández-Carnero et al.,
2018 [35]
Clinical: 3
Non-Clinical: 2
Citations: 0

8/10

Assess the immediate effect of neural
tension technique in chronic NP

N = 54
41 females
13 males
21 years

Aged 18 to 65 years; NP within the
nuchal line and T1 spinous process >
12 weeks; no radicular symptoms to
head, trunk, or upper limbs; ability to
write and speak Spanish

Systemic or degenerative diseases;
headache and/or low back pain within 9
months; NP linked with whiplash;
moderate or severe depression; red flags
(metabolic diseases, tumor, fracture,
rheumatoid arthritis, osteoporosis);
fibromyalgia; neck surgery; cervical
radiculopathy; disc herniation; neck or face
pain within 6 months; NP with vertigo
caused by vertebrobasilar insufficiency;
non-cervicogenic headache after trauma
within last year

Griswold et al., 2018 [53]
Clinical: 1
Non-Clinical: 4
Citations: 0

7/10

Compare the effect of concordant
cervical and thoracic non-thrust vs.
thrust SM for chronic mechanical NP

N = 103
76 females
27 males
47 years

Aged 18 to 70 years; having
mechanical NP; NDI ≥ 20%; and NP
> 2 on a 0 to 10 rating scale in the last
24 h

Contraindications to manual therapy
(fracture, malignancy, rheumatoid arthritis,
myelopathy, osteoporosis); prior cervical
or thoracic spine surgery; seeking
litigation; nerve root compression (at least
2 or more neurological signs); receiving
other nonsurgical care; inability to
reproduce the concordant sign in the
cervical or thoracic spine during testing

Krøll et al.,
2018 [54]
Clinical: 4
Non-Clinical: 1
Citations: 1

5/10

Evaluate the efficacy of aerobic
exercise in migraine and coexisting
tension-type headache and chronic
NP

N = 70
62 females
8 males
37 years

A minimum of 2 attacks of migraine;
a minimum of 1 day with
tension-type headache; a minimum
of 1 day with NP per month

Whiplash; significant neck trauma,
(fracture, distortion, or violent attack);
neck nerve root compression; persistent
headache linked with trauma; medication
overuse; severe physical and/or mental
illness; trigeminal neuralgia; cluster
headache; alcohol and drugs abuse;
breastfeeding; inability to speak Danish;
pregnancy
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Table 2. Cont.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants

Inclusion Criteria

Exclusion Criteria

Lauche et al., 2016 [55]
Clinical: 1
Non-Clinical: 8
Citations: 7

7/10

Evaluate the efficacy of Tai Chi for
treating chronic NP

N = 114
91 females
23 males
49 years

Age > 18 years; nonspecific NP > 3
consecutive months for at least 5
days a week; NP > 45 mm on a 0 to
100 mm VAS

NP caused by trauma, disc protrusion,
whiplash, spinal deformity, stenosis,
neoplasm, neurological disorder,
rheumatic or active severe affective
disorder, addiction, psychosis, or oncologic
disease; invasive spinal treatment within 4
weeks; spinal surgery in the last year; new
or modified drug regimen; opioids intake;
regular practice of Tai Chi, Qigong, or Yoga
within 6 months; any disability precluding
exercise; pregnancy

Lauche et al., 2016 [56]
Clinical: 3
Non-Clinical: 5
Citations: 3

6/10

Assess the efficacy of the Alexander
Technique, local heat and guided
imagery in patients with chronic
non-specific NP

N = 72
65 females
7 males
41 years

Aged 18 to 50 years; non-specific NP
> 3 months; NP intensity > 40 mm on
a 100 mm VAS

NP caused by disc protrusion or prolapse;
spinal congenital deformity; spinal
stenosis; whiplash; neoplasm,
inflammatory rheumatic disease;
neurological disorder; active oncologic
disease; affective disorder; addiction;
psychosis; previous spinal surgery or
invasive spinal treatment within 3 weeks;
ongoing application for disability pension;
previous Alexander technique experience;
participation in other clinical trials;
pregnancy

Monticone et al., 2017 [57]
Clinical: 6
Non-Clinical: 1
Citations: 3

8/10

Evaluate the effect of a group based
multidisciplinary rehabilitation
programme in chronic NP

N = 170
121 females
49 males
53 years

Age >18 years; documented history
of non-specific NP >3 months; a good
understanding of Italian

Acute and subacute NP; cognitive
impairment; clear aetiology for their NP,
e.g., previous spinal surgery, deformity,
disc herniation, infection, fracture,
myelopathy or malignancy, whiplash, and
systemic or neuromuscular diseases;
having received cognitive-behavioral
therapy

Pillastrini et al., 2016 [58]
Clinical: 1
Non-Clinical: 7
Citations: 6

8/10

Evaluate the effectiveness of global
postural reeducation vs. manual
therapy in chronic NP

N = 96
72 females
22 males
48 years

Nonspecific NP > 3 months; aged 18
to 80 years; ability to read and speak
Italian

Acute or subacute NP; specific cause of NP,
e.g., systemic, rheumatic, neuromuscular
diseases; central or peripheral neurological
signs; cognitive impairment, spinal
surgery; or PT treatments in the prior 6
months
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Table 2. Cont.
Study
Authors’ Institutions
Number of Citations

PEDro
Score

Aim

Participants

Inclusion Criteria

Exclusion Criteria

Ris et al.,
2016 [59]
Clinical: 1
Non-Clinical: 5
Citations: 7

6/10

Assess the effect of pain education,
exercises and graded physical
activity vs. pain education alone in
chronic NP

N = 200
149 females
51 males
45 years

Aged >18 years; traumatic or
non-traumatic NP > half a year; NDI
>10; NP, primary pain; complete
medical diagnostic procedures

Clinically confirmed radiculopathies;
progressive medical treatment; unstable
social/working conditions; current
fractures; score > 29 in the Beck Depression
Inventory-II; conditions limiting
participation; pregnancy

Thompson et al., 2016 [33]
Clinical: 2
Non-Clinical: 1
Citations: 4

5/10

Evaluate the effect of physiotherapist
led cognitive—behavioral
intervention plus exercise in chronic
NP

N = 57
27 females
28 males
48 years

Non-specific NP > 3 months; fluency
in English; have not received PT for
NP in the past 3 months

Serious pathology (fracture, dislocation,
carcinoma or infection); radiculopathy;
myelopathy; rheumatological disorder;
diagnosed major psychiatric illness

Tunwattanapong et al.,
2016 [60]
Clinical: 1
Non-clinical: 2
Citations: 10

8/10

Determine the effect of neck and
shoulder stretching exercises for
chronic NP among office workers

N = 96
87 females
9 males
35 years

Office workers who rated themselves
with moderate to severe neck or
shoulder pain (VAS ≥ 5 of 10 cm) for
more than 3 months

Performing regular stretching exercise; a
history of severe neck injury, or neck or
shoulder contracture (defined by a
limitation range of motion in all
directions); previous neck or shoulder
surgery; abnormal neurological signs
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3.4. Eligibility Criteria (Inclusion and Exclusion Criteria) Used by Trials
Of all trials analyzed, a single study [38] defined stringent inclusion criteria to avoid the recruitment
of participants with possible VRP. This study included patients with a positive response to cervical
facet joint nerve blockers; e.g., 80% pain relief and the ability to perform previously painful movements.
With regard to the exclusion criteria, five clinical trials listed them to avoid the selection of individuals
with suspected VRP as the cause of their NP. Two studies explicitly excluded participants with
“NP referred from peripheral joints or viscera” [47,50]. The other three studies excluded individuals
who suffered from NP with a “non-mechanical cause” [45], reported “any medical sign suggestive of
a non-musculoskeletal aetiology” for their NP [43], or were diagnosed with a “specific cause for the
neck pain”; e.g., organic disorders or systemic diseases [48]. A “clear aetiology” [57] or a “specific
cause” [57,58] for the NP was also listed as an exclusion criterion in three other trials. Yet, none of the
latter studies mentioned visceral or organic disorders as possible specific causes for the NP. Some other
visceral sources of NP were enumerated in other clinical trials: (a) hepatitis [37]; (b) systemic disorders,
including metabolic disease [30,35,36,41,46,57,58]; (c) abuse of alcohol and drugs [37,54]; (d) rheumatic
disease [31–33,35,37,46,49,51–53,55,56,58]; (e) cancer [30,31,35,37,42,51–53,55–57]; (f) HIV [37]; and (g)
infection [30,33,34,40,45,47,57]. Pregnancy was also included as exclusion criteria in almost half of
the trials [30,32,34,37,38,40,46,50–52,54–56,59]. Two clinical trials did not refer to any possible visceral
aetiology of neck pain in their inclusion and exclusion criteria [44,60].
4. Discussion
The present findings suggest that amongst the most cited and the most recently published clinical
trials assessing treatment efficacy in NP there is a lack of consideration for VRP as a plausible source of
NP. This appears to be the case when the eligibility criteria for recruiting participants are analyzed.
Only 20% of all selected trials (six out of 30) defined stringent enough criteria to avoid the recruitment
of individuals with a suspected visceral referred NP. All these studies were amongst the top 15 most
cited articles. Three other trials excluded patients with a specific aetiology or cause for their NP,
although authors did not even mention the visceral area. This implies that most of the assessed trials
might have included patients with a visceral source of NP despite the fact that the visceral disorder
would not be the target of the treatment. Therefore, it might show an underconsideration of this neck
pain aetiology; in addition, incorrect estimations of the effects or efficacies of the interventions could
have occurred.
4.1. Eligibility Criteria Used by Trials to Select NP Patients
Manchikanti et al. [38] considered as eligible, those patients with a positive response to cervical
facet joint nerve blockers, which excluded individuals with visceral referred NP. The rest of the
clinical trials, however, established general inclusion criteria; e.g., neck stiffness; mechanical pain with
reproducibility of symptoms during physical examination, neck movement, or posture maintenance;
and myofascial pain syndrome, among others. All these symptoms mainly refer to increased local
sensitization and muscle tension, which can be due to a visceral issue. A primary visceral disorder
may also be accompanied by hyperalgesia of the painful area, and is often associated with sustained
muscle contraction [61], and it may extend to subcutaneous tissues when the visceral disorder is
persistent [62]. Furthermore, the increased muscle tone may explain mechanical symptoms and lead,
in the long-term, to the presence of myofascial trigger points and myofascial pain syndrome [63,64].
Hence, visceral pain can evoke many different neck symptoms, including muscle spasms in addition to
pain [15], and when sustained, may help to develop central sensitization and cortical changes [61].
Despite all this, surprisingly, the visceral aetiology of NP was only properly considered in six clinical
trials [38,43,45,47,48,50]. These findings may imply a general misdiagnosis of NP in research and clinical
scopes, thus patients with visceral referred NP might not receive the most accurate therapeutic approach.
Visceral pain shares many features with pain from deep somatic structures and requires well-developed
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propedeutics to avoid inadequate diagnosis and treatment [65]. The test for cutaneous allodynia
appears to have the greatest likelihood of identifying a visceral source of pain compared to somatic
sources of pain [16]. Therefore, a detailed clinical history, physical examination, and supplemental
laboratory and imaging examination is needed to diagnose the primary source of pain [61,64], because
the somatic manifestation will persist until the visceral disorder resolves by itself or has been discovered
and treated [23,66]. This discovery is more likely to happen in subjects with constant neck pain and/or
aggravation of visceral symptoms, but is less likely in recurrent, episodic NP and/or subtle visceral
symptoms [15]. Additionally, in cases of chronic NP, the right diagnosis can be favored along the
course of the disease by the obtaining of abnormalities in blood, urine, digestive, heart . . . tests, either
developed ad hoc to diagnose the origin of NP or during medical assessments for other reasons. Since
many of the visceral disorders which may trigger NP are chronic, they enable the presence of either
episodic (due to episodic aggravation of the visceral disorder), recurrent (due to frequent aggravation
of the visceral disorder), or chronic NP.
4.2. Somatic Consequences of Visceral Disorders
Visceral referred NP is linked to the involvement of the vagus and/or phrenic nerves.
The nociceptive input from any of the organs innervated by the vagus nerve sensitizes the
trigeminocervical nuclear complex that descends to C3 or C4 levels, and may trigger a headache [67]
and/or NP [14]. The phrenic nerve is a motor and sensitive nerve formed by C3–C4 roots, with C5 as
an accessory root. Either directly or through celiac connections, it supplies the diaphragm, pleura,
right atrium [68] pericardium [68,69], esophagus [70], peritoneum [68,71], stomach [15], falciform and
coronary ligaments of the liver [72], the Glisson capsule [72,73], the hepatic vein [74], the inferior
vena cava [68,70,74], the liver [68,72,75] (parenchyma) [74], the gallbladder [72,76,77] and the rest
of the biliary tract [71,72,77]—including the duodenal papilla and the sphincter of Oddi [77,78] —,
the pancreas [15], the small intestine [15], and the suprarenal glands [68,70,71]. Hence, disorders of
many of these structures, such as the pancreas, or even the spleen or kidneys, can evoke referred pain
along the C3–C4 dermatomes either due to the autonomic connections, diaphragmatic pressure, or
peritoneal irritation [15]. This has been described as “phrenic pain” [23].
To date, there is no data about the prevalence of NP of visceral origin in general practice or
musculoskeletal settings. Nevertheless, in a previous study [79] that seemed not to consider the
visceral aetiology, a well identified cause of the NP was not found in 32% of patients receiving a
complete evaluation in a private pain clinic, where, probably, those NP patients with the most severe
symptoms are a majority. As well, a history of previous trauma was present in most of the patients.
However, the authors do not clarify if the inability to achieve a specific cause was more frequent in
patients who had previous trauma or in those who did not.
It is important to consider the prevalence of the causes of any condition, because that determines
the pretest probability, the order of the investigations, and it can also affect to prognosis. The prevalence
of visceral disorders that may trigger pain in the neck-shoulder area is high. It is estimated that
the one-year prevalence of gastroesophageal reflux with weekly symptoms is 14% [80], and 15% of
Americans have silent gallstones, 10–18% of whom develop biliary pain [81]. Besides, non-alcoholic
fatty liver is present in around 30% of the population in western countries [82]. Females are more prone
than males to have widespread hyperalgesia from recurrent visceral pain [61], and also NP is more
prevalent in females. Further, NP of high intensity/low disability or high disability is strongly related to
cardiovascular and digestive disorders [83]. That may suggest, eventually, a visceral origin for the pain,
which together with cervical spasms have been observed in animal models [84] and in humans [23]
with gastric or esophageal disorders. It is also known that NP is highly associated with obesity [85],
LDL cholesterol [86], and metabolic syndrome [87]. For instance, the prevalence of NP in those with
metabolic syndrome ranges between 16% for males and 25% for females [87]. This is remarkably
important because fatty liver, obesity, and metabolic syndromes entail hepatic suffering; e.g., increased
pressure, swelling, and hepatomegaly. Phrenic afferents in the hepatic parenchyma, hepatic veins,
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and the inferior vena cava just need light pressure to respond [74,88]. Further, all this can stretch and
sensitize the Glisson capsule, which is known to evoke phrenic pain [72]. However, most patients do not
relate their NP and the concomitant visceral disorder, or fail to report gastrointestinal or hepatic/biliary
symptoms [15], which contributes to the misdiagnosis of NP as mechanical or non-specific.
It is interesting to note that experimental research of gastric sensitivity is performed in rats by
means of gastric distension, which is very common in obesity, and is related to dyspepsia. This gastric
distension triggers an increase in the electromyographic activity of the neck muscles and also affects to
the neck posture [89]. The addition of substances which increase the insult to the stomach enhances
this visceromotor response [84]. The same mechanisms have been used to experimentally study the
gastric hypersensitivity frequently observed in patients with long-standing diabetes [90]. The increase
of muscle tone in the area of referred hyperalgesia does not appear only when the stomach is injured,
since it has also been demonstrated by artificial ureteric stones [91]. Moreover, the neck muscles’ tone
decreased in these models when the viscera was treated by means of electrical stimulation [92,93].
Likewise, manual visceral treatment has also been shown to improve NP and electromyographic
recordings of the upper trapezius muscles of subjects suffering from chronic non-specific NP and
dyspepsia [94], and has improved neck mobility and NP thresholds in subjects suffering from
gastroesophageal reflux disease [95]. On the contrary, the likely participation of patients with NP of
visceral origin might contribute to explaining the scarce success of usual treatments for NP, achieving
at most moderate effects in the short-term [96].
Therefore, the visceral origin of NP might be more easily diagnosed if it only triggers VRP, because
there will be no modification of pain related to activity or posture. However, as previously exposed,
mechanical consequences can be also elicited in case of visceral aetiology of NP [15,24,61,63,64,66,84,
89–93], hindering the correct diagnosis. The presence of muscle hypertonus, myofascial trigger points,
and/or myofascial pain syndrome may increase symptoms during musculoskeletal activity. Similarly,
pain modification related to movement and/or postures has also been described during the affectation
of the spleen [97], gallbladder [72,98], kidney [99,100], and heart [15,101].
4.3. Needs for the Future
Our results suggest that clinical trials about NP fail to suspect a visceral origin of NP. This poor
consideration seems to be shared in the research and clinical settings, considering that authors from
clinical institutions participated in nearly 80% of the studies reviewed. Thus, our study points out the
need to further develop the knowledge of somatic consequences of visceral disorders, at least when
related to NP. Additionally, it shows the need for more research to get to know the prevalence of NP
of visceral origin in different settings (primary care, clinics of rehabilitation, chiropractic, osteopathy,
and physiotherapy).
4.4. Limitations
The present findings should be carefully interpreted for several reasons. First, the search strategy
was conducted in a single database. The aim was to select those trials with higher impacts, based
on the number of citations or on the publication in first quartile journals of the Journal Citation
Reports. This strategy was set in order to select those trials which could be representative of the best
research about neck pain; i.e., the most cited (showing that they are used as a reference by many
researchers) and those published in the best quality journals (which are supposed to publish the best
studies). The Web of Science database provides the number of citations and the quartile, and it is
considered of high prestige in the Health Sciences field. Other databases such as Medline do not
provide numbers of citations nor journal impact factors. Other reviews used different strategies to show
a general overview about a subject, such as random selection of studies and/or selection of specific
major journals [102–105]. Second, with respect to sample size, it could be argued that our sample
size (30 studies) is not big enough to be representative. The right sample size to perform this kind of
study has not been established. In the literature, systematic reviews about research bias can be found
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with sample sizes ranging between 10 and 44 studies [106–111]. Third, despite the high prevalence of
visceral disorders, it is not possible to conclude that these studies actually included patients with VRP
to the neck area. Therefore, the influence of this issue on the results of each trial remains unknown.
5. Conclusions
In conclusion, it seems that most of the top cited and most recent clinical trials assessing treatments
in NP lacked the consideration of visceral referred NP according to their eligibility criteria, showing
that neck pain of visceral origin is underestimated. Although NP referred from viscera is difficult to
diagnose, more stringent inclusion and exclusion criteria may be required in clinical trials. Otherwise,
this may imply an incorrect estimation of the usefulness of the interventions.
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Our understanding of the biology of pain is limited by our ignorance about
its evolution. We know little about how states in other species showing
various degrees of apparent similarity to human pain states are related to
human pain, or how the mechanisms essential for pain-related states
evolved. Nevertheless, insights into the evolution of mechanisms and behaviour important for pain are beginning to emerge from wide-ranging
investigations of cellular mechanisms and behavioural responses linked to
nociceptor activation, tissue injury, inflammation and the environmental
context of these responses in diverse species. In February 2019, an unprecedented meeting on the evolution of pain hosted by the Royal Society brought
together scientists from disparate fields who investigate nociception and
pain-related behaviour in crustaceans, insects, leeches, gastropod and cephalopod molluscs, fish and mammals ( primarily rodents and humans).
Here, we identify evolutionary themes that connect these research efforts,
including adaptive and maladaptive features of pain-related behavioural
and neuronal alterations—some of which are quite general, and some that
may apply primarily to humans. We also highlight major questions, including how pain should be defined, that need to be answered as we seek to
understand the evolution of pain.
This article is part of the Theo Murphy meeting issue ‘Evolution of mechanisms and behaviour important for pain’.

1. Introduction
No human experience is more compelling than that of intense pain. It seems
safe to assume that pain did not appear de novo in humans—that the functions
and mechanisms of human pain are products of prior evolution. While the control of human pain has long been a medical priority, and experimental animals
have played a large role in preclinical efforts to develop new analgesics, remarkably little is known about the evolution of pain. This reflects, in part, relatively
little interest in evolution among most clinically oriented pain researchers, and
little attention paid to pain by most evolutionary biologists. It also reflects the
complexity of human pain and problems in applying the most widely accepted
definition of human pain to other species. Nevertheless, a small but growing
number of scientists are seeking a better understanding of the biology of
human pain by considering the mechanisms and functions of pain from an
evolutionary perspective.
This theme issue resulted from the first international meeting on the
evolution of pain, which brought together experts in various areas of neuroscience, psychology, medicine and evolutionary biology. The focus was on
the evolution of pain behaviour and associated mechanisms as revealed by
comparisons of pain-related phenomena across diverse invertebrate and
vertebrate species, including humans. The single meeting and resulting theme
issue could not accommodate all the relevant topics. For example, we have
not included articles focused on the evolution of neuroanatomical structures
important for pain or the evolution of endogenous opioids and their receptors.
© 2019 The Author(s) Published by the Royal Society. All rights reserved.

2. How should pain be defined by biologists?
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In trying to understand the broader biology of pain, a major
problem immediately arises. The most influential definition
of pain neglects all species but our own. The vast majority of
pain researchers around the globe have accepted the following
definition of pain from the International Association for the
Study of Pain (IASP): ‘An unpleasant sensory and emotional
experience associated with actual or potential tissue damage,
or described in terms of such damage’ (https://www.iasppain.org/terminology?navItemNumber=576#Pain). This definition was developed by clinicians and clinically oriented
pain researchers. It has proven useful for defining human
pain, albeit with some limitations, such as the lack of reference
to cognitive and social components of pain that are important
clinically [1]. The IASP is in the process of revising its definition
of pain. The version posted for comments from the public
(https://www.iasp-pain.org/PublicationsNews/NewsDetail.
aspx?ItemNumber=9218&navItemNumber=643) is similar in
wording to the previous definition, but among other changes
has substituted ‘aversive’ for ‘unpleasant’ and dropped the
phrase ‘or described in terms of such damage,’ making it
more appropriate for animal pain. However, the revised definition continues to define pain as an ‘emotional experience,’
a phrase that in everyday English and for many researchers
(e.g., [2]) is closely linked to conscious, subjective feeling.
That this is the intended implication is emphasized by the
first note appended to the revised IASP definition, which
states that ’pain is always a subjective experience’. While the
revised IASP definition allows for the possibility that nonverbal behaviours can express pain, the most (and perhaps only)
conclusive evidence available for subjective experience is
verbal report. Thus, the IASP definitions are useful for identifying human pain, but perhaps not for a vast number of species
for which inferences of subjective pain experience must remain
weak at best. Further, the focus on subjective experience
eclipses the motivational functions of pain that are key to an
evolutionary understanding [3–7].
Two definitional approaches have been used to address
pain in non-verbal animals. One is to accept definitions that
emphasize conscious experience, such as the IASP definitions,
and to argue on the basis of sufficient neuroanatomical,
physiological/pharmacological and behavioural analogies
that certain species are likely to experience pain similarly to
humans (while admitting that compelling proof of the existence of conscious pain in other species may be impossible).
This approach has profound ethical and legal implications,
as persuasive evidence for conscious pain (and thus for potential suffering) is the basis for including selected species for
protection under animal welfare laws. Argument by lists of
apparent analogies has been used to conclude that mammals
and other large-brained animals are likely to experience conscious pain (e.g. [8]). As explained in review articles in this
issue by Elwood [3] and by Sneddon [5], this approach has
provided systematic arguments for the likelihood of pain
and the possibility of suffering in crustaceans and fish (see

also [9]). Given the enormous scale and economic impact of
the human use of fish and crustaceans, it is not surprising
that such arguments have met with strong resistance from
some quarters.
A second approach for defining animal pain has been
favoured (often implicitly) by many investigators of painlike phenomena in invertebrates, for which argument by
analogy is necessarily much weaker than for mammals.
This is to define pain on the basis of functional rather than
subjective properties, as advocated by Elwood [3]. For
example, researchers studying injury-induced sensitization
of defensive behaviour in Drosophila assume the functions
of such sensitization are the same as for mammalian allodynia and hyperalgesia (types of conscious evoked pain as
defined by the IASP) and use these terms and sometimes
the word ‘pain’ to refer to injury-related states in this
insect—without explicitly arguing that flies might have
conscious pain experience. This approach is illustrated in
the articles by Lopez-Bellido et al. [10] and by Khuong et al.
[11]. By contrast, investigators of molluscs such as Howard
et al. [12] and annelids such as Paulsen & Burrell [13] have
generally preferred to use terms such as nociception and
nociceptive sensitization that do not imply conscious pain,
rather than stating that these invertebrates exhibit pain,
allodynia or hyperalgesia [6]. Nonetheless, virtually all investigators of invertebrates, including all of those represented
in this theme issue [3,10–16] assume that some of the mechanisms and functions under investigation in invertebrates
are also likely to be involved in mammalian pathways that
promote or suppress conscious pain.
Central states linked to nociceptive plasticity in many
species meet many of the criteria of an early functional definition by Manfred Zimmermann in which pain is ‘an aversive
sensory experience caused by actual or potential injury that
elicits protective motor and vegetative reactions, results in
learned avoidance and may modify species-specific behaviour, including social behaviour’ [17, p. 1]. This definition is
consistent with behavioural observations described in this
issue for crustaceans [3] and fish [5], as well as insects
[10,11,14] and molluscs ([12] see also [6]). It ties pain to a
complex aversive state that (1) is induced by noxious stimulation during injury or imminent injury, (2) has a presumed
protective function involving overt defensive behaviour,
internal physiological alterations, and an aversive motivational state that can promote avoidance learning, and (3)
can be revealed by operant tests such as avoidance learning
that demonstrate the aversive state. Assuming that the
word ‘experience’ encompasses unconscious as well as conscious experience, all of these features are amenable to
experimental investigation in non-human animals. In a few
non-mammalian species, operant tests have provided some
evidence for the existence of pain-like aversive states, as
reviewed here by Elwood [3] and Sneddon [5] as well as by
Walters [6], but this evidence would be strengthened by the
addition of conventional conditioned place avoidance and
conditioned place preference tests, which increasingly are
used in rodent studies to reveal the affective–motivational
component of pain. One part of Zimmermann’s pain definition that will not apply to many animals (vertebrate and
invertebrate) is ‘including social behaviour’ because functionally defined pain also is likely to occur in asocial animals.
While functional definitions of pain encourage comparative
studies of pain-related processes across diverse taxa,
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However, we are confident the following articles will stimulate much-needed discussion and research on the topics
explicitly covered as well as related topics on the evolution
of pain that could not be addressed directly in this pioneering
theme issue.

Whether their emphasis is on the subjective experience of
pain or pain-related functions, clinicians and researchers
agree that pain is closely (although not always) linked to
nociceptive activity in the nervous system that normally is
produced by bodily injury and inflammation. Thus, while
nociception is distinct from the experience of pain [19], it is
clear that activity in nociceptive pathways usually drives
pain, and that enhanced nociceptive activity increases pain
[20,21]. This makes comparisons of the mechanisms of nociception and of nociceptive alterations across diverse species
useful for enquiries into the evolution of pain.
Nociception begins when energy that produces or threatens to produce imminent injury (a noxious stimulus) is
transduced into neural activity, leading to organized
responses that defend the tissue under threat and aid in its
repair. In addition to strong mechanical and thermal stimuli,
caustic chemical stimuli such as acids can threaten tissue
integrity and homeostasis. In their review article, Pattison
et al. [22] show that acid nociception is a feature of many primary nociceptors, and it has been documented in several
phyla. Prominent proton-sensing molecules in diverse mammals include acid-sensing ion channels (ASICs), transient
receptor potential vanilloid 1 (TRPV1), and specific twopore-domain K+ channels and G protein-coupled receptors,
which are often expressed in polymodal nociceptors that
also are sensitive to other noxious stimuli and/or inflammatory signals. As reviewed by Sneddon [5], ASICs occur in fish
and vigorous defensive behaviour is evoked in teleost fish by
either injection or bath application of weak acids. Interestingly, while the nociceptor molecules that detect protons in
phyla other than Chordata have yet to be identified, LopezBellido et al. [10] demonstrate in Drosophila that multiple
classes of primary sensory neurons, including nociceptors,
are specifically required for defensive responses evoked by
cutaneous application of strong acid. The availability of
powerful genetic tools in Drosophila coupled with access to
known proton-sensing sensory neurons in this fly should
begin to answer the question of whether arthropods share
ancient acid-nociception mechanisms with vertebrates, or
they have independently evolved different mechanisms. As
described by Himmel et al. [15], these genetic tools combined
with neurophysiological and behavioural tests in Drosophila
revealed that another chemical stimulus, menthol, activates

3

Phil. Trans. R. Soc. B 374: 20190275

3. Evolution of mechanisms important for
nociception and pain

nociceptors to evoke defensive responses. The receptors
involved are ion channels in the TRPM and TRPA families,
and their phylogenetic analysis suggests the TRPM family
was present in ancestral Precambrian bilaterians.
A notable feature of nociception and pain compared with
other senses is the complex modulation that can occur at all
stages of sensory transmission. That this feature is not
unique to mammalian pain pathways is emphasized by two
articles in this theme issue. In a broad review of cannabinoid
signalling related to nociception in mammals and invertebrates, Paulsen & Burrell [13] provide evidence of
molecular conservation across chordates and several other
phyla at the level of cannabinoid receptors (both GPCRs
and TRP channels) and the enzymes that synthesize and
degrade endocannabinoids. Unexpected functional parallels
have been found between rodents and a leech species in the
opposing effects of endocannabinoids at different neural
loci; these can depress transmission at nociceptor synapses
while potentiating (by disinhibition) transmission at synapses
of other primary sensory neurons. This suggests that a complex pattern of endocannabinoid modulation of nociceptive
responses has been conserved for over half a billion years,
and/or that this pattern is a product of convergent evolution.
Among the types of mammalian pain that respond to
endocannabinoids (and many other intracellular signals) is
inflammatory pain. While chemicals released by peripheral
and central inflammatory and immune cells are known to
be important for many types of pain in mammals [23–25],
little is known about inflammatory and immune modulation
of nociception and pain-like behaviour in invertebrates.
For example, it was not known whether any invertebrate
exhibits generalized allodynia-like hypersensitivity to tactile
stimulation during a systemic immune challenge. Adamo &
McMillan [14] report that larvae of the hawkmoth, Manduca
sexta, display a reduction in threshold for defensive responses
to punctate mechanical stimuli 2 h after ingestion or injection
of heat-killed bacteria. This effect resembles the allodynia that
often accompanies sickness behaviour in mammals, and it
may represent a widespread adaptation to maintain antipredator vigilance when an animal is weakened by infection.
The large larvae of Manduca offer many advantages for
neurophysiological investigations into mechanisms of painlike behavioural plasticity [26], which could be especially
useful when combined with molecular predictions obtained
from genetic manipulations of Drosophila larvae (e.g.
[10,11,15]).
Equally notable is the remarkable capacity of nociception
and pain to become chronically enhanced after injury, inflammation, toxin exposure or other bodily stresses. Long-term
sensitization (lasting a week or longer) of defensive responses
in an invertebrate was first demonstrated in the large marine
snail Aplysia after noxious shock [27] or peripheral injury
[28]. Transection or strong artificial depolarization (mimicking
a major consequence of cellular injury) of peripheral axons of
primary nociceptors caused persistent hyperexcitability of
nociceptor somata [29] and axonal segments that had been
transiently depolarized [30]. Mihail et al. [16] have now
demonstrated that the hyperexcitability of an axonal segment
persisting after transient depolarization depends upon a core
signalling pathway that has also been shown to drive hyperexcitability in mouse nociceptors. Previous evidence indicated
that local protein synthesis dependent on mechanistic target
of rapamycin (mTOR) signalling was required for long-lasting
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providing valuable evolutionary insights, purely functional
definitions of pain do not include what for many is the core
feature of human pain—its distressing subjective component.
In sum, at least two types of pain definition can serve as
foundations for enquiries into the evolution of pain. One type
emphasizes the distressing subjective experience that defines
human pain but is not directly accessible for study in other
species. The other emphasizes the protective and motivational functions of aversive pain states induced by bodily
injury without reference to subjective experience. These
views of pain should be complementary, but they have
been difficult to integrate [6,8,9]. This discordance has contributed to the contentious debate about which species feel
pain (e.g. see the target article by Key [18] and accompanying
commentary on whether fish feel pain).

4. Adaptive and maladaptive features of pain
behaviour and its mechanisms
Understanding how evolution shaped the mechanisms and
behaviours important for pain requires that the evolutionarily
adaptive, neutral and maladaptive aspects of pain be identified. This is not straightforward. For example, the protective
functions of acute nociception and pain have always seemed
obvious, an assumption supported by the high morbidity
of humans with congenital insensitivity to pain [40] and by
direct experimental support in flies [41]. However, the general
assumption of pain researchers and evolutionary psychologists that chronic pain is necessarily maladaptive is being
questioned. Several papers in this theme issue show that combining an evolutionary perspective with sophisticated pain
studies can modify entrenched assumptions about adaptive
and maladaptive pain behaviour.
While pain is often associated with pathology in the body,
this certainly does not mean that pain itself is pathological. As
Nesse & Schulkin write [42], ‘Pain always seems like a problem,
but usually it is part of the solution’, and they emphasize that it
is not pain but the capacity for pain that is subject to natural
selection. They discuss Tinbergen’s four questions that need
to be answered to explain any behaviour, including pain:
What is its adaptive significance, its phylogeny, its mechanisms
and its ontogeny? Each question demands different methods to
answer, and the answers are largely independent. For example,
despite the enormous progress made in identifying mechanisms related to pain, this knowledge provides limited insight
into adaptive functions of pain-related behaviour, Moreover,
mechanistic investigators tend to assume dysfunction rather
than adaptation when investigating pain-related phenomena
in which protective benefits are not immediately obvious.
Nesse & Schulkin [42] are concerned with explanations
based in evolutionary medicine for why pain is often expressed
inappropriately. One explanation, common to many defensive
traits, is the ‘smoke detector principle’, in which evolution has
traded off the relatively small cost of numerous false alarms
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epigenetic mechanisms important for persistent pain-like
alterations are across different phyla.
As reviewed by Mogil [39], there has been substantial
evolutionary divergence in some traits related to pain—
documented within closely related mammals, such as rats
and mice, and even between different strains of the same
species of mouse. These differences may have contributed to
the limited translational success in human clinical trials of
candidate analgesics developed largely on the basis of efficacy
tests in rodents. On the other hand, many of the papers in
this theme issue add to accumulating evidence of strong conservation of fundamental molecular mechanisms of neuronal
plasticity that induce and maintain pain-like alterations
across the animal kingdom [6]. To optimize the chances of
discovering drug targets important for pain that have been
conserved in both humans and rodents, Mogil [39] provides
strong arguments for coordinated, essentially identical studies
on humans and rodents, with the results from each species
being used to adjust the design of the experiments for both
species. He provides three successful examples of this combined experimental strategy, involving a stress-induced
analgesia gene, emotional contagion of pain (see §5) and
context-dependent pain hypersensitivity.
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hyperexcitability of axons in Aplysia nociceptors [30] and for
various injury-related responses of primary afferent neurons
in mammals [31]. Here, Mihail et al. [16] describe a further
requirement in Aplysia axons for signalling by mitogenactivated protein kinase interacting kinase (MNK) to eukaryotic
translation initiation factor (eIF) 4E, which is known to regulate
mTOR. Their findings indicate that phosphorylation of eIF4E
by MNK at a highly conserved molecular site is an ancient
mechanism for maintaining sensory hyperexcitability.
Chronic pain in humans is often caused by peripheral
nerve injury, which also is used experimentally in rodents to
investigate chronic pain mechanisms. Khuong et al. [32]
recently reported that amputation of a leg in adult Drosophila
produces allodynia-like mechanical hypersensitivity that
lasts at least three weeks, far longer than the allodynia-like
alterations previously described in larval Drosophila. Khuong
et al. [11] now show that this hypersensitivity requires the
expression of an α2δ3 voltage-gated Ca2+ channel auxiliary
subunit in primary nociceptors. In mammals, closely related
subunits are targeted by gabapentinoid analgesics, which
are among the most effective treatments available for neuropathic pain. Remarkably, both the amputation-induced
hypersensitivity and an associated apparent delayed loss of
central inhibitory neurons (which should produce permanent
hypersensitivity) were attenuated by early treatment with
gabapentin or pregabalin. These findings encourage the use
of Drosophila to help discover drugs that target fundamental
mechanisms important for persistent pain.
Unlike other sensory systems, nociceptive systems can
sometimes undergo very long-lasting, even permanent,
enhancement of function following sufficiently intense activation. This feature has long been assumed to contribute to
chronic pain conditions and to involve transcriptionally
dependent neuronal alterations [33,34]. Until now, the longest-lasting sensitizing effects of noxious stimulation in any
invertebrate had been reported for Aplysia, where nociceptor
sensitization after nerve injury persisted for over a month
[35], a duration similar to that of behavioural alterations
recently reported after leg amputation in Drosophila [11,32].
For the first time in any invertebrate, Howard et al. [12]
describe lifelong (13 weeks) sensitization of probable primary
afferent neurons. This was produced by mechanical trauma
to the fins of newly hatched squid (using the small, relatively
short-lived Hawaiian bobtail squid). Interestingly, the primary afferent sensitization did not correlate directly with
complex alterations observed in defensive behaviour or aversive learning, suggesting that potent effects of injury also
occurred within the central nervous system that could override the permanent peripheral sensitization. Some of the
effects of early-life injury in this squid resemble lifelong
effects of early-life stress in mammals. Work reviewed by
Geranton [36] has shown that early-life stress in mammals
produces a lifelong predisposition to chronic pain that
involves the increased expression of a regulatory protein
within the stress axis, FKBP51. Importantly, this molecular
response depends upon a persistent epigenetic change,
reduced methylation of the FKBP5 gene, which encodes
FKB51. While epigenetic regulation has been implicated in
allodynia-like alterations in Aplysia [37], different roles of
methylation in this example compared with known examples
in mammalian chronic pain models [36], as well as differences in DNA methylation in Drosophila compared with
mammals [38], raise questions about how conserved the

5. Evolutionary aspects of pain-related social
behaviour
While true social behaviour is found in a minority of all animal
species [51], it appears important for nociceptive function and
pain in humans and in the rodents that are employed for most
preclinical studies of pain [1]. Furthermore, the environmental
context of any animal contains challenges [52]: predators seen
or unseen, behaving in a threatening or non-threatening way;
a potential mate or competitor for a mate, to be impressed or
deterred by appearing healthy and strong. Several papers
in this issue address questions about pain-related social
behaviour that involve evolutionary considerations. Hearn &
Williams [48] discuss evidence from fossils (including fossilized
track patterns) and from the behaviour of contemporary archosaurs (birds and crocodiles) that is consistent with parental and
family care by dinosaurs. This may have extended to help with
injured family members expressing pain. Mogil [39] describes a
rudimentary form of empathy in mice, emotional contagion, in
which a mouse receiving painful stimulation displays synchronized levels of pain behaviour with familiar mice tested
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an adaptation to what is likely to be a highly dangerous
environment, extending previous evidence and suggestions
for the adaptiveness of long-lasting nociceptive sensitization
induced in adults [34,43,47]. A similar suggestion for the adaptiveness of amputation-induced allodynia mediated by loss of
inhibitory interneurons in flies has been made by Khuong et al.
[32], although it will be important to show that large-scale,
permanent neuronal loss [11] does not also have major
maladaptive consequences in this species. For extremely longlasting alterations, Geranton [36] even considers the possibility
that trans-generational effects of stress mediated by changes in
DNA methylation can increase the resilience of offspring to
stress and pain.
The adaptiveness of persistent pain is also consistent with
evidence from fossils, behavioural observations in the field
and distinctive specializations of nociceptors. Dangers from
predators and aggressive conspecifics have probably been
major selection pressures for persistent alterations in nociceptive
systems since the Precambrian era. Presenting a systematic
meta-analysis of fossil evidence from the Mesozoic Era, Hearn
& Williams [48] conclude that dinosaurs could survive long
after severe injuries, during which time guarding behaviour
appears to have been present, possibly accompanied by persistent pain. Walters [45] argues on the basis of such evidence and
from field and laboratory observations of living species that
some forms of chronic pain and persistent nociceptor hyperactivity are adaptations that promote survival after injuries
severe enough to cause permanent disfigurement and impairment of motor function. Such injuries greatly increase the risk
of, and vulnerability to, subsequent attack. Walters also shows
that the ‘ectopic activity’ of primary sensory neurons caused
by neural injury in mammals, which always was assumed to
be a purely pathological effect, instead exhibits properties
expected of an evolutionary adaptation to promote ongoing
pain and hypervigilance (anxiety) under the conditions of heightened vulnerability that follow severe injury. In particular, the
complex, functionally coherent set of mechanisms that enable
persistent ongoing activity in nociceptors after severe injury
shows non-random organization and coordination that satisfy
the ‘design criterion’ for an evolutionary adaptation [49,50].
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against the very high cost of failing to respond to a threat of
serious injury or infection. Another is that a system that sensitizes readily has a cost in the inherent vulnerability of such
systems to runaway positive feedback that may lead to chronic
pain. A third explanation is the mismatch between the modern
human lifestyle and the environment to which the pain system
was adapted (e.g. lower back and joint pain resulting from
sedentary habits, chronic pelvic pain from more numerous
menstrual cycles in the modern world). In her review, Williams
[7] finds unexpected evidence that chronic pain results from a
mismatch of the pain system with the modern environment.
She notes that virtually all documented observations of chronic
pain have come either from reports of humans or observations
of their dependent farm and companion animals, or from
dependent laboratory animals. She suggests that chronic pain
expressed in the wild is probably maladaptive for most species
because it interferes with necessary physical activity (whereas
a timely return to normal activity appears to suppress persistent pain), and that it may occur only under conditions
where inactive individuals experiencing chronic pain can be
ministered to by human caretakers.
Finlay [4] also seeks evolutionary explanations for pain, particularly for apparently inappropriate degrees of pain
experienced by humans. By analogy to other perceptual systems (especially vision), she suggests that pain evolved to
guide adaptive behaviour, and that this involves complex processing in the brain to assess contingent relationships between
noxious stimuli and behavioural actions. This predictive processing enables pain to be minimized during voluntary activities
such as extreme exercise, cosmetic procedures and self-harm
in humans. Conversely, Finlay suggests that evolution has
amplified the experience of pain in women beginning labour
(beyond the degree of pain expected from the amount of
tissue damage early in labour), because the resulting pain behaviour provides an ‘honest signal’ that effectively solicits
help and protection from partners and relatives during childbirth, thereby enhancing the survival of mother and child.
Whether chronic pain and its mechanisms can be adaptive is
addressed by several papers in the theme issue. As mentioned,
Williams [7] argues that chronic pain, or at least the behaviour
that is taken to indicate ongoing pain, can be maladaptive
and may be much less common in the wild than has been
suggested by human clinical, preclinical and veterinary experience. On the other hand, enhanced survival during predatory
encounters resulting from the induction of potentially longlasting sensitization and hypervigilance induced by injury or
electric shock has been shown in squid [43] and amphipod crustaceans [44] (see also [3,12]). Long-lasting, pain-related
hypervigilance is also likely to influence estimate of risk and
thus behavioural decisions in mammals [7,45]. The opposite
effect, discounting of potentially painful experience in
humans pursuing a valued goal, is discussed by Finlay [4] in
human behaviours rarely subject to scientific research, including self-harm and cosmetic procedures. She recommends
further exploration of habituation to pain [46], and of the variance in human pain attributable to expectation and to agency.
Nesse & Schulkin [42] and Walters [45] also emphasize the
importance of mechanisms that turn off pain when not needed
so that chronic pain does not occur. On the other hand, several
articles consider evidence that chronic pain-like alterations can
be adaptive under appropriate conditions. Howard et al. [12]
suggest that permanent sensitization of primary afferent neurons in bobtail squid after traumatic early-life injury represents

A biological understanding of pain in humans and other
species requires knowledge of pain’s evolutionary context.
This requires extensive comparisons of the behavioural functions, cellular mechanisms, and sequences of involved genes
and/or gene products important for pain across diverse
living species representing the major phyla. Two major
obstacles stand in the way of such enquiries into the evolution
of pain. One is the difficulty in defining pain in a way that
allows pain and its possible evolutionary antecedents to be
recognized and compared across species, a task that is
especially challenging for attempted comparisons of the
conscious component of pain. Because of our personal
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6. Conclusion

experience, human pain is most familiar and most important,
so the most relevant comparisons are between other species
and our own. Such comparisons bring up a second obstacle,
which is the special status of the human species. This reflects
the enormous complexity of pain-linked behaviour (including
uniquely complex social behaviour in humans) and of pain’s
intricate substrates involving large parts of the human nervous
system, plus the ethical impermissibility of controlled studies
on severe and/or chronic pain induced experimentally in
healthy human volunteers. Despite impressive recent progress
with human imaging and neural stimulation methods, identifying the neuronal populations critical for even transient pain
experience in the human nervous system is incomplete at
best. Compounding these obstacles is the fact that pain is an
inferred internal state, rather than an obvious external behaviour, and thus is extremely difficult in any species to assess
accurately using behavioural or neural activity measures.
Consequently, there is considerable uncertainty about which behavioural features, neural circuits, cell types and molecules to
compare across taxa when defining evolutionary relationships
(homologous and analogous traits). In addition, behavioural
states leave very little fossil evidence (although some has been
found) for making inferences about when, and in which types
of animal, pain states appeared during evolution.
In spite of these obstacles, substantive insights into the evolution of pain are emerging, as illustrated by the following
articles. Regarding the evolution of mechanisms important
for pain, there is no doubt that human pain is usually initiated and often maintained by electrical activity in primary
nociceptors. In contrast to other cell types involved in nociceptive and pain-related processing, the basic functions and
anatomical locations of nociceptive primary afferents are
known in humans, other mammals, and in some representatives from other major taxa, including some of the fish,
annelids, arthropods and molluscs discussed in this issue, as
well as nematodes. This has enabled direct comparisons of cellular and molecular traits important for nociception and
nociceptive plasticity in nociceptors across invertebrate and
mammalian species. These comparisons have revealed similar
roles of conserved proteins, including TRPA, TRPV, TRPM
and ASIC ion channels, as well as α2δ auxiliary subunits of voltage-gated Ca2+ channels; many protein kinases, including
MNK and mTOR for regulating local protein synthesis; and
transcription factor families such as PRDM and CREB (see
also [6]). Divergent mechanisms are certain to be involved as
well, including possible differences across phyla in the roles
of epigenetic mechanisms, and various differences even
within closely related mammalian taxa in pain-related effects
(e.g. on gene expression). At the functional level, some primary
afferent neurons in different phyla have been found to exhibit
similar hyperactivity long after strong noxious stimulation,
contributing to hypersensitive states resembling allodynia and
hyperalgesia in mammals. The degree to which conserved
and convergent mechanisms in nociceptors contribute to
these functional similarities in pain-like states across diverse
taxa is a fascinating question.
Given our limited knowledge about the evolution of pain,
particularly important questions concern the evolutionary
adaptiveness, or lack thereof, of various forms of pain.
Whereas acute pain is universally agreed to be adaptive,
only recently have possible benefits been recognized for
some forms of chronic pain or very severe pains that seem
out of proportion to the existing state of tissue damage.
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alongside it, but not with strangers. He describes the results of
coordinated experiments on mice and humans that have
revealed for the first time in either species that the lack of
emotional contagion of pain between strangers is caused by
stress, as shown by analogous procedures that reduce stress in
each species and enable pain contagion between strangers.
Whether emotional contagion has adaptive functions, and
whether these functions could be similar between mice and
humans is a very interesting question. As mentioned, Finlay
[4,53], building upon the capability of expressed pain to elicit
helping behaviour in humans [54], has proposed that evolution
has enhanced the pain experienced by women during the initial
stages of labour in order to more effectively obtain help and
protection from others during childbirth.
Social context is likely to determine whether pain is
expressed overtly and by which behaviours. For example,
some behaviours are detectable at long range, including by
predators and competitors, while others require proximity,
which is more likely for kin and allies. This prediction has
important implications for questions about the adaptive significance of pain expression [54], and it has been supported
by observations in rodents (e.g. [39]), in companion and farm
animals [7] and in humans [55]. However, conclusive experimental evidence for pain expression altering the behaviour
of conspecifics is surprisingly sparse for any species, including
humans [39]. This is illustrated by Kappesser’s review [55] of
findings on social threat and facial expression of pain in
humans, which reveals inconsistent findings that may be
attributable to differing theories and models (most of which
do not include evolutionary premises), different methodologies, limits on the degree of pain and social threat
permissible in ethically acceptable experimental paradigms,
and experimentally uncontrolled complexities in social
relationships that may influence the expression of pain and
related anxiety. How the social context influences pain behaviour raises questions about what is socially threatening in
humans, which have potentially important implications—for
example, for more effectively treating patients for whom nonverbal behaviour is the only route of communication. Most of
the studies reviewed by Kappesser [55] are experimental
studies using healthy subjects and brief evoked pain. Manipulation of threat value, and of social relationship between
participants, as is possible in some common clinical procedures
that are painful or that exacerbate significant pain, may well be
more informative for revealing the nature and functions of
differences in the facial expression of pain in different social
contexts.

to be strongly modulated by social context. In humans,
evolution may have amplified the experience of pain under
conditions, such as labour, in which an ‘honest signal’ can
solicit aid that enhances reproductive success. While adaptive
arguments are speculative, they and their alternatives have
scientific and clinical implications that can be tested rigorously
by behavioural and mechanistic pain research that is informed
by evolutionary principles.
Data accessibility. This article does not contain any additional data.
Authors’ contributions. This Introduction was written jointly by the two
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Some of these pains are likely to represent mismatches
between evolved pain systems and the modern environment,
or trade-offs with other adaptations, such as effective
immune function. However, plausible arguments also suggest
that evolution selected mechanisms in diverse species that
can persistently maintain pain-related hypervigilance as adaptations to especially dangerous environments and to enhanced
vulnerability persisting long after disfiguring injury. Identification of evolutionarily adaptive and maladaptive features
of pain behaviour, in relation to environmental (including
social) variables and the state of the organism, may require
investigatory frameworks and experimental paradigms that
are novel for the pain research field. For some species, evolution has selected processes that allow the expression of pain
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