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The mechanisms underlying the development of painful and nonpainful neuropathy associated with diabetes mellitus are unclear. We
have obtained microneurographic recordings from unmyelinated fibers in eight patients with diabetes mellitus, five with painful neu-
ropathy, and three with neuropathy without pain. All eight patients had large-fiber neuropathy, and seven patients had pathological
thermal thresholds in their feet, indicating the involvement of small-caliber nerve fibers. A total of 163 C-fibers were recorded at knee level
from the common peroneal nerve in the patients (36 – 67 years old), and these were compared with 77 C-fibers from healthy controls
(41– 64 years old). The ratio of mechano-responsive to mechano-insensitive nociceptors was �2:1 in the healthy controls, whereas in the
patients, it was 1:2. In patients, a fairly large percentage of characterized fibers (12.5% in nonpainful and 18.9% in painful neuropathy)
resembled mechano-responsive nociceptors that had lost their mechanical and heat responsiveness. Such fibers were rarely encountered
in age-matched controls (3.2%). Afferent fibers with spontaneous activity or mechanical sensitization were found in both patient groups.
We conclude that small-fiber neuropathy in diabetes affects receptive properties of nociceptors that leads to an impairment of mechano-
responsive nociceptors.
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Introduction
Diabetes mellitus is a common cause of neuropathic pain world-
wide. However, not all patients who develop diabetic neuropathy
(DN) experience pain (Calcutt, 2002). The prevalence of pain
varies from 13 to 24% (O’Hare et al., 1994; Schmader, 2002).
Among those with positive symptoms, the clinical findings often
differ from those found in other neuropathic pain patients, such
as for example postherpetic neuralgia and traumatic nerve le-
sions. Tactile allodynia is rare in the later stages, possibly because
of loss of myelinated fibers, and many patients report a loss of
tactile sensation coexisting with ongoing pain (Vinik et al., 2001;
Otto et al., 2003).

The symptoms of pain seen in patients with DN have been
assigned to probable changes in small afferent fibers (Vinik et al.,
2001). However, so far, most clinical studies on painful and non-
painful diabetic neuropathy have not been able to prove any clear

distinction in indirect tests of C-fiber function [quantitative sen-
sory tests (QST)] and in neuropathological studies (nerve biop-
sies) between those patients who experience pain and those that
do not (Llewelyn et al., 1991; Vrethem et al., 2002; Sommer, 2003;
Kramer et al., 2004a).

The only method that directly measures receptive and axonal
properties of C-fibers in humans is microneurography. In this
study, recordings from patients with diabetic neuropathy with
(DNP group) and without (DN group) pain were performed to
assess axonal and receptive properties of C-fibers, which might
contribute to pain in this disease. In healthy elderly people, there
is a well known decline of large-fiber function, C-fiber function,
and epidermal nerve fiber density (Mackenzie and Phillips, 1981;
Hilz et al., 1999; Goransson et al., 2004). Because most of our
knowledge on C-fibers from microneurography in the past was
based on recordings from young subjects, we included a control
group of healthy subjects (HC group) in the same age range as our
diabetic neuropathy patients.

Materials and Methods
Patients. Eight patients, three female and five male diagnosed with dia-
betes mellitus aged 36 – 67 years, participated in this study (see Table 2).
Anamnestic details regarding duration of disease, sensory symptoms in-
cluding pain symptoms, and maximal intensity of pain with the use of a
visual analog scale were obtained. Patients with no clinical motor impair-
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ment and only mild neuropathy were chosen to
avoid the risk of decreasing motor function fur-
ther by the experiments.

All patients gave their written informed con-
sent. The study was performed in the Department
of Neurology, Rikshospitalet-Radiumhospitalet
Medical Center (Oslo, Norway) and in the De-
partment of Clinical Neurophysiology, University
Hospital (Uppsala, Sweden), and experiments
were performed according to the Helsinki Decla-
ration with the approval of the local ethic commit-
tees connected to each hospital.

Healthy subjects. Nine healthy subjects aged
41– 64 years were used as controls for the mi-
croneurography experiments. These subjects
had no known neurological diagnosis, symp-
toms, or diseases suspicious of causing neuro-
logical impairment. They did not use any med-
ication known to influence the nervous system.

Part of the study in healthy subjects was done
in the Department of Physiology and Experi-
mental Pathophysiology, University of Erlangen/Nürnberg (Erlangen,
Germany) and was approved by the local ethic committee of the Univer-
sity. All participants gave their written informed consent.

Neurological examination. The patients underwent a neurological ex-
amination, including testing of muscular strength in the upper and lower
extremities, tendon reflexes, and sensibility for painful stimuli with a
needle, vibration sense, and joint-position sense of the first metatarso-
phalangeal joint.

Hypersensitivity to gentle touch (allodynia) was assessed by lightly
stroking all four extremities with a brush (Somedic, Hörby, Sweden)
(LaMotte et al., 1991). The borders of hyperalgesia to punctate stimuli
were determined by an 83.7 mN von Frey filament. Temporal summa-
tion was tested with a stiff von Frey monofilament tapping the same spot
at a rate of 2–3 Hz for 20 s. The subjects were instructed to report if an
intense painful, radiating sensation was felt early on. This test was applied
to one of the thenar eminences and to the dorsal aspects of both feet.

Nerve conduction velocities, amplitudes, and distal latencies of the
median, ulnar (motor and sensory), peroneal, tibial, and sural nerves
were examined in all patients.

Quantitative sensory testing. Threshold temperatures for sensations of
warmth, cold, heat pain, and cold pain were determined by standardized
computerized equipment using the method of limits (Thermotest; So-
medic) as described in detail previously (Ørstavik et al., 2004). The re-
sults were compared with data from 38 healthy subjects (aged 22– 66
years old) obtained in the laboratory in Oslo. The individual thresholds
of the patients were considered pathological if they were greater than the
95 percentile (warmth, heat pain) or less than the fifth percentile (cold) of
values found in healthy subjects. Cold pain detection �20°C were con-
sidered normal.

Microneurographic recording technique. Methods of microneurogra-
phy used in this study have been described in detail previously (Vallbo
and Hagbarth, 1968; Torebjörk and Hallin, 1974; Schmidt et al., 1995).
Microelectrodes were inserted at the level of the fibular head into cuta-
neous branches of the peroneal nerve. Single units were identified by
action potentials that could be recorded after long latency following each
electrical stimulus applied in their innervation territory in the foot. Ad-
ditional responses evoked by nonelectrical activity were assigned to the
fibers by applying the “marking” method (Torebjörk, 1974; Schmidt et
al., 1995).

The latency of a C-fiber response to the first electrical stimulus after an
initial rest period of at least 2 min was used to estimate average conduc-
tion velocity (CV). The distance between the stimulating needles in the
skin and the recording needle in the nerve was assessed using a measuring
tape, and 2 m/s was set as the upper limit of CV for C-fiber classification.

Activity-dependent slowing. Activity-dependent slowing of conduction
velocity is a well known characteristic of unmyelinated nerve fibers and
can be used for differentiating functional subtypes of C-fibers (Serra et
al., 1999; Weidner et al., 1999). It is much more pronounced for

mechano-insensitive C-nociceptors than for mechano-responsive
C-nociceptors (Weidner et al., 1999).

After a rest period of at least 2 min, an electrical protocol was per-
formed for each stimulation site on the foot; 20 electrical stimuli were
applied intracutaneously at 0.125 Hz, immediately followed by a second
train of 20 pulses at 0.25 Hz and a third of 30 pulses at 0.5 Hz. Changes in
latency were calculated relative to the initial latency (i.e., that immedi-
ately after the 120 s rest period). After this protocol, the stimulation
frequency was set to 0.25 Hz for the rest of the experiments. At the end of
some experiments, in which the recording conditions were still optimal,
we performed a second stimulation protocol that consisted of a train of
pulses at 2 Hz for 3 min (Serra et al., 1999), which were given after a rest
period of 2 min without any stimulation.

Efferent and afferent responses. Sympathetic fibers were identified by
their marking response to sympathetic arousal stimuli, e.g., an unex-
pected loud noise, mental stress, or during deep inspiration (Hallin and
Torebjörk, 1970; Hagbarth et al., 1972). This was performed after the
stepwise electrical protocol, and the efficacy of these maneuvers was
controlled by recording background activity of sympathetic burst
discharges.

A set of von Frey nylon monofilaments (Stoelting, Chicago, IL) was
used to test for mechanical responsiveness. Units unresponsive to 750
mN were regarded as mechano-insensitive. When possible, heat thresh-
olds were assessed using a radiant heat lamp, the temperature of which
was feedback controlled from a thermocouple gently pressed on the skin
(Beck et al., 1974). The skin temperature was slowly increased by
0.25°C/s, from an initial temperature of 32°C to a maximum of 50°C.
Heating could be stopped by the subjects at any time if the pain tolerance
limit was reached. In this study, units unresponsive to heat when the heat
lamp was switched off automatically or by the subject were regarded as
heat negative. Transcutaneous electrical thresholds were obtained in a
few fibers using a standardized electrode consisting of a Perspex holder
with a round cotton disk, 5 mm in diameter, soaked with saline and
giving additional pulses at the skin (pulse width of 500 �s).

Classification of C-fibers. According to the receptive and reflex proper-
ties described above and their degree of activity-induced slowing,
C-fibers were classified into three main classes: efferent sympathetic fi-
bers (symp), afferent mechano-responsive fibers (CM) with a low degree
of activity-dependent slowing and a clear and reproducible response to
mechanical stimuli, and afferent mechano-insensitive fibers (CMi), with
a high degree of activity-dependent slowing and no response to mechan-
ical stimuli. In the present study, the CM and CMi class also include
fibers responding to heat (CMH and CH, respectively). In this study, a
large number of fibers were found that did not fall into any of these three
categories. These fibers showed signs of either desensitization (Cxi/Cdes) or
sensitization to mechanical stimuli or spontaneous activity (Cspont/Csens)
(Table 1). The Cxi fibers had axonal properties resembling CM fibers but
were negative to afferent and efferent stimuli, whereas Cdes had the same

Table 1. Characterization of fibers

CM CM spont C des Cxi CMi spont CMi sens CMi symp

Classification of C-fibers
Sympathetic stimuli � � � � � � � �
Mechanical stimuli � � �/� � � � � �
Relative slowing � � � � ��� ��� ��� ��
Spontaneous activity � � � � � � � �

Number of fibers
Subject group

HC 27 1 0 2 1 2 12 17
DN 9 1 2 5 3 3 15 2
DNP 10 1 5 14 3 3 24 14

For the classification of C-fibers, normal C-fibers (CM, CMi, and symp) are mainly characterized by their response to efferent stimuli �Sympathetic stimuli:
positive (�) or negative (�)�, afferent mechanical stimuli �Mechanical stimuli: positive (�) or negative (�)�, and relative degree of activity-dependent
slowing to a stepwise low-frequency electrical stimulus protocol �Relative slowing: low degree �5% (�) and high degree �5% (���) or borderline and
symp positive (��)�. The number of fibers in the different subject groups are also shown. CMi fibers have a high degree of relative total slowing (���
indicates �5%) and a high degree of slowing to 0.125 Hz, whereas these parameters are all less in CM fibers. Cxi fibers have a relative total slowing of �5%
(�), no spontaneous activity, and no afferent or efferent response. One Cxi fiber showed borderline (5.05%) relative slowing, and the additional parameter
of low degree of relative slowing to 0.125 Hz (�0.65%) was required for classification. Cdes represent fibers with other signs of desensitization. Abnormal
afferent fibers with spontaneous activity (Cspont) or mechanical sensitization (Csens) were also characterized in the three subject groups.
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axonal properties but were responsive to heat or showed a minute response
to mechanical stimuli. The Cspont/Csens represented afferent fibers with
either mechanical sensitization or spontaneous activity.

Data analyses and statistics. Microneurography signals were amplified,
processed on-line, and stored to disk using custom-written Spike2 software
and a micro1401 DAC (Cambridge Electronics Design, Cambridge, UK).
Pearson’s �2 test and Fisher’s exact test were used for categorical data, and
Student’s t test or one-way ANOVA was used for numerical data. The
activity-dependent slowing of conduction velocity after electrical stimula-
tion was analyzed by ANOVA with post hoc Dunnett’s T3 and Scheffé’s tests.
Values are given as mean�SEM. p values�0.05 were considered statistically
significant. When comparing categorical data in subgroups of subjects, only
p values �0.01 were considered statistically significant.

Results
Clinical testing
The clinical characteristics and findings from QST are presented
in Tables 2 and 3. Patients 3 and 6 had type 1 diabetes mellitus,
whereas the others had type 2 diabetes mellitus. All five patients
with painful neuropathy had burning or pricking pain at least on
the sole of their feet. One patient with pain (patient 2) had brush-
evoked allodynia on his toes. None of these patients had punctate
hyperalgesia or abnormal temporal summation, and none of
these five patients described pain in their hands. Among the three
patients without pain, patients 7 and 8 described numbness on
the soles of their feet.

Patient 6 had neurophysiologic changes compatible with car-
pal tunnel syndrome in one arm. With the exception of patients 2
and 5, all other patients had pathological amplitudes or conduc-
tion velocities of motor or sensory nerves in the upper extremity.
All patients had some degree of large-fiber neuropathy in their
lower extremities as measured by conventional neurography. Pa-
tients 1 and 3 had decreased CV and amplitudes of both the
peroneal and tibial nerves and no measurable responses from the
sural nerve bilaterally. Patients 2, 4, 5, 6, and 8 all had patholog-
ical changes involving both motor and sensory nerves, patient 2
mainly decreased conduction velocities, and patient 4 mainly de-
creased amplitudes. Patients 5, 6, and 8 had mixed changes in-
volving both amplitudes and conduction velocities. Patient 7 had
only pathological changes in the sensory nerves, including both
amplitude and conduction velocity in her left leg. All patients
except patient 4 had pathologically elevated thermal thresholds in
the lower extremities at least on the dorsal aspect of the foot

(Table 3). Cold allodynia (as measured by cold pain thresholds)
was not present in any of the patients (data not shown).

Microneurography
In this study, microneurographic recordings were obtained from
cutaneous fascicles of the peroneal nerve at knee level in three
different groups of subjects: five DNP patients, three DN pa-
tients, and nine HCs.

A total of 163 C-fibers were recorded in patients with diabetic
neuropathy. The mean � SEM CV of these units was 0.82 � 0.02
m/s compared with a mean CV of 0.87 � 0.02 m/s in the control
subjects (n 	 77) ( p 	 0.058, t test). Seventy-four fibers in the DNP
patients, 40 in the DN patients, and 62 fibers from HC were tested for
their degree of relative total slowing, their mechanical responsive-
ness, and response to sympathetic stimuli. The characterization of
the fibers into three main classes and pathological subgroups is
shown in Table 1, whereas the distribution of categorized fibers ob-
tained from each patient is shown in Table 3. The relative distribu-
tion of fiber types identified in the three subject groups was signifi-
cantly different (Fig. 1) ( p � 0.001, Pearson’s �2 test).

Afferent fibers (CM, CMi) with normal characteristics

Mechano-responsive fibers
In the DNP patients, we found 10 CM fibers with CV 0.92 � 0.04
m/s and a relative total slowing of 2.98 � 0.3%, whereas in the
DN patients, nine CM fibers were classified with a CV of 0.90 �
0.06 m/s and a relative total slowing of 2.36 � 0.3%. There were
significantly fewer normal CM fibers in the patients compared
with the controls ( p � 0.001, Fisher’s exact test), and the CV of
the 19 CM fibers from the two patient groups was significantly
lower than the CV of the 27 CM fibers in healthy controls (0.91 �
0.03 vs 1.0 � 0.02 m/s; p 	 0.03, t test). All of these fibers re-
sponded to mechanical stimulation with thresholds �750 mN.

As seen in Figure 2, the relative total slowing of the CM fibers
in the patients was not significantly different from healthy con-
trols (2.69 � 0.2 vs 2.69 � 0.2%) ( p 	 0.99, t test). Fifteen of 19
CM fibers obtained from the patients were tested for heat re-
sponses and 13 were positive to heat (CMH) (total range, 38 –
45°C), whereas 5 of 27 CM fibers obtained from the healthy con-
trols were tested for heat and four were positive (total range,
40 – 47.9°C).

Table 2. Anamnestic and clinical data of the patients

Pat 1 Pat 2 Pat 3 Pat 4 Pat 5 Pat 6 Pat 7 Pat 8

Sex M M M F M M F F
Age (years) 57 53 36 60 60 37 67 61
Duration diabetes (years) 33 2 25 1 3 30 9 20
Duration
Pain (years) 3,5 3 9 1,5 3 0 0 0
Treatment Insulin Oral Insulin Diet Insulin Insulin Insulin Insulin
Ongoing pain Feet, pricking,

aching
Feet, burning,

pricking
Feet, legs, burning,

pressing
Feet and toes,

aching
Feet and legs aching,

tightening
0 0 0

VASmax 3,2 5,8 9,7 2,5 2,2
Paroxysmal pain VASmax 0 6,7 7,7 2,9 0 0 0 0
Reported evoked pain VASmax 0 6,7 8,2 3,2 2,2 0 0 0
Tendon reflexes N N Absent ankle, patellar,

and biceps
Absent ankle Absent ankle,

reduced patellar
N Absent ankle Reduced ankle

Vibration N Reduced N N Absent Reduced N N
Light touch/pinprick N Reduced Reduced Reduced N N N N
Joint position Reduced N N N Reduced N N Reduced

Pat, Patient; M, male; F, female; N, normal; VASmax, maximum intensity of pain on a visual analog scale.
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Mechano-insensitive fibers
In the DNP patients, 24 CMi fibers were
classified, 15 in the DN patients and 12 in
the HC group. There were more CMi fi-
bers in the patients, but this difference did
not reach statistical significance ( p 	 0.08,
Fisher’s exact test). The CV and relative
total slowing of the CMi fibers did not dif-
fer significantly between the three groups
and were, respectively, as follows: 0.79 �
0.05 m/s, 8.34 � 0.4% (DNP); 0.81 � 0.09
m/s, 7.30 � 0.3% (DN); and 0.77 � 0.07
m/s, 8.30 � 0.5% (HC). Thirty-two of 39
CMi fibers obtained in the two patient
groups were tested for a heat response and
17 were positive to heat (total range, 40 –
49°C), whereas 4 of 12 CMi fibers obtained
in the HC were tested for heat and two
responded (thresholds, 40 and 48°C).

In the healthy subjects, 27 CM and 12
CMi fibers were found, whereas in the pa-
tients, only 19 CM but 39 CMi were classi-
fied ( p � 0.001, � 2 test). Thus, the ratio of
CM to CMi fibers being �2:1 in the con-
trol group was reversed to �1:2 in the
patients.

Efferent fibers (symp)
Fourteen fibers in the symptomatic pa-
tients, two in the asymptomatic patients, and 17 in the healthy
control subjects were characterized as symp. The CV and relative
total slowing of the symp fibers were 0.83 � 0.06 m/s and 3.91 �
0.2% (DNP), 0.88 � 0.01 m/s and 4.42 � 0.4% (DN), and 0.83 �
0.02 m/s and 3.45 � 0.4% (HC) (no significant group effect,
one-way ANOVA). However, as seen in Figure 1, fewer sympa-
thetic fibers were found in the pain-free patients (DN), and the
proportion of these fibers was significantly different in the three
groups ( p 	 0.01, Fisher’s exact test), with significantly fewer
sympathetic fibers in the pain-free patients compared with
healthy controls ( p 	 0.004, Fisher’s exact test).

Mechano-insensitive fibers with moderate activity-dependent
slowing: Cxi fibers
A large number of fibers in the patients could not be classified
according to the standard criterion because of an apparent mis-
match between degree of slowing and mechanical responsiveness.
These units were not mechanically excitable (similar to
mechano-insensitive fibers), and they showed only moderate
activity-dependent slowing of conduction velocity in the low-
frequency electrical stimulation protocol (in the range of
mechano-responsive fibers). In the DNP group, we found 14 of
these fibers (18.9% of characterized fibers) and five (12.5%) in
the DN group. Two (3.5%) such fibers were observed in the HC
group that were unresponsive to mechanical poking. There was a
significant difference in the incidence of these fibers between the
three groups ( p 	 0.01, Fisher’s exact test), with a higher inci-
dence in the patients ( p 	 0.007, Fisher’s exact test).

Conduction velocity of these fibers (pooled from all record-
ings) was 0.97 � 0.04 m/s, similar to CM fibers (0.96 � 0.02 m/s;
p 	 1, ANOVA, post hoc Dunnett’s T3 test), but significantly
faster than the CMi fibers (0.79 � 0.04 m/s; p 	 0.01, ANOVA,
post hoc Dunnett’s T3 test) and significantly faster than the symp
fibers recorded in this study (0.83 � 0.02 m/s; p 	 0.04, ANOVA,

post hoc Dunnett’s T3 test). The relative total slowing of these
fibers (2.34 � 0.3%) was significantly less than that in the CMi
(8.02 � 0.2%; p � 0.001, ANOVA, post hoc Dunnett’s T3 test)
and symp fibers (3.73 � 0.2%; p 	 0.001, ANOVA, post hoc
Dunnett’s T3 test) but not significantly different from that found
in the CM fibers (2.69 � 0.1%; p 	 0.8, ANOVA, post hoc Dun-
nett’s T3 test). An afferent response to mechanical or heat stim-
ulation was not observed in these fibers. Transcutaneous electri-
cal thresholds were determined for eight of them and ranged
from 15 to 60 mA (pulse width of 500 �s), with a mean threshold
of 34.9 mA. The slowing pattern of these fibers (designated “Cxi”
in the figures) for different stimulation frequencies showed sig-
nificantly reduced slowing compared with mechano-insensitive
fibers at all frequencies (Fig. 3) but a virtually identical slowing
pattern as that seen for mechano-responsive fibers at a stimula-
tion frequency of 0.25 Hz. Interestingly, the slowing pattern dif-
fered slightly between these atypical fibers and CM fibers, with a
more pronounced slowing at a low-stimulus frequency of 0.125
Hz (0.48 � 0.06 vs 0.23 � 0.04%) and a less pronounced slowing
at the higher stimulation frequency of 0.5 Hz (1.23 � 0.2 vs
1.86 � 0.1%) (Fig. 3).

In both the DNP group (n 	 5) and the DN group (n 	 2),
fibers with other signs of desensitization were identified. These
fibers showed a slowing profile similar to CM fibers. Five of these
responded to heat but had no mechanical response, whereas two
fibers had no heat response and an unclear and not reproducible
mechanical response. The CV and relative total slowing of these
seven fibers were in the range of CM and Cxi fibers (0.91 � 0.1
m/s and 2.66 � 0.6%).

Response to 2 Hz, 3 min stimulation
Electrical stimulation at 2 Hz for 3 min (Serra et al., 1999) in-
duced characteristic patterns of conduction velocity slowing in
the different fiber classes. Maximum slowing to this stimulation

Table 3. Thermal thresholds (in °C) from QST and C-fiber types obtained from each patient in microneurographic
recordings

Pat 1 Pat 2 Pat 3 Pat 4 Pat 5 Pat 6 Pat 7 Pat 8

CDT
Thenar 31.6 29.5* 30 29.7 30.7 30.7 29.3* 30.2
Thigh 23* 26.5* 23.4* - 28.9 29 29.1 29.1
Leg 18.7* 26.3* 27.2* 28.1 27.6 21.7* 28.5 29
Feet 26.5 24.9* 18.1* 27.3 24.9* 19.6* 26.5 26.5

WDT
Thenar 33.6 34.2 36* 34.3* 34 33.6 34.7* 33.6
Thigh 42.3* 35.6 35.9 - 36.1 35.6 42.9* 35.6
Leg 48.8* 45.9* 44.4* 37.3 41.2 36.6 43.8* 39.5
Feet 44.9* 43.9* 42.6 39.4 44.2* 48.4* 44.4* 45.8*

HPDT
Thenar 49.1* 44.3 44.3 39.4 47.2 41 41.4 44.5
Thigh �50* 45.5 48.9* - 44.5 43.7 49.6* 45.5
Leg �50* 50* 47.5 43.7 48.2 47 49.2* 48.1
Feet 49.5* 49.9* 47.3 46.9 48.6* 50* 49.7* �50*

MNG days two two two two one two one two
Fiber types

CM 0 0 6 2 2 2 2 5
CMi 2 11 3 8 0 5 2 8
Symp 0 4 3 5 2 2 0 0
Cxi � Cdes 3 3 9 3 1 4 1 2
Csp � Csens 3 1 0 1 2 3 0 4
Total 8 19 21 19 7 16 5 19

Thresholds for cold detection (CDT), warmth detection (WDT), and heat pain detection (HPDT) obtained at different locations in each patient. An asterisk
shows that the threshold was pathological compared to healthy controls. Classification of normal C-fibers obtained in microneurography as described in the
methods. Abnormal units with either varying degrees of desensitization (Cxi � Cdes) or sensitized or spontaneously active afferent fibers (Csp � Csens) are
shown in italics.
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frequency did not differ significantly between healthy subjects
and patients with or without pain in CM, CMi, or symp fibers
(Fig. 4). The Cxi fibers (DNP, n 	 5; DN, n 	 2) showed less
slowing than normal afferent fibers (DNP, 7.9 � 2.2%; DN,
10.6 � 3.2%) compared with both CM ( p 	 0.04, ANOVA, post
hoc Scheffé’s test) and CMi ( p 	 0.003, ANOVA, post hoc
Scheffé’s test) fibers (Fig. 4). The slowing pattern of these atypical
fibers also differed from the sympathetic fibers in which the initial
slowing had a much steeper slope (half-maximum time of slow-
ing, 22 � 3.1 vs 55 � 4.0 s; p � 0.01, ANOVA, post hoc Scheffé’s
test).

In addition, normalization of conduction velocity after this
protocol in CM fibers showed different patterns in the two pa-
tient groups (DN, n 	 7; DNP, n 	 6) and the healthy controls
(HC, n 	 17). The maximum slowing, which was reached after
the 2 Hz, 3 min stimulation, gradually normalized when the stim-
ulation frequency was reduced to 0.25 Hz. After 150 s with the
lower-stimulation frequency, slowing of conduction velocity was
still 28 � 5.9% of the maximum in HC but 21.4 � 4.8% in DN
patients and only 9.9 � 2.8% in DNP patients. This indicates that
the patients had a tendency toward a faster recovery after a slowed
state compared with the controls. This was most apparent in
patients with pain (DNP), although it did not reach statistical
significance ( p 	 0.07, ANOVA, post hoc Scheffé’s test). Because
of the low number of recovery profiles recorded from CMi fibers,
we were not able to compare the results from the three subject
groups for this fiber type.

Spontaneous activity and sensitized fibers
Bursts of unprovoked spontaneous activity were seen in afferent
fibers in patients with pain (n 	 4) but also in those without pain
(n 	 4) (Table 1). Six of these were CMi fibers, whereas two were
CMs. Three units with axonal properties resembling CMi fibers
but with some responsiveness to mechanical poking (threshold
�750 mN) regarded as sensitized mechano-insensitive (CMi)
fibers were also found in each patient group. Two spontaneously
active fibers (one CM and one CMi) and two sensitized CMi
fibers were also observed in the healthy controls (Table 1).

Discussion
None of the routinely used clinical methods test the conductive
properties of small fibers, and microneurography studies in pa-
tients are few. Recordings from sympathetic fibers in patients
with diabetic neuropathy have not shown changes in conduction
velocity (Fagius and Wallin, 1980). In one microneurographic
study on afferent C-fibers that included patients with diabetes
but with little or no neuropathy, no specific changes of conduc-
tive properties in the C-fibers from the patients were found (Serra
et al., 1999).

We describe for the first time a clear difference in the distri-
bution of subtypes of C-fibers in patients with diabetic neuropa-
thy compared with healthy controls. The ratio of normal
mechano-responsive to mechano-insensitive nociceptors was
�1:2 in patients with diabetic neuropathy compared with 2:1 in
healthy controls. Microneurography experiments do not provide

Figure 1. Percentages of characterized C-fibers in the three subject groups. The distribution
of fibers characterized within the groups of HC, DNP, and DN was significantly different. This
difference was most apparent regarding the CM, symp, and Cxi fibers. The absolute numbers of
the different fiber types found within each group are given below the bars. CM and CMi fibers
include fibers responding to heating (CMH and CH, respectively). Cxi are fibers with axonal
properties resembling CM fibers but with no afferent or efferent response. Cdes are fibers with
axonal properties resembling CM but with only an afferent response to heat or with a rudimen-
tary response to mechanical stimulation. Cspont/sens represents afferent fibers with either
mechanical sensitization or spontaneous activity.

Figure 2. CV and total slowing of three fiber types in healthy controls and patients. CV and
total slowing of CM, CMi, and abnormal fibers with axonal properties of CM but no response to
afferent or efferent stimuli and no spontaneous activity (Cxi) identified as follows: A, healthy
controls (CM, 27; CMi, 12; Cxi, 2); B, patients with nonpainful diabetic neuropathy (CM, 9; CMi,
15; Cxi, 5); and C, patients with painful diabetic neuropathy (CM, 10; CMi, 24; Cxi, 14). The CV
and relative total slowing (to the increasing electrical stimulus frequency protocol) of the Cxi
fibers were in the range of the CM fibers, although they did not respond to mechanical stimuli.
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information on the absolute number of C-fibers in a nerve. How-
ever, histological studies suggest that diabetic neuropathy leads to
a decrease of unmyelinated nerve endings in the skin (Pittenger et
al., 2004; Polydefkis et al., 2004; Smith et al., 2001; Sumner et al.,
2003), and psychophysical studies have revealed elevated thermal
thresholds in patients with diabetic neuropathy (Kramer et al.,
2004a). From these findings, we may conclude that our present
results most probably reflect a shift in the relative proportion of
fiber subtypes on the background of a general loss of C-fibers.

Previous studies have shown that CM and CMi fibers have
different functions. Whereas the CM fibers are mainly responsi-
ble for the temporal and spatial resolution of thermal pain and for
the heat pain threshold (Tillman et al., 1995b), CMi fibers con-
tribute mainly to the axon reflex flare and thus to neurogenic
inflammation (Schmelz et al., 2000a; Schmelz and Petersen,
2001) and are also crucial for phenomena of primary and second-
ary hyperalgesia (Schmelz et al., 2000b). If the CMi fibers are less
affected than CM fibers, this may explain hyperalgesia observed
in early stages of diabetic neuropathy on the background of ele-
vated thresholds for painful stimuli. However, the efferent func-
tion of the CMi fibers, which has been found to be impaired in
diabetic neuropathy (Kramer et al., 2004b), was not tested in this
study.

The conduction velocity of the normal CM fibers found in the
patients was significantly slower than in the healthy controls,
whereas the conduction velocity of the CMi fibers was un-
changed. Our results fit well with a morphological study from
sural nerve biopsies in patients with diabetic neuropathy, which
has shown smaller axonal diameters of unmyelinated fibers
(Malik et al., 2001). Axonal atrophy with thinning of the axons
and thereby a decrease in the length constant could explain the
decreased CV of CM fibers in the patients in our study. Similar
reductions in the CV of afferent fibers were observed in patients
with erythromelalgia and have been attributed to an early stage of
small-fiber neuropathy (Ørstavik et al., 2003).

Neuropathy: receptive changes
The relative lack of normal mechano-responsive fibers in the
patients was accompanied by a large group of C-fibers with a
degree of activity-dependent slowing of conduction velocity in
the range of CM fibers, which were unresponsive to mechanical
and heat stimulation of their nerve terminals (Cxi fibers). These
fibers were also unresponsive to sympathetic stimulation and not
spontaneously active. In a few additional fibers, heat responses
were preserved (Cdes), indicating several stages of sensory
degeneration.

The pattern of activity-dependent slowing of the abnormal
Cxi fibers was similar to CM fibers, but the relative slowing was
less pronounced at higher stimulation frequencies (Fig. 4). Sym-
pathetic fibers show a characteristic response with pronounced
initial slowing and later partial reversal to a 3 min, 2 Hz stimula-
tion (Campero et al., 2004), which is the opposite pattern seen in
the Cxi fibers. The Cxi fibers can therefore most probably be
classified as afferent units with impaired transduction mecha-
nisms, although we cannot rule out that they originate from
mechano-insensitive units, sympathetic fibers, or even from A�
fibers, which have acquired conduction velocities in the C-fiber

Figure 3. Mean relative slowing at increasing stimulus frequencies in CM, Cxi, symp, and CMi
fibers. Fibers from both patient groups and healthy controls are pooled to look at conductive
properties of Cxi (n 	 21) fibers compared with CM (n 	 45), symp (n 	 23), and CMi (n 	 50)
fibers. The relative slowing to all three frequencies was significantly different in the four groups
( p � 0.001, ANOVA). There was significantly more slowing to all frequencies in CMi fibers
compared with CM, symp, and Cxi fibers ( p � 0.001, post hoc Dunnett’s T3 test for all 3
comparisons at all 3 frequencies). There was also significantly more pronounced slowing in the
Cxi fibers compared with the CM fibers at 0.125 Hz ( p 	 0.008, post hoc Dunnett’s T3 test) and
less pronounced slowing of the Cxi fibers compared with the CM fibers at 0.5 Hz ( p 	 0.02,
ANOVA, post hoc Dunnett’s T3 test). The symp fibers slowed significantly more than the Cxi at
both 0.25 and 0.5 Hz ( p � 0.001, post hoc Dunnett’s T3 test, at both paces), whereas the
relative slowing did not differ significantly between Cxi fibers and symp fibers at 0.125 Hz. The
CM fibers slowed significantly less than the symps at 0.250 Hz ( p � 0.001, ANOVA, post hoc
Dunnett’s T3 test), whereas the relative slowing at 0.125 and 05.Hz did not differ significantly
between these two fiber types. *p�0.05 and �0.01; **p�0.01 and �0.001; ***p�0.001.

Figure 4. Slowing to 2 Hz, 3 min protocol. A 2 Hz, 3 min protocol was performed in some of
the fibers recorded from patients (CM, 13; CMi, 14; symp, 4; Cxi, 8) and in some from healthy
controls (CM, 26; CMi, 4; symp, 8; Cxi, 0). This additional protocol for testing the slowing at
higher stimulus repetition rates can be used to distinguish between afferent and efferent
C-fibers. In the patients, Cxi fibers slowed in a manner similar to symp fibers and significantly
less than CM and CMi fibers (CM, p 	 0.04; CMi, p 	 0.003; ANOVA, post hoc Scheffé’s test).
However, the shape of the curve of the Cxi fibers (steepness of slope and no plateau or speeding
after 1 min of stimulation) differed from the shape seen in sympathetic fibers with a signifi-
cantly longer half-maximum time in Cxi compared with symp ( p 	 0.04, ANOVA post hoc
Scheffé’s test). In contrast to the relative total slowing parameter in the low repetition rate
protocol, in this protocol, Cxi fibers showed less slowing than CM in healthy and diseased nerves.
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range attributable to demyelination. However, the sensory and
axonal characteristics of these fibers would best fit with a “dying
back” of CM fibers, resulting in loss of normal receptor function
and the reduced number of regular CM fibers observed in the
patients. This interpretation is also in accordance with the re-
duced epidermal nerve fiber density found in diabetic neuropa-
thy patients (Smith et al., 2001; Sumner et al., 2003; Pittenger et
al., 2004). The constant growth of the keratinocytes in the epider-
mis with a regeneration cycle of 28 d (Kennedy et al., 2005) forces
the most superficially located C-fibers to constantly extend their
endings. Skin biopsies from diabetic patients have shown that
sensory axons sometimes terminate abruptly at the epidermal
border (Fernyhough and Schmidt, 2002; Kennedy et al., 2005).
This indicates that superficial epidermal innervation is more dif-
ficult to sustain than axons deep in the skin and is reflected by a
reduction of functional CM fibers in our material.

Another aspect of axonal degeneration is sensitization of
neighboring uninjured units (Ali et al., 1999; Wu et al., 2001;
Ringkamp and Meyer, 2005). A higher production of nerve
growth factor by non-neuronal cells and impaired uptake by in-
jured fibers would result in local NGF concentrations, high
enough to sensitize the surviving C fibers (Griffin, 2005). Indeed,
in patients, we found CMi fibers with spontaneous activity or
sensitization to mechanical stimulation, which could be linked to
the lack of NGF uptake by dying back mechano-responsive units.
However, these probably “hypertrophed” units were more fre-
quent in DN patients without pain than in those with pain. Over-
all, their number was small. One may hypothesize that these signs
of sensitization are more prominent in the early development of
a diabetic neuropathy than in the later stages studied here.

Thermal thresholds, including the heat pain detection thresh-
old (HPDT), are often elevated in patients with diabetic neurop-
athy, in some cases causing serious slowly healing burns (Mor-
bach et al., 2004). Because heat pain thresholds in normal hairy
skin are determined by heat-responsive CM nociceptors (CMH)
(Torebjörk et al., 1984; Tillman et al., 1995a,b), the finding of a
relative loss of CM fibers could explain the elevation of HPDT,
also seen in our patients. Supporting this hypothesis, the CM/
CMi ratio in the three patients with only slightly elevated or nor-
mal heat pain detection thresholds (Table 3, patients 3–5) was
10:11, whereas in the other five patients with elevated HPDT, the
CM/CMi ratio was 9:28. The heat pain responses with elevated
thresholds in the patients may be mediated by preserved heat
responses in CMi fibers (CH), which have higher heat activation
thresholds compared with mechano- and heat-responsive
(CMH) nociceptors (Weidner et al., 1999).

Is neuropathic pain attributable to spontaneous activity
in C-fibers?
Ectopic activity in C-nociceptors is one of the favorite theories for
spontaneous pain in neuropathic pain patients (Woolf and Man-
nion, 1999). Recently, results from microneurography studies on
patients with limb pain (one with diabetes) found several catego-
ries of pathological behavior in C-fibers, including double spikes
and spontaneous discharges in afferent fibers (Bostock et al.,
2005; Ochoa et al., 2005). In the present study, we found sponta-
neously active afferent fibers in patients, but we did not find
significantly more of these in patients with pain compared with
those without pain. However, a possible explanation might be
that, with advanced dying back, some afferent fibers with ongo-
ing activity may have been unexcitable at the stimulation site but
intact at sites closer to the spinal cord. Additional studies in pa-
tients with newly developed painful neuropathy are therefore

needed to clarify the importance of spontaneous activity in
C-nociceptors for the development of a painful diabetic
neuropathy.

Conclusions
We found a clear difference in the distribution of C-fibers in
patients with diabetic neuropathy compared with healthy con-
trols, with a decrease in the number of mechano-responsive no-
ciceptors and the presence of probable degenerated fibers with-
out responsiveness to mechanical or heat stimuli, indicating an
extensive dying back of mechano-responsive nociceptors. A
change in the distribution of C-nociceptors in the skin has never
been shown and might be important for understanding the
mechanisms responsible for the development of small-fiber neu-
ropathy, especially in patients with diabetes.
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