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Ultrastructural Characteristics of Axons in Traumatic
Neuromas of the Human Lingual Nerve

The development of the chronic painful sensory disorder of
dysesthesia after peripheral nerve injury represents a sub-
stantial clinical problem, as it is a very difficult condition to

treat.1,2 The mechanisms underlying this disorder are not well
understood; both central and peripheral mechanisms are impli-
cated.3–5 The current investigation was focused on the potential
mechanisms that could be involved at the injury site, where a trau-
matic neuroma can develop.3 Previous studies have shown that
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Aims: To determine the ultrastructural characteristics of axons in
traumatic neuromas of the human lingual nerve during the surgi-
cal removal of lower third molar teeth and to establish whether
any characteristics were different between patients with dysesthe-
sia and patients without dysesthesia. Methods: Transmission elec-
tron microscopy was used to determine the ultrastructural mor-
phological characteristics of human lingual nerve neuromas (n =
34) removed at the time of microsurgical nerve repair. From a
sample population of myelinated and nonmyelinated fibers within
the neuromas, fiber diameter, myelin thickness, g-ratio, and the
number of mitochondria per axon were quantified. Comparisons
were made with normal control lingual nerve specimens (n = 8)
removed at the time of organ donor retrieval. Results: Significant
differences in ultrastructural morphology were found between the
neuromas and control nerves. The neuromas contained a higher
proportion of small (2- to 8-µm diameter) myelinated nerve fibers
than controls, and the mean myelinated fiber diameter was signifi-
cantly lower in neuromas than in controls. Mean myelin sheath
thickness was significantly thinner in neuromas (0.6 ± 0.1 µm)
than in controls. However, the g-ratio, which is a measure of the
myelination status of the nerve fibers in relation to their diameter,
was found to be similar in each group, suggesting a normal pro-
cess of myelination in the damaged axons. Nonmyelinated axon
diameter was also significantly smaller in the neuromas than in the
controls, and Schwann cells were found to sheathe more non-
myelinated axons in neuromas than in controls. The ratio of non-
myelinated to myelinated axons was significantly higher in neuro-
mas than in controls. However, no significant differences were
found between patients with dysesthesia and those without dyses-
thesia. Conclusion: Damage to the lingual nerve results in marked
changes to axon diameter, myelin sheath thickness, and Schwann
cell-axon relationships. These ultrastructural changes could con-
tribute to the altered electrophysiological properties of axons
trapped within neuromas. However, no significant differences in
the ultrastructural characteristics studied were found between
specimens from patients with or without symptoms of dysesthesia.
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afferent fibers trapped within a neuroma may
develop spontaneous activity, and altered
mechanosensitivity and chemosensitivity,6–9 which
may account for the initiation of the abnormal
sensations experienced by the patient. The objec-
tive of the present study was to identify ultrastruc-
tural characteristics that may contribute to this
abnormal behavior.

Spontaneous ectopic activity can occur within a
few days of sectioning a peripheral nerve. Initially
this occurs within the myelinated fibers, with C-
fibers becoming spontaneously active later.9–12

Peak ectopic activity is seen between 3 days and 3
weeks after injury,12–15 and spontaneous activity
can persist for several months. For example, Meyer
et al found that 7 months after injury to the super-
ficial radial nerve in baboons, 18% of fibers were
still spontaneously active, and the rate of firing was
greater in nonmyelinated C-fibers than in myeli-
nated fibers.7 Fried and Frisén9 have suggested that
this activity may be related to the presence of large
endbulbs which develop on the damaged axons.
These have been described as being club-shaped
swellings, 3 to 12 µm in diameter, with dense accu-
mulations of membrane-bound and cytoplasmic
organelles.16

Other changes are also seen at the injury site. A
preferential loss of large myelinated axons has
been documented in several experimental models
of neuroma formation and neuropathic pain
states.17–19 The loss of these large-diameter (A�)
primary afferents and the subsequent loss of cen-
tral inhibitory controls could allow for the disinhi-
bition of the smaller pain-transmitting A�- and C-
fibers. This idea is consistent with the Gate
Control theory of pain transmission.20 In support
of this, painful human neuromas have been shown
to contain higher than normal proportions of
small nonmyelinated fibers.21

The present investigation concerns the lingual
nerve, which is a branch of the mandibular divi-
sion of the trigeminal nerve. The anatomical loca-
tion of the lingual nerve in the mandibular third
molar region makes it vulnerable to injury during
oral and maxillofacial surgery.22–24 The removal of
impacted lower third molar teeth is a frequently
performed operation, and the reported incidence
of lingual nerve damage during this procedure
ranges from 0.5% to 23%.25–28 Afferent fibers in
the lingual nerve innervate the mucous membranes
of the floor of the mouth, the lingual gingivae, and
the anterior two thirds of the tongue.29–31 The
nerve also carries visceral efferent (secretomotor)
fibers to the submandibular and sublingual sali-
vary glands, and special afferent (taste) fibers from

the mucous membrane of the tongue, which are
relayed via the chorda tympani branch of the facial
(VII) nerve. Thus, injury to the lingual nerve
results in ipsilateral sensory loss from the region
described, including loss of taste sensation from
the ipsilateral fungiform papillae.32 The majority
of patients who suffer damage to this nerve regain
normal sensation within 9 to 12 months, but a
small group (approximately 0.5% to 1%) are left
with permanent sensory disturbances, such as
dysesthesia.33,34

An extensive archive of traumatic neuroma spec-
imens, together with clinical histories, from
patients undergoing microsurgical repair of their
damaged lingual nerves, was collected. The aims of
the study were to use electron microscopy to deter-
mine the ultrastructural characteristics of axons in
traumatic neuromas that resulted from damage to
the human lingual nerve during the surgical
removal of lower third molar teeth and to establish
whether any characteristics were different between
patients with dysesthesia and patients without
dysesthesia in the distribution of the damaged
nerve. To the authors’ knowledge, this study is the
first to detail the ultrastructural characteristics of a
large series of traumatic neuromas from patients
and relate such findings to clinical symptoms.
Other investigations into the characteristics of the
specimens have been undertaken using light micro-
scopic and immunohistochemical techniques.
Preliminary results from these studies have been
published in abstract form.35–37

Materials and Methods

Tissue Specimens

Traumatic neuroma specimens were examined
from 34 patients (mean age 30.8 ± 7.9 years; range
18 to 54 years) who had undergone microsurgical
repair of their damaged lingual nerves. The timing
of the nerve repair was on average 16.5 ± 13.4
months following the initial nerve injury (range
0.75 to 65 months). The microsurgical procedure
has been described in detail by Robinson et al,2

and the segment excised prior to repair ranged
from 4 to 14 mm in length.

The specimens were characterized as follows:

• Neuromas-in-continuity (NICs), n = 18. This
term was used to describe a neuroma found to
be bridging together the proximal and distal seg-
ments of the damaged nerve.
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• Nerve-end neuromas (NENs), n = 16. In these
cases, the nerve had been completely divided
and the ends had separated, resulting in a nerve-
end swelling on the central stump.

Portions of lingual nerve were taken from 8
patients immediately post mortem following the
harvesting of their organs for transplantation pur-
poses (mean age 40.3 ± 12.4 years; range 25 to 54
years). The specimens were obtained by elevating a
lingual mucoperiosteal flap and excising a segment
of nerve adjacent to the lower third molar area.
These specimens served as the controls.

Ethical Approval

Ethical approval for the study was obtained from
the South Sheffield Research Ethics Committee.
Consent was obtained from the organ donors’ next
of kin to permit lingual nerve tissue to be obtained
for research use.

Fixation and Processing

Immediately after harvesting the specimen, a trans-
verse segment of 1 to 2 mm in thickness was taken
from the central end of the neuroma (or an equiva-
lent site in the control specimens) and immersion-
fixed in 3% glutaraldehyde in 0.1 mol/L phos-
phate buffer overnight at 4°C. The specimens
underwent secondary fixation in 1% aqueous
osmium tetroxide at room temperature for 90 min-
utes and were then dehydrated through a series of
alcohols prior to embedding in Agar 100 epoxy
resin (Agar Scientific). Ultrathin sections (80 to 90
nm) were cut, collected on Formvar-coated 50-
mesh copper tabbed grids (Agar Scientific), and
stained using saturated uranyl acetate in 50%
methanol and lead citrate solution.

Sampling Methodology

Because of the size of the neuroma specimens (up
to 4 mm in diameter), a randomized systematic
sampling plan was devised in accordance with the
protocols suggested by Mayhew38 and Mayhew
and Sharma.39 Low-power electron microscopic
scans of each grid square containing nerve tissue
were taken at 740� magnification with a Phillips
CM10 transmission electron microscope. A suit-
ably sized counting frame for each grid square cor-
ner was chosen from the images obtained so that
approximately 200 myelinated fibers per specimen
could be analyzed in detail at a magnification of
10,500� using a Zeiss EM 109 transmission elec-

tron microscope. Prints were produced from the
electron micrographs using a dedicated film scan-
ner (Dîmage ScanMulti; Minolta) connected to a
computer and printer. The prints were montaged,
and the same area was subsequently reanalyzed
under the electron microscope for nonmyelinated
fibers, which were photographed and printed at a
final magnification of 35,700�.

Myelinated and nonmyelinated fibers were mea-
sured with a digitizing tablet (Calcomp Drawing
Board III, GTCOCalcomp) and Bioquant System
IV image analysis software (R&M Biometrics). The
following characteristics were determined: axon
diameter, myelinated fiber diameter, g-ratio (a mea-
sure of the myelination status of the nerve fibers in
relation to their diameter), myelin sheath thickness,
and the number of mitochondria per axon.

Diameter values were calculated from measure-
ments of circumference divided by �, since circum-
ference values are relatively unaffected by alter-
ations in buffer molarity, unlike fiber shape or
area.40 This diameter value, therefore, is based
upon the assumption that the transverse profiles of
the fibers measured were circular. Fibers that were
sectioned obliquely were thus excluded from sam-
pling. They were defined as those fibers having a
diameter in one direction measuring at least twice
that in another.41

Myelin sheath thickness was also calculated
from the formula described by Holland40:

Myelin sheath
=

External     –      Internal 

thickness
circumference   circumference

2�

The g-ratio was determined as another measure-
ment of myelination. The g-ratio is the ratio
between the axon diameter (inner diameter)
divided by the total myelinated fiber diameter.42,43

All the specimens were coded, and analysis was
performed by the same examiner, who was blind
to the patient’s symptomology.

Clinical Histories

The clinical histories and symptoms of the patients
undergoing microsurgical repair of their damaged
lingual nerves were obtained prospectively using a
questionnaire. All the patients undergoing surgery
had marked sensory loss, with variable degrees of
dysesthesia. Patients were asked whether the
affected part of the tongue was painful and
whether they had tingling (paresthesia) that was
spontaneous or initiated by touching or moving
the tongue. In addition, a series of sensory tests
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was performed; these are described in detail by
Robinson et al.2 Some patients also scored their
pain and tingling symptoms on visual analog
scales. For the purposes of this study, to allow for
statistical comparisons, patients were classified
into 2 groups:

• No-symptoms group: Those experiencing no
pain or tingling

• Symptoms group: Those experiencing either
pain or tingling that was spontaneous or initi-
ated by touching or moving the tongue. 

Pain or tingling elicited by firm digital palpation
over the neuroma was present in most patients and
therefore was not used as a criterion for entry into
the latter group. There were no significant differ-
ences between the 2 groups with regard to age, sex
distribution, or length of time between the injury
and the repair.

Statistical Analysis

Statistical comparisons (1-way analysis of variance
[ANOVA] and Tukey-Kramer multiple compari-
son tests) were made between the neuroma and
control groups, and between patients with and
without symptoms, for each of the ultrastructural
characteristics. Simple linear regression was per-
formed to determine whether any relationship
existed between the time after nerve injury and any
ultrastructural features within neuromas. A P
value of less than .05 was selected as the criterion
of significance.

Results

A total of 8,333 myelinated axons (mean ± SD,
198 ± 118 fibers per specimen; range 30 to 611)
and 19,699 nonmyelinated axons (469 ± 316 fibers
per specimen, range 91 to 1,259) were analyzed. 

Ultrastructural Characteristics of 
Myelinated Axons

Mean myelinated fiber diameter was significantly
smaller in traumatic neuromas than in control
nerves (ANOVA, P < .001) (Fig 1). In control
nerves, the mean myelinated fiber diameter was
6.3 ± 0.6 µm, compared to 4.3 ± 0.8 µm in NICs
and 3.9 ± 0.5 µm in NENs. No significant differ-
ence in fiber diameter was found between the
NICs and the NENs, nor between patients with or
without symptoms (Table 1). A comparison

between the mean myelinated fiber diameter and
time after injury failed to reveal any significant
correlation (P > .3).

Figure 2 shows pooled histogram data for myeli-
nated nerve fiber diameter in control nerves, NICs,
and NENs. Traumatic neuromas were found to
contain a higher proportion of small myelinated
nerve fibers with diameters of 2 to 8 µm (NICs:
92.3%; NENs: 93.1%) than control nerves
(76.1%). Figure 3 shows examples of the ultra-
structural appearance of myelinated nerve fibers in
a control nerve and a traumatic neuroma.

The myelin sheaths were found to be signifi-
cantly thinner in myelinated axons in traumatic
neuromas than in those in controls (ANOVA, P <
.001) (Fig 4a). Mean myelin sheath thickness was
1.1 ± 0.1 µm in control nerves versus 0.6 ± 0.1 µm
in both NICs and NENs. However, no significant
difference in myelin sheath thickness was found
between patients with symptoms and those with-
out symptoms (Table 1). Despite mean myelin
thickness being significantly different, the mean g-
ratio (axon diameter/myelinated fiber diameter)
was found to be similar (P = .07) in controls (0.66
± 0.01), NICs (0.69 ± 0.04), and NENs (0.71 ±
0.05) (Fig 4). In addition, there was no difference
in mean g-ratio between patients with symptoms
and those without symptoms (Table 1).

No significant difference was observed in the
mean number of mitochondria per myelinated
axon between the various groups (controls: 5.6 ±
1.3; NICs: 5.0 ± 0.9; NENs: 4.9 ± 0.6; P = .4), nor
between patients with and without symptoms
(Table 1).

Fig 1 Spread plot showing the mean myelinated fiber
diameter in control nerves, NENs, and NICs from
patients with symptoms (sym) and without symptoms
(nonsym). Mean myelinated fiber diameter was signifi-
cantly smaller in NENs and NICs than in controls.
(ANOVA, P < .001).

NEN-nonsym

NEN-sym

NIC-nonsym

NIC-sym

Control

2 4 6 8
Mean myelinated fiber diameter (µm)
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Ultrastructural Features of Nonmyelinated Axons

The mean nonmyelinated axon diameter was sig-
nificantly larger in controls than in traumatic neu-
romas (ANOVA, P < .001). Mean nonmyelinated
axon diameter was 1.03 ± 0.13 µm in controls,
compared to 0.67 ± 0.13 µm in NICs and 0.58 ±
0.13 µm in NENs. There was also a significant dif-
ference between the NENs and NICs (ANOVA, P
< .05) (Fig 5). However, no significant differences
were found between patients with or without
symptoms (Table 2). In addition, no correlation
was found between axon diameter and time after
nerve injury (P > .25).

Figure 6 shows pooled histogram data for non-
myelinated fiber diameter. The traumatic neuroma
specimens contained a higher proportion of small
axons of 0.25 to 0.75 µm diameter (NICs: 62.4%;
NENs: 68.4%) compared to normal lingual nerves
(33.6%).

Significant differences were also observed
between neuromas and controls in the number of
nonmyelinated axons sheathed by a Schwann cell
in each Remak bundle. Traumatic neuromas con-
tained more nonmyelinated axons per Remak bun-
dle than controls, and examples of the ultrastruc-
tural appearance of the axon-Schwann cell
relationship are shown in Fig 7. Control nerves

Table 1 Comparison of Ultrastructural Characteristics of Myelinated Axons in NICs
and NENs in Patients with Symptoms and Patients Without Symptoms

NICs NENs

No No
Symptoms symptoms P Symptoms symptoms P

Myelinated fiber diameter (µm) 4.3 ± 0.7 4.3 ± 0.9 > .99 3.8 ± 0.5 4.0 ± 0.6 .97
Myelin sheath thickness (µm) 0.6 ± 0.2 0.7 ± 0.1 .97 0.6 ± 0.06 0.6 ± 0.02 .99
G-ratio 0.70 ± 0.04 0.67 ± 0.04 .54 0.70 ± 0.04 0.71 ± 0.06 .95
No. of mitochondria per 4.8 ± 1.0 5.2 ± 0.8 .91 4.9 ± 0.6 4.9 ± 0.7 > .99
myelinated axon

Means ± standard deviations shown; P values obtained with Tukey-Kramer multiple comparisons test.
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were found to contain an average of 2.0 ± 0.4
axons/Schwann cell, compared to 2.9 ± 0.7 in NICs
and 3.1 ± 1.1 in NENs (ANOVA, P < .05). No sig-
nificant difference was found in the mean number
of axons/Schwann cell between the NENs and
NICs or between patients with symptoms and those
without symptoms (Table 2). No correlation was
found between the number of axons/Schwann cell
bundle and time after injury (P > .5).

A significant difference was observed in the
mean number of mitochondria per nonmyelinated
axon, with higher counts being present in axons
within the NENs (5.3 ± 0.6) compared to NICs
(4.0 ± 0.9) and controls (4.4 ± 1.2; ANOVA, P <
.005) (Fig 8). However, no significant difference
was observed between patients with symptoms and
those without symptoms (Table 2).

Fig 5 Spread plot showing the mean nonmyelinated
axon diameter in control nerves, NICs, and NENs from
patients with symptoms (sym) and without symptoms
(nonsym). Mean nonmyelinated axon diameter was sig-
nificantly larger in controls than in traumatic neuromas
(ANOVA, P < .001). There was also a significant differ-
ence between the NENs and NICS (ANOVA, P < .05).

Fig 3 Myelinated and nonmyelinated axons in (left) a control lingual nerve and (right) a traumatic neuroma. 

Fig 4a Spread plot showing mean myelin thickness (in
µm) in NENs, NICs, and controls. The myelin sheaths
were found to be significantly thinner in myelinated
axons in NENs and NICs than in those in controls
(ANOVA, P < .001).

Fig 4b Spread plot showing mean g-ratio in NENs,
NICs, and controls. 
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Ratio of Nonmyelinated to Myelinated Axons

The ratio of nonmyelinated axons to myelinated
axons in the sampled area was significantly higher in
traumatic neuromas than in the controls (ANOVA,
P < .005) (Fig 9). In controls the ratio was 1.2 ± 0.3,
compared to 2.3 ± 1.1 in NICs and 3.5 ± 2.1 in
NENs. The difference in ratio between NENs and
NICs was also significant (ANOVA, P < .05), but no
significant differences were found between patients
with or without symptoms (Table 2).

Discussion

There have been few previous quantitative struc-
tural studies on human lingual nerves. However,
the range of myelinated nerve fiber diameters
found in the control lingual nerves was similar to
the findings of Heasman and Beynon30 who stud-
ied post mortem specimens of lingual nerve from
20 human cadavers and found fiber diameters of 2
to 14 µm. The authors postulated that the fibers in
the 2- to 4-µm range represented the myelinated A�

Table 2 Comparison of Ultrastructural Characteristics of Nonmyelinated Axons in
NICs and NENs in Patients with Symptoms and Patients Without Symptoms

NICs NENs

No No
Symptoms symptoms P Symptoms symptoms P

Nonmyelinated axon 0.69 ± 0.10 0.65 ± 0.17 .96 0.54 ± 0.10 0.57 ± 0.20 .83
diameter (µm)
No. of axons per Schwann cell 2.8 ± 0.60 3.0 ± 0.90 .99 2.8 ± 0.80 3.4 ± 1.31 .60
bundle
No. of mitochondria per 3.8 ± 1.2 4.3 ± 0.5 .87 5.2 ± 0.6 5.4 ± 0.6 .99
nonmyelinated axon
Ratio of nonmyelinated to 2.6 ± 1.2 2.0 ± 0.9 .93 2.7 ± 1.2 4.3 ± 2.6 .24
myelinated axons in sampled area

Means ± standard deviations shown; P values obtained with Tukey-Kramer multiple comparisons test.
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afferents and the preganglionic secretomotor and
taste fibers derived from the chorda tympani nerve.
They suggested that the larger diameter fibers rep-
resented the A� and A� somatic afferents mediat-
ing touch, pressure, proprioception, and vibration,
although the course taken by the proprioceptive
fibers from the tongue is a subject of debate.44

The results of the present study have shown that
both myelinated and nonmyelinated axons in lin-
gual nerve neuromas have significantly altered mor-
phology compared to normal control nerves,
despite long recovery periods after the nerve injury.
The diameter distribution of the myelinated fibers
in the neuromas was found to be markedly different

Fig 8 Spread plot showing the mean number of mito-
chondria per nonmyelinated axon diameter in control
nerves, NICs, and NENs from patients with symptoms
(sym) and without symptoms (nonsym). Significantly
more mitochondria were found in the axons of the
NENs than NICs and controls (ANOVA, P < .005).

Fig 7 Nonmyelinated axons (asterisks) and their associated Schwann cells within (left) a normal lingual nerve and
(right) a traumatic neuroma. 
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Fig 9 Spread plot showing the ratio between the num-
ber of nonmyelinated and myelinated axons in control
nerves, NICs, and NENs from patients with symptoms
(sym) and without symptoms (nonsym). The ratio of
nonmyelinated axons to myelinated axons in the sam-
pled area was significantly higher in NENs and NICs
than in controls (ANOVA, P < .005). The difference in
ratio between NENs and NICs was also significant.
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from controls; a high proportion of small axons
with diameters of 2 to 8 µm was found in neuro-
mas. A preponderance of thin fibers could indicate
a loss of thick fibers, a relative increase in regener-
ating thin fibers, or a combination of the two.45

Alternatively, the change in distribution of fiber size
could represent a failure of maturation of axons
rather than a lack of development and regeneration
of a class of large fibers.46 Maturation of regenerat-
ing axons may be arrested if the axon sprouts fail to
reach and reinnervate their peripheral targets.47 In
addition, the connective tissue around the damaged
nerve also becomes scarred, and discontinuity of
perineurial tissue and vessels and alterations in the
endoneurial microenvironment occur; all of these
are factors that may retard axon development and
maturation.20,46 The branching of regenerating
axons may also accentuate the preponderance of
thin fibers within a neuroma,45 and these multiple
sprouts may persist within the neuroma even when
regeneration is complete and the axons have formed
functional endings.48

Schröder49 found that 6 to 24 months after
trauma to the sciatic nerve in dogs, the diameters
of the regenerating nerve fibers were reduced when
compared with normal axons, and that the myelin
sheaths of the regenerated nerve fibers remained
thin. Schröder also observed that the conduction
velocity of these regenerated nerve fibers was
reduced when compared with controls. The g-ratio,
an important determinant of internodal conduction
time, is the ratio of axon diameter (d) divided by
the total fiber diameter (D).43 Rushton50 stated
that the energetically most efficient value for d/D is
0.6, and Schröder49 suggested that the reduced
conduction velocity recorded in regenerated nerve
fibers is largely the result of a reduction in the
myelin sheath thickness. In the present study, mean
myelin sheath thickness was found to be signifi-
cantly thinner in axons in neuromas than in con-
trols, but the mean g-ratio was found to be similar.
This suggests that a normal process of myelination
is occurring within the regenerating nerve fibers,
and that the reduced mean myelin sheath thickness
merely reflects the greater proportion of small-
diameter nerve fibers in neuromas. The failure to
see any increase in myelin sheath thickness at
longer time periods after injury also probably
reflects the impeded maturation of axons trapped
within neuromas.20,46,47 

The reduction in diameter of nonmyelinated
fibers in neuromas has also been described by oth-
ers. Following crush, graft, or multiple crush injury
of the sciatic nerve in mice, Giannini et al46 found a
reduction in nonmyelinated fiber size distal to the

injury and fewer nonmyelinated axons per
Schwann cell in the regenerating nerves. This latter
observation is in contrast to the present findings
and those of others who have reported multiple
axons per Schwann cell unit, presumably as a result
of axonal branching.51,52 Aguayo et al53 transected
the anterior mesenteric nerve in rabbits and 13
weeks later found a higher proportion of smaller-
diameter nonmyelinated axons than in controls,
with a reduction of diameter and an increased
number of nonmyelinated axons per Schwann cell.
Once again, the failure to establish terminal con-
nections, and hence the impeded maturation of
axons, may account for the reduction of nonmyeli-
nated axon diameter following nerve section. The
increase in axon to Schwann cell ratio may result
from the axonal sprouting occurring at a greater
rate than the limited Schwann cell multiplication.53

The complete transection of the nerve in the
NEN group is clearly a more severe injury than a
partial nerve injury, where some continuity exists
between the proximal and distal segments. After a
partial nerve injury there is also the possibility
that, as well as containing regenerating or recover-
ing axons, some undamaged fibers from the nerve
may still remain postinjury. The NIC specimens
may represent partial nerve injuries or successful
regeneration across the gap between the 2 nerve
stumps. The failure of any axons to reach their
peripheral targets and possibly higher levels of
branching may explain why the NEN specimens
had significantly smaller nonmyelinated fiber
diameters compared to  the NICs. In addition, the
higher numbers of mitochondria per axon within
the NENs compared to controls and NICs may
reflect those fibers terminating within the neu-
roma, since an accumulation of organelles within
the axoplasm has been found in nerve endings.16

Several authors have suggested that the non-
myelinated fibers within neuromas have an impor-
tant influence on whether or not pain is experi-
enced by the patient. Carlton et al18 found that
hyperalgesia was still produced in their experimen-
tal model of neuropathic pain when large numbers
of myelinated fibers were lost. The authors sug-
gested that the presence of nonmyelinated axons
was important, since fewer of those fibers were
lost. Mathews and Osterholm,54 in their review of
painful traumatic neuromas, stated that pain-con-
ducting C-fibers are more resistant to ischemia
than other neural elements and therefore survive
and function within a relatively “avascular” neu-
roma and cause pain.54 Cravioto and Battista21 in
their clinical and ultrastructural study of 3 cases of
painful neuromas of the median, sciatic, and per-
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oneal nerves, found that painful neuromas con-
tained large numbers of small-diameter unmyeli-
nated fibers in a much higher proportion than
myelinated fibers (sometimes up to 20 times
greater). The authors, therefore, suggested that the
fine unmyelinated fibers may generate the pain of
human neuromas.21 In the present study, a signifi-
cant increase in the ratio of nonmyelinated to
myelinated fibers was evident in neuromas com-
pared to controls. However, no significant correla-
tion between this higher ratio and the patients’
clinical symptoms was found.

The failure to see any correlation between the
ultrastructural features and the time after injury is
probably not surprising. The present study investi-
gated the morphology of the neuromas removed
after “late” surgical repair of the damaged nerve; in
many cases, several months elapsed between repair
surgery and the initial injury. We would expect
most structural changes to have stabilized by this
time. This is different from published reports of
neuroma morphology from several animal studies,
where neuroma formation and nerve regeneration
was followed over days and weeks rather than
months, and axon number and size did not stabi-
lize.16,46,52,53,55 In the animal studies, attempts have
been made to relate ultrastructural findings to
apparent pain-related behavior.17–19,56,57 These
studies have mainly focused on behavioral symp-
toms within the first few weeks of injury and have
associated the loss of large myelinated fibers with
the onset of hyperalgesia. The present study is
unique in that ultrastructural features of human
neuroma specimens were correlated with actual
pain histories from the patients. However, no sig-
nificant differences in ultrastructure were found
between patients with symptoms of pain and/or tin-
gling and those without symptoms. This may be
because of the method of random sampling of the
axons within the neuroma specimens, which could
make it difficult to identify what may be a small
number of axons with aberrant properties giving
rise to the patient’s symptoms. There is also the
possibility that peripheral changes within the neu-
roma tissue may not be the primary site for initia-
tion or maintenance of chronic neuropathic pain
following nerve transection. 

In summary, this paper has shown that signifi-
cant differences exist in ultrastructural morphol-
ogy of myelinated and nonmyelinated axons in
traumatic neuromas when compared to normal
lingual nerve. Although these ultrastructural
changes may contribute to alterations in the elec-
trophysiological properties of axons, no correla-
tions between the ultrastructural characteristics

and the patients’ symptoms of dysesthesia were
found. Further investigations are required to inves-
tigate whether the observed ultrastructural changes
are associated with other alterations in neuromas,
such as ion-channel expression and neuropeptide
levels, which have also been implicated in the etiol-
ogy of neuropathic pain.5,58–61
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