PATHOPHYSIOLOGY OF PAINFUL NEUROMA

doi: 10.48095/ccachp202626

Painful neuroma pathophysiology review:
double crush syndrome due to coexistent
proximal neural lesion?

V. Macionis
Independent researcher, Vilnius, Lithuania

Summary

Background: Although several specific histochemical features of painful (symptomatic) neuromas have been identified, their pathogenesis
remains enigmatic. It has not been explained whether these features are causes or consequences of the sensitization that accompanies painful
neuromas. It is also puzzling why painful neuromas tend to recur and do not invariably develop in all severed sensory nerves. Recently, it has
been hypothesized that sensitization in neuroma pain is due to occult neural lesions, particularly subsymptomatic compressive neuropathy,
proximal to the neuroma. However, many known characteristics of painful neuromas have not been summarized in this context. To fill this gap,
a question-driven narrative review of the epidemiological, clinical, and histochemical features of painful neuromas was performed to explore
whether etiological correlation with proximal neural lesion (PNL) is possible. Evaluation of the topic: The literature indicates that specific painful
neuroma features, such as high recurrence rates, relatively larger size in pure sensory nerves, frequent occurrence in mobile nerves and after
severe injuries, unilateral occurrence, and immunohistochemical changes, can be explained by the coexistence of a neural lesion proximal to
neuromas. A pathophysiologically silent neuroma may become symptomatic because of a double crush-like injury produced by a combination
of fibrous compression of the sprouting axons within the neuroma and sensitizing neuroinflammatory effects of an extraneuronal lesion of the
same neural axis. Conclusion: The interpretative literature analysis supports the notion that PNL-focused clinical diagnostics and pathogenesis

research of the painful neuroma could provide a breakthrough in understanding and treating this disabling condition.
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Introduction

The development of post-traumatic
neuroma as a pseudotumor produced
by the sprouting axons of the severed
nerve stump has been well explored and
can be considered a normal reaction to
nerve injury [1]. Clinically important are
only painful (symptomatic) neuromas
because they cause significant func-
tional impairment [2]. Despite advances
in treatment and research of painful
neuromas, their pathogenesis remains
largely unexplained. Possible local and
central mechanisms of sensitization
that accompany painful neuromas have
been discussed in many reviews [3-5],
most of which have not concluded why

neuroma pain develops only in some
but not in all patients and not in all mul-
tiple injured nerves. These are essential
unanswered questions that make the
current understanding of symptomatic
neuroma mysterious.

The etiopathogenetic conundrum of
painful neuromas has recently been ex-
plained by the possibility of sensitiza-
tion due to a coexistent proximal neural
lesion (PNL), in particular neural entrap-
ment [6] (see the subsection below for
details). However, the introduced con-
cept has not explained numerous spe-
cific features of painful neuromas [3].
To fill this knowledge gap, this paper re-
views the clinical, epidemiological, and

histochemical characteristics of sympto-
matic neuromas and provides literature-
-based interpretations of these features
regarding the sensitizing neuroinflam-
matory effects of a possible co-occur-
ring PNL.

Evaluation of the topic
Methods

For the narrative review, the Google
Scholar and PubMed databases were
selectively searched for relevant liter-
ature on painful neuroma characteris-
tics and their association with neural
lesions proximal to the neuroma. The
search terms included various combi-
nations and derivations of the following
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Fig. 1. Schematic explanation of the hypothetical difference between a non-
-painful and a painful neuroma. A) The fibrotic matrix shields the sprouts (wavy
lines) of the severed afferent fibers from mechanical irritation. B) A coexistent
compressive proximal neural lesion (PNL) can produce sensitization and

a consequent drop in the excitation threshold of the involved neurons (in red),
which can make the neuroma’s fibrotic matrix no longer sufficient to prevent
the generation of pain by pressure. C) Eventually, the neuroinflammatory
effects of the PNL can stimulate axonal sprouting.

DRG - dorsal root ganglion
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The references of the articles of interest
were further scrutinized for pertinent
publications. A total of 229 articles were
analyzed, 108 of which were included
in this review. Most recent papers and

those containing well-referenced rele-
vant discussions were preferred to cite.

Interpretive question-driven
literature review
PNL as a possible cause of
sensitization in neuroma pain
Neuroma pain has been associated with
the development of sensitization (sen-
sory hypersensitivity) [3-5]. In neuro-
physiological terms, sensitization is due
to ongoing activity (continuous spon-
taneous firing) of afferent neurons and
a reduction in their excitation thresh-
old [7], which can result in allodynia, hy-
peralgesia, and persistent spontaneous
pain. Importantly, for sensitization to
persist, continuous local irritation and
consequent local inflammation of neural
fibers are necessary; otherwise, ongoing
activity and axonal mechanosensitiv-
ity fade away [8,9]. The pathophysiolog-
ical activity of neuromas normally de-
creases with time [10], as is usually the
case in the healing of all tissues. Further-
more, it has been experimentally proven
that there is no substantial spontaneous
electrical activity in neuromas [11]. Thus,
it is unclear how sensitization can be
maintained by painful neuromas.
Axonal sprouts within neuromas seem
to be naturally sensitive to pressure [12],
and the decrease in their mechanical
sensitivity with neuroma age [13] may
be due to their encapsulation by a fi-
brotic matrix [1] that probably serves as
protection against painful external pres-
sure (Fig. TA). However, such protection
may be insufficient, and even the inter-
nal pressure of the neuroma can produce
a noxious stimulus if the nerve trunk is
sensitized by a coexistent proximal com-
pressive neural lesion (Fig. 1B). This hy-
pothesis is based on research indicat-
ing that proximal compressive neural
lesions can cause peripheral and central
sensitization, which, in turn, can account
for allodynic pain in many usually non-
-painful peripheral conditions [6]. In this
regard, a PNL is primarily understood as
intermittent neural compression in the
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proximity of the dorsal root ganglion
(DRG) and spinal plexuses. The closer
the lesion is to the neuron body of the
DRG, the more likely the development of
peripheral sensitization is. Notably, sen-
sory root demyelination by chronic com-
pression may cause ephapse formation
and ephaptic transmission (cross-talk
between axons), resulting in tactile allo-
dynia [14]. It must be stressed that the
concept of PNL also extends to lesions
of the central nervous system (CNS) and
consequent central sensitization [6].

It has been shown that compressed
nerves become susceptible to another
lesion, which is the pathophysiologi-
cal basis of double crush syndrome [15].
Two heterotopic nerve trunk lesions pro-
duce worse symptoms than a single le-
sion [15]. This implies that asymptomatic
neural compression can become symp-
tomaticif another lesion develops on the
same neural axis. According to this con-
cept, a painful neuroma may be a variant
of the double crush phenomenon be-
cause any neuroma can be regarded as
compressive entrapment of the sprout-
ing axons of the nerve stump [16].

Painful neuromas tend to be larger
in sensory than in mixed nerves

A recent prospective study of 50 pain-
ful neuromas concluded that purely
sensory nerves form relatively larger
symptomatic neuromas and that symp-
tomatic neuromas grow over time [17].
These findings can be explained by en-
hanced and continuing axonal sprouting
due to the sensitizing neuroinflamma-
tory effects of coexisting PNL (Fig. 1C).
It has been directly shown in rats that
nerve compression results in axonal
sprouting both distal and proximal
to the compression site [18]. Several
studies have found that spinal cord in-
jury in animals results in sprouting of the
central axons of undamaged primary
sensory neurons into laminae II-V of the
dorsal horns [19]; that is, lesions of the
second-order neuron, i.e., PNLs [6], stim-
ulate sprouting of the first-order neuron.

Furthermore, transection of the mouse
L3 spinal nerve results in collateral
sprouting of the neighboring undam-
aged L4 spinal nerve [20]. In addition,
axon sprouting can be enhanced by
damaging a longer length of the nerve
trunk [21], which is in direct agreement
with the concept of double crush injury,
which, in turn, alludes to PNL, as dis-
cussed above. Finally, it should be noted
that, while both sensory and motor neu-
rons can sprout, only sensory neurons
can undergo sensitization, as implied by
its definition alone.

Painful neuromas tend to recur

and are more likely to develop in
preexisting neuropathy

It is well known that symptomatic neu-
romas are prone to recur after surgical
interventions, especially after simple
excisions [22-26]. Furthermore, while
some surgical techniques can provide
improvement of neuroma symptoms in
up to 92% of cases [27], many patients
have insufficient pain relief after neu-
roma surgery [2,26,28-31].

The concept of PNL offers a reason-
able explanation for painful neuroma re-
currence, in particular in terms of dou-
ble crush syndrome as a multifocal
neuropathy [32]. It has previously been
noted that cutting neuropathic nerves
results in pain exacerbation and that
this may be due to DRG and/or CNS in-
volvement [33]. Obviously, pain recurs
because a new neuroma forms and the
cause of preexisting nerve sensitization
persists [33], which can be due to PNL.
Furthermore, trauma-induced neuroin-
flammation may spread upwards along
nerves [34], which can produce neurop-
athy due to intra-/perineural edema and
fibrosis with resultant sensitization of
the involved neurons.

Perineural edema identified by mag-
netic resonance imaging (MRI) in on-
cological amputees correlates with the
occurrence of painful neuromas [35].
This may be an indication of neuropa-
thy resulting from cancer and its treat-

ment [36]. In a series of 60 oncologi-
cal amputees, 71.8% of symptomatic
neuromas were found out of 78 neuro-
mas identified by MRI [35]. For compar-
ison, average rates of traumatic pain-
ful neuromas reported by systematic
meta-analyses are 13% in upper extrem-
ity amputees [37] and 15-19% in lower
extremity amputees [38,39]. Notably,
post-mastectomy pain in breast can-
cer patients occurs in more than 50%
of cases [40,41], which has been shown
to be likely caused by intercostal neuro-
mas [42] that may be sensitized due to
pre- and/or post-mastectomy adjuvant
treatments [43].

The susceptibility to the formation
and recurrence of painful neuromas of
the superficial sensory branch of the ra-
dial nerve (SSBRN) at the wrist [28] can
be attributed to a tethering of this nerve
in the forearm [44]. This factor, along
with post-traumatic inflammation and
immobility, can cause neural entrap-
ment, which is thought to exacerbate
symptoms of SSBRN neuromas [45]. The
recurrence rate of radial sensory nerve
neuromas is higher in patients with mul-
tiple neuromas [28], which can be at-
tributed to a more extensive PNL. By the
same token, post-traumatic digital nerve
entrapment [46] may cause digital neu-
roma pain. Notably, digital nerve repair
has not been found to diminish the inci-
dence of painful neuromas [47].

Proximal Tinel’s sign in painful

neuromas may indicate a PNL

Tinel's sign proximal to a neuroma, pos-
sibly indicating backward regenera-
tion of injured axons, has been advised
as a diagnostic test for painful neuro-
mas [48,49]. However, as experimentally
shown, the presumably backward re-
generating excessive axons in the short
segments proximal to the neuroma
should normally be present in all neu-
roma cases [50]. Then, why should the
proximal Tinel’s sign be present only in
symptomatic neuromas? A feasible ex-
planation is that Tinel’s sign proximal to
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a neuroma indicates neural sensitization
due to a proximal axonal lesion.

Painful neuromas tend to occur
more frequently in mobile nerves
While injured, immobile nerves are likely
to heal without neuropathic conse-
quences, mobile entrapped nerves con-
tinue to receive noxious stimuli due to
motion, which maintains ongoing ac-
tivity (i.e., sensitization) of the involved
nerves. The intermittence of compres-
sive injury of entrapped mobile nerves
can act as irritation rather than complete
cessation of axonal viability. This can ex-
plain why post-traumatic painful neu-
romas mostly occur in the extremities
and are relatively rare elsewhere [22,51].
Comparative rates are unknown, but
the absolute numbers are impressive.
For example, one of the most exten-
sive systematic reviews found 393 head
and neck, 2,082 upper extremity, and
2,531 lower extremity symptomatic neu-
romas out of the total of 5,562 reported
neuromas [51]. In the head, however,
the ratio between reported sympto-
matic neuromas of the very mobile lin-
gual and the almost immobile alveolar
nerves was 5.35to 1 [51].

These statistics account well for the
higher prevalence of entrapment neu-
ropathies of more mobile nerves at
more mobile sites in the upper extrem-
ity [52,53]. For example, the incidence of
carpal tunnel, ulnar neuropathies, and
radial neuropathies in males has been
reported as 104.8, 36.0, and 8.5, respec-
tively, per 100,000 person-years [53]. The
much higher prevalence of spinal radic-
ulopathies (ranging, e.g., in females from
63 to 580 per 100,000 person-years) [54]
is explainable by the proximity of en-
trapment to the DRG and the proneness
of spinal nerves to overload injury.

Similar injuries do not always result
in painful neuromas

As has been shown by one imaging
study [55], macroscopically detectable
neuromas do not always develop after

nerve injury, probably because of suc-
cessful regeneration of the damaged
fibers into muscle [1] and/or skin [56].
The varying occurrence of neuroma for-
mation, however, does not explain the
varying occurrence of painful neuro-
mas after similar injuries, in particular in
cases of injury to multiple nerves.

While multiple symptomatic neuro-
mas can occur sporadically, as can be
seen from patient-to-neuroma num-
ber ratios in the relevant studies, sin-
gle traumatic painful neuromas are
most often reported [17,22,23,57-59].
A good example could be a study of bi-
lateral upper limb amputees, in which
symptoms of neuroma were reported
in 26.2% of 172 patients, and only 9.3%
(8 patients) of them had bilateral symp-
tomatic neuromas [60]. Painful neuro-
mas of both digital nerves of the same
digit also seem to be rare [57].

The varying occurrence of com-
pressive PNL [52-54] could explain
the varying rates of painful neuro-
mas [17,22,37-39,51,57-60] as well as
the inconsistent results of their treat-
ment [2,22-26,28-31,61]. The rarity of
multiple painful neuromas is explainable
by the fact that compressive neural le-
sions are usually not uniform across the
nerve cross-section. Nerve compression
affects nerve fibers differently depend-
ing on their location [62] and type [63],
which can also be seen from, e.g., the
varying distribution of digital pares-
thesia in carpal tunnel syndrome [64].
Relevantly, in bilateral upper limb am-
putees, phantom limb pain, which is fre-
quently accompanied by symptomatic
neuroma [65,66], does not always affect
both sides [67]. This may be due to the
asymmetric occurrence of PNL.

Painful neuromas are more likely
after severe injuries

Nerve injury in digital amputation re-
sults in symptomatic neuroma signifi-
cantly more often than in non-amputa-
tion digital injuries (7.8% compared to
1%, respectively) [68]. It has also been

found that traumatic painful neuromas
occur more often in digital avulsion inju-
ries [57]. In a study of 32 lower limb am-
putees, multiple symptomatic neuro-
mas were identified in 67% of cases [69],
which is well above the average of 19%
and the maximum of 49% [39]. Sympto-
matic neuromas after landmine injuries
of the lower extremities also develop
more frequently compared to other in-
juries (57.5% vs. 37.8%) [70]. These cor-
relations may be due to a higher prob-
ability of concomitant and extensive
proximal neural damage in more severe
injuries.

Indirect conclusions about the influ-
ence of injury severity on PNL occur-
rence and consequent painful neuroma
development can also be made from rel-
evant studies of persistent pain. Sever-
ity of injury is a known risk factor for
chronic pain development [71]. Neu-
ropathic post-amputation pain occurs
more often in proximal than in distal
limb amputees [72], which is explainable
by the proximity of the injury site to the
DRG in proximal amputations. Also, in-
jury severity-related factors such as pain,
loss of extremity parts, and motor-sen-
sory disturbances can change posture,
gait, and manual behavior, resulting in
the compression of nerve trunks at en-
trapment-prone locations [73,74].

Local factors cannot explain
neuroma pain

Although the injury severity may influ-
ence the development of painful neuro-
mas, no research could be found to ex-
plain how local changes in symptomatic
neuromas could be caused by the neu-
roma itself. While scarring around a neu-
roma may restrict nerve mobility and
cause pain, ultrasound and MRI of symp-
tomatic and asymptomatic neuromas
have found no considerable differences
between them in terms of local fibro-
sis [75,76]. Also, neuroma pain does not
depend on neuroma size [17,76], which
suggests additional causes of nerve
irritation.
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Immunohistochemical features

of symptomatic neuromas are
explainable by PNLs

Fascicular architecture

A recent study found a smaller num-
ber of organized fascicles in human
painful neuromas than in non-sympto-
matic ones [77]. Here, again, the stimu-
latory effect of PNL on axonal sprouting
needs to be considered (Fig. 1C), as dis-
cussed in the above subsection “Painful
neuromas tend to be larger in sensory
than in mixed nerves”. In general, neu-
romas are disorganized axon bundles in
connective tissue that also include nor-
mal axonal patterns [1]. Naturally, PNL-
-enhanced sprouting can increase the
ratio of disorganized to normal axonal
patterns.

lon channels

Voltage-gated sodium channels PN1 (also
known as Nav1.7) and PN3 (synonymous
with Nav1.8) are more highly expressed
in painful than in non-painful neuro-
mas [78]. Sodium channels Nav1.8 and
Nav1.9 have been found to be expressed
in human lingual nerve neuromas, and
higher expression of these channels cor-
relates with neuropathic pain [79]. These
findings are compatible with the patho-
physiology of PNL because relevant re-
search indicates that sodium channel
density increases along axons in chronic
neural compressive injury [80].

The protein ankyrin-G has been found
to be expressed in both painful and non-
-painful neuromas, but higher expres-
sion has been observed in painful neuro-
mas [81]. This is in line with the fact that
ankyrin-G is required for the transport
of sodium channels into axons from the
axon initial segment [82] located near
the neuronal body, and this process, as
indicated above, can be more intense
because of the sensitizing neuroinflam-
matory action of PNLs.

Neuropeptides
Neuroma pain has been associated with
increased levels of neuropeptides, such

as calcitonin gene-related peptide, sub-
stance P [3], and nerve growth factor
(NGF) [83]. The reason for neuropeptide
appearance in neuromas can be linked
to their release following proximal neu-
ral stimulation [84], which can occur in
compressive PNLs. For example, neu-
ronal NGF levels increase after exper-
imental chronic nerve constriction in-
jury [85]. Of note, increased NGF content
has been found both in painful neuro-
mas and in the nerve segments proximal
to the neuromas, but only in nerve fibers
and not in other neuroma cells [83]. Also
of relevance, neuropeptide-containing
nerves have been observed in painful
scars [86], and abnormal scarring may
be caused by continued neuropeptide
release by sensory terminals [87], which
in turn may be due to the stimulatory ef-
fects of a neural lesion proximal to the
scar site.

Myofibroblasts

Alpha-smooth muscle actin (a-SMA),
a contractile protein of myofibro-
blasts [88], has been found to be well
expressed in human traumatic painful
neuromas, but only slightly in non-pain-
ful neuromas [89]. Similar results have
been reported in rats [90]. Myofibro-
blasts were detected in human upper
extremity painful neuromas, with their
numbers decreasing over time [91]. The
discovery of a-SMA and myofibroblasts
in symptomatic neuromas has become
the basis of the currently popular theory
that neuroma pain is a result of internal
compression produced by myofibroblast
contraction [5,16]. However, myofibro-
blast numbers are significantly reduced
after tissue healing is complete [92].
Why, then, should myofibroblasts be
present and still contracting in healed
nerve stumps?

The PNL as a cause of ongoing neural
activity explains this puzzle. It has been
shown that direct contact between fi-
broblasts and neurons is necessary for
fibroblast differentiation into myofibro-
blasts and for the induction of collagen

gel contraction [93]. This suggests that
myofibroblasts in painful neuromas de-
velop and contract because of neuro-
peptide release stimulated by PNL, as
discussed in the preceding subsection.

Cannabinoid CB2 receptors

Cannabinoid CB2 receptors have been
shown to be expressed in human painful
neuromas of the injured brachial plexus,
as well as in normal brachial plexus
nerves [94]. CB2 receptors are present
in various peripheral tissues [95], includ-
ing sensory neurons [96], and are known
for their antinociceptive/analgesic prop-
erties [96]. Their levels increase after in-
flammation and neural injury [97]. Re-
garding the PNL, cannabinoid receptor
expression after proximal nerve constric-
tion injury has been observed both in
the DRG and the spinal cord of rats [98].

Unmyelinated fibers

In three clinical cases of painful neuro-
mas, unmyelinated fibers were found
to be much more abundant than myeli-
nated fibers, the ratio being up to 20:1,
respectively [99]. Unfortunately, this
study comes without a controlled ex-
ploration of non-painful neuromas. De-
myelination seems to be a normal pro-
cess in neuroma development [100]. On
the other hand, the abundance of unmy-
elinated fibers in painful neuromas may
be related to the fact that proximal neu-
ral compression results in demyelina-
tion [63,101] and induces unmyelinated
fiber regeneration [63].

The success of conservative

and surgical treatments may
indicate an improvement in PNL
Conservative modalities have been rec-
ommended for the initial treatment
of painful neuromas [102]. Their effec-
tiveness could be explained by the re-
lief of pressure on nerve trunks [103]. As
mentioned above, trauma can change
postural and manual behavior, which
can lead to nerve entrapment [73,74].
A study by Fisher and Boswick [104] re-
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ported minimal dressings and early
postoperative use of the hand in 100 pa-
tients with 144 hand digit amputations,
which resulted in only 4 (2.8%) pain-
ful neuromas (the relevant average rate
being 13%) [37]. This is in accord with
the fact that motion facilitates nerve
gliding [105] and thus can prevent prox-
imal fibrous compressive neuropathy.

All surgical treatments of neuro-
mas involve intentional or non-inten-
tional neurolysis of the affected nerve
stump. This diminishes, at least in part,
the possible double crush lesion of the
nerve and thus may produce pain re-
lief. The success of the techniques that
prevent the formation of a neuroma as
such can similarly be explained. This in-
cludes a significant reduction in recur-
rence rates of painful neuromas with
the use of novel muscle reinnervation
techniques [106,107].

Discussion

This review suggests that many fea-
tures of painful neuromas can be con-
sequences rather than causes of sensi-
tization in neuroma pain. The rarity of
multiple traumatic painful neuromas
suggests that peripheral rather than
central sensitization drives neuroma
pain.

Frequent misdiagnosis of painful
neuropathic conditions [108] suggests
that missing the PNL in traumatic pain-
ful neuromas is very likely. Diagnosing
a pre-existing PNL may be difficult be-
cause it can remain asymptomatic even
after another lesion of the same neu-
ral axis occurs, as implied by the double
crush phenomenon. On the other hand,
significant neural damage, such as com-
plete transection and a consequent neu-
roma, may mask a clinically less mani-
fest PNL. In practice, the extraneuronal
causes of neuroma pain could be re-
vealed by a targeted search for proxi-
mal neuropathy signs. An objective ver-
ification of PNL can be a reduction of
nerve conduction velocity proximal to
the neuroma. Unfortunately, electro-

diagnostics is not routinely performed
in painful neuroma evaluation.

The concept of PNL-driven neuroma
pain suggests that experimental neu-
roma research should involve compar-
isons between animal groups with and
without chronic constriction injury of
the nerve trunk proximal to the neu-
roma. It can be postulated that chronic
constriction injury would be associated
with changes in the histochemistry and
microstructure of the neuroma and that
concurrent electrophysiologic explora-
tions would reveal mechanical sensitiv-
ity of sensory nerve fibers ending in the
experimental neuroma.

Conclusion

Many features of painful neuromas, in
particular frequent recurrence and in-
complete improvement after surgical
treatment, suggest that not only local
factors are involved in the pathogene-
sis of this condition. While there are no
clinical studies to show a direct associa-
tion of neuroma pain with proximal neu-
ral damage, the available literature in-
dicates that neural lesions proximal to
the painful neuroma could account for
its specific features. PNL-focused ap-
proaches in diagnostics and research
of symptomatic neuromas may ad-
vance the understanding of its patho-
physiology and eventually provide new
treatments.
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