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The LDIflare
A novel test of C-fiber function demonstrates early neuropathy in
type 2 diabetes
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RESEARCH DESIGN AND METHODS — The neurogenic flare response to nociceptive
stimuli is mediated by an axon reflex involving small unmyelinated C-fibers. We developed a method to assess this reflex involving skin heating to 44°C to evoke the flare followed by scanning the
site using a laser Doppler imager (LDI) to measure the area; we termed this method LDIflare. To
confirm its neurogenic nature, we examined the LDIflare in eight healthy subjects before and
after topical administration of anesthesia. We used this technique to detect C-fiber neuropathy
in people with type 2 diabetes. A total of 36 subjects were studied: 12 subjects with neuropathy
(group DN), 12 subjects without neuropathy (group DC), and 12 age- and sex-matched control
subjects (group NC). For comparison, small-fiber function was also assessed using the Computer
Aided Sensory Evaluator–IV (CASE IV) (WR Medical Electronics, Stillwater, MN).
RESULTS — In the eight healthy control subjects, LDIflare was markedly reduced after topical
administration of anesthesia (1.62 [1.45–1.72] vs. 5.2 cm2 [3.9 –5.9], P ⬍ 0.0001), confirming
its neurogenic nature. Similarly, in neuropathic subjects, LDIflare was significantly smaller
compared with normal and diabetic control subjects (LDIflare area: DN 1.3 cm2 [0.9 –1.8], NC
5.5 cm2 [3.9 –5.8], and DC 2.8 cm2 [2.5–3.8]; P ⬍ 0.0001 and P ⫽ 0.01, respectively). The
group without neuropathy (DC) also demonstrated a reduced flare compared with the NC group
(P ⫽ 0.01). In contrast, C-fiber function assessed by evaluating the quantitative thermal thresholds (CASE IV) did not detect a difference between the latter two groups.
CONCLUSIONS — This study confirms the neurogenic nature of the LDIflare and clearly
demonstrates loss of C-fiber function in neuropathic subjects with type 2 diabetes. Moreover, it
demonstrates C-fiber dysfunction before its detection by other currently available methods,
including CASE IV. The LDIflare seems to be a simple objective method to detect early neuropathy and may be of value in assessing therapeutic interventions aimed at preventing or reversing
C-fiber dysfunction.
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eripheral neuropathy is a frequent
complication of type 1 and type 2
diabetes, affecting between 40 and
60% of individuals. It is an important
contributor to the increased morbidity in
patients with diabetes and has been
shown to be an independent risk factor

for foot ulceration (1– 4). Moreover, it has
been estimated that ⬃80% of lower limb
amputations in patients with diabetes are
preceded by a foot ulcer (5,6). Therefore,
early detection of neuropathy is vital to
prevent foot ulceration and reduce the incidence of amputation.
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OBJECTIVE — The aim of this study was to evaluate a novel method for assessing the axon
reflex and to determine its value in detecting neuropathy in type 2 diabetes.

Screening for the presence of neuropathy using simple clinical tools, such as
the neuropathy disability score, neuropathy symptom score, pressure perception
using Semmes-Weinstein monofilaments, and vibration sensation with the
neurothesiometer (Horwell Scientific
Laboratory Supplies, Nottingham, U.K.),
has been shown to be important in identifying individuals at risk for foot ulceration (7–13). However, these tools assess
mainly large-fiber function. Although
progressive loss of large myelinated A-␤,
small myelinated A-␦, and unmyelinated
C-fibers are all involved during the course
of this condition, it has been suggested
that small unmyelinated C-fibers may be
selectively damaged in the early stages of
diabetes (14 –19). Recent studies have
also shown that individuals with impaired
glucose tolerance (IGT) can develop
small-fiber neuropathy similar to that in
established diabetes, and there is an increased prevalence of IGT in subjects with
idiopathic painful neuropathy (20 –22).
In an animal model, IGT with insulinopenia rather than IGT with hyperinsulinemia was associated with structural
neuropathy and functional impairment in
neuropeptide synthesis (23). Of importance is the recent evidence that smallfiber neuropathy may be involved in the
development of foot ulceration (24,25).
Therefore, the assessment of thermal
thresholds using as a measure of smallfiber neuropathy instruments such as the
Computer Aided Sensory Evaluator–IV
(CASE IV) (WR Medical Electronics, Stillwater, MN) and the TSA-II NeuroSensory
Analyzer (Medoc Advanced Medical Systems, Ramat Yishay, Israel) has been advocated to identify those at risk for foot
ulceration (26 –28). However, to date,
their use has been largely confined to
evaluating the effects of new treatments
on small-fiber function in large multicenter clinical trials. A concern regarding
the use of quantitative sensory testing is
their dependence on subjective responses, which may account for their
high interobserver variability and relatively poor reproducibility (29 –32).
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Table 1—Clinical characteristics of diabetic and control groups

n
Age (years)
Duration (years)
BMI (kg/m2)
HbA1c (%)
Ankle brachial pressure index
VPT (V)

NC group

DC group

DN group

12
50.2 (56.0–62.2)
—
25.40 (22.9–27.4)
—
1.1 (1.0–1.2)
7.0 (4.3–8.0)

12
51.0 (54.5–61.5)
6.0 (5.3–6.8)
30.7 (29.3–32.2)
8.00 (7.40–8.40)
1.1 (1.0–1.2)
7.0 (6.0–8.7)

12
54.0 (55.0–61.5)
10.0 (5.8–14.8)
32.3 (30.6–34.8)
8.80 (8.40–9.1)
1.2 (1.0–1.3)
40.7 (23.7–51.0)

Recently, it has been suggested that
assessment of epidermal nerve fibers in
foot skin biopsy specimens may be the
gold standard for evaluating small-fiber
neuropathy (33–38). However, this is invasive and may not be suitable for routine
clinical use.
The axon reflex–mediated flare response to injury first described by Sir
Thomas Lewis has been demonstrated to
be diminished in people with diabetes
(39 – 42). This neurogenic vasodilatation
has been shown to be directly related to
nociceptive C-fiber function (43– 45). As
this is objective, it has potential advantages over the currently available subjective techniques. To date, several studies
have used iontophoresis of acetylcholine
to elicit this reflex; however, these methods are nonphysiological and have poor
reproducibility for reasons later discussed
(44 – 46).
We developed a novel method to assess the neurogenic flare based on the
physiological stimulus of heating to 44°C.
This involved a modification of the established method for determining maximum
microvascular hyperemia, which we originally described (47). Unlike the previous
method that used a single-point laser, we
used a laser Doppler imager (LDI) (Moor
Instruments, Devon, U.K.) so the extent
of the flare could be identified. The aim of
this study was to validate the method and
to determine its value in detecting neuropathy in type 2 diabetes.
RESEARCH DESIGN AND
METHODS — Three groups of ageand sex-matched subjects were studied:
12 subjects with type 2 diabetes with clinical neuropathy (group DN), 12 subjects
with type 2 diabetes without neuropathy
(group DC), and 12 control subjects

(group NC). Subjects with type 2 diabetes
were recruited from the outpatient clinics
of the Ipswich Diabetes Centre (Ipswich,
U.K.). None of the subjects had clinical
features of peripheral vascular disease,
and all had an ankle brachial pressure index ⬎0.8. The clinical characteristics of
the patients in the diabetic and control
groups are shown in Table 1. The local
ethical committee approved the study,
and all subjects gave written consent.
Assessment of LDIflare
Subjects were allowed to acclimatize for
30 min in a room in which temperature
was maintained at 25 ⫾ 1°C. The foot
temperature was measured proximal to
the first and second metatarsal heads using an infrared thermometer (Linear Laboratories, Fremont, CA). Maximum
hyperemia at the site of heating and the
axon reflex–mediated LDIflare were examined using an LDI that uses a stable
helium neon gas laser ( ⫽ 632.8 nm).
The laser beam is deflected by a moving
mirror to create a raster pattern across the
surface of the skin. Doppler-shifted light
from moving blood and nonshifted light
from static tissue is directed back via the
same mirror into two detectors. Fluctuations in the wavelength are processed to
calculate the flux, which is proportional
to tissue blood flow. The data were recorded to a computer using the MoorLDI
version 3.11 software (Moor Instruments)
and a flux image was produced using a
palette of 16 equally spaced colors in
which dark blue represented the lowest
perfusion and red represented the highest
perfusion.
The skin proximal to the first and second metatarsal heads on the dorsum was
heated with a 0.64-cm2 circular skin
heater (Moor Instruments) to 44°C for 20
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Assessment of neurological function
Vibration sensation was assessed using
the Neurothesiometer (Horwell Scientific
Laboratory Supplies, Nottingham, U.K.)
at the pulp of the great toe. Vibration perception threshold (VPT) was measured
using the ascending method of limits. A
mean of three values was taken for analysis. The results were expressed in volts, and
a value of 51 was assigned if the subjects
could not feel the maximum vibration.
Neuropathy was also assessed in the
studied foot (right) using the Neuropen
(Owen Mumford, Oxford, U.K.), which
contains a 10-g monofilament to assess
pressure perception and a Neurotip
(Owen Mumford) for pinprick sensation
(8,9). For 2 s, 10-g monofilaments were
applied at the plantar aspect of the first,
third, and fifth metatarsal heads, and
Neurotip was applied at the eponychium
of the first toe (i.e., a total of four sites
were tested, three for the 10-g monofilament and one for the Neurotip). At sites
where sensation was absent, the test was
repeated three times to confirm the abnormality. Subjects were considered to have
2931
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Data are medians (interquartile ranges). There were no significant differences in age between the NC, DC,
and DN groups. BMI was lower in the control subjects (NC) than in the DC and DN groups (P ⬍ 0.0001 and
P ⫽ 0.001, respectively). Duration of diabetes and HbA1c were not significantly different between the DC and
DN groups. Ankle brachial pressure index was not different between the three groups.

min. An area of 3.5 ⫻ 3.5 cm surrounding
the heated skin was scanned with an LDI
immediately after removal of the heater
probe. The laser head of the LDI was
aligned to be perpendicular to the dorsum
of the foot at a fixed distance of 30 cm.
The scan images were stored in a computer and processed offline. On the flux
image, the region of interest demarcated
by the edge of the flare was drawn and the
area of the LDIflare was calculated using
MoorLDI version 3.11 software. The results were expressed in cm2. Similarly, the
region corresponding exactly to the size of
heater probe was defined, and the mean
flux within that region was calculated;
this is the maximal hyperemic response,
which we have termed LDImax. The results are expressed in arbitrary perfusion
units. The coefficient of variation of the
LDIflare and LDImax was determined by
repeating the test twice in 10 healthy subjects (6.8 and 6.4%, respectively).
To validate this method, the LDIflare
was determined in eight healthy subjects
before and after application of local anesthetic cream (lidocaine 2.5% and prilocaine 2.5%) (EMLA cream; AstraZeneca,
Luton, U.K.) to an area exactly the size of
the skin heater to block the cutaneous
nerve fibers. The cream was applied for
60 min before heating.

Test of C-fiber function in type 2 diabetes

impaired sensation if they could not feel at
more than one of the above-mentioned sites
for either modality.
Subjects with abnormal response using the Neuropen assessment and/or with
impaired VPT (ⱖ15 V, i.e., ⬎95th percentile for this age-group) were classified
as neuropathic (48). All subjects in
groups NC and DC had intact sensation to
Neuropen assessment and normal VPT.
For the purpose of this study, cold
and warm detection thresholds were used
as comparative assessment of C-fiber
function and not for classification of neuropathy. These tests were performed using CASE IV software version 4.27.1 (WR
Medical Electronics, MN). The cold detection threshold (CDT) and warm detection threshold (WDT) were measured
using the 4, 2, and 1 stepping algorithm
with null stimuli as described by Dyck et
al. (26). CDT and WDT were examined
using the standard CASE IV thermode applied on the dorsum of the mid foot. For
each test, the computer calculated the
just-noticeable difference (JND) from the
subject’s responses. The concept of JND is
based on the ability to discriminate two
levels of stimuli. The CASE IV system uses
a set of 25 standardized vibratory and
thermal stimulation levels. Each level of
stimulation corresponds to 1 JND unit.
Therefore, a higher JND value reflects a
larger change in temperature (thermal)
(49). A value of 26 was given if the JND
was higher than the maximum of 25.
2932

Statistical analysis
Kruskal-Wallis and Mann-Whitney U
tests were used to compare the different
variables from the three groups. Median
and interquartile ranges were used to express the data. Pearson correlation coefficient (r) was used to examine the correlation between the variables. SPSS version
10.0 software (SPSS, Chicago, IL) was
used for the statistical analysis of the data.
RESULTS
Validation
In healthy volunteers, the flare area in response to heating was 5.2 cm2 (3.9 –5.9)
as compared with 1.62 cm2 (1.45–1.72)
after applying EMLA cream (median [interquartile range]; P ⬍ 0.0001). These results confirm the neurogenic nature of the
flare. In contrast, the microvascular hyperemia (LDImax) confined to the area of
skin in direct contact with the heater
probe and to which the EMLA was applied was unaffected, indicating that this
component is non-neurogenic (before:
659.0 arbitrary perfusion units [PU]
[602.7–711.2]; after: 629.0 PU [583.5–
676.0]; P ⫽ 0.64).
Studies in type 2 diabetes
The subjects in the three groups were age
matched, and there was no statistically
significant difference in the age between
the three groups. Similarly, the baseline
foot skin temperature was not signifi-

cantly different in the three study groups:
NC, 30.0 (29.9 –31.0); DC, 30.6 (29.0 –
32.1); and DN, 31.5 (30.0 –32.0).
LDImax was reduced in groups DC
and DN compared with group NC (P ⫽
0.01 and P ⫽ 0.001, respectively), but
there was no significant difference between the diabetic groups DC and DN
(P ⫽ 0.2).
The neurogenic component (LDIflare) was also significantly reduced in
groups DC and DN compared with group
NC (P ⫽ 0.01 and P ⬍ 0.0001, respectively). In contrast to the LDImax, which
was similar in the diabetic groups, the
LDIflare in group DN was also reduced
when compared with group DC (P ⬍
0.0001) (Fig. 1).
In the diabetic subjects, the LDIflare
inversely correlated with the VPT and
WDT (r ⫽ ⫺0.64 and ⫺0.57; P ⫽ 0.001
and 0.003, respectively) but was not significantly correlated with CDT (P ⫽
0.10). In contrast to the LDIflare, LDImax
did not significantly correlate with any of
the neurological parameters (VPT, P ⫽
0.07; WDT, P ⫽ 0.56; and CDT, P ⫽
0.08). Furthermore, there was no correlation between the LDIflare and LDImax
(P ⫽ 0.46). With regard to duration of
diabetes, BMI, HbA1c, and skin temperature, there was no significant correlation
with the LDIflare within the diabetic subjects (r ⫽ ⫺0.2, P ⫽ 0.3; r ⫽ ⫺0.2, P ⫽
0.4; and r ⫽ ⫺0.3, P ⫽ 0.1, respectively).
Of importance, C-fiber function as-
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Figure 1—LDIflare areas (cm2) in the three groups of
subjects. LDIflare was reduced in both diabetic groups
compared with the NC group (DN, P ⬍ 0.0001; DC, P ⫽
0.01, respectively) and was also significantly reduced in
the DN group compared with the DC group (P ⬍
0.0001).
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Table 2—LDIflare, LDImax, and thermal thresholds in the three groups
NC

DC

DN

2

LDIflare area (cm )
5.5 (3.9–5.8)
2.8 (2.5–3.8)*
1.3 (0.9–1.8)†
LDImax (PU)
533.0 (504.0–623.0) 409.5 (333.2–523.5)* 380.0 (280.5–484.0)‡
CDT (JND)
7.35 (8.0–12.0)
13.7 (10.5–18.8)
18.9 (16.0–23.7)
WDT (JND)
18.8 (16.2–20.0)
19.5 (12.7–22.7)
26.0 (26.0–26.0)
Foot temperature (°C) 30.0 (29.9–31.0)
30.6 (29.0–32.1)
31.5 (30.0–32.0)
Data are medians (interquartile ranges). *P ⫽ 0.01; †P ⬍ 0.0001; ‡P ⫽ 0.001.

CONCLUSIONS — In this study, a
novel method of evoking and measuring
the neurogenic flare was used to assess
C-fiber function. In previous studies, the
flare was stimulated by a variety of invasive methods, predominantly iontophoresis or injection of acetylcholine or
histamine (39,46,50,51). However, interpreting the response using these methods
is difficult because the mode of delivery of
the drug (current induced or injection)
can itself cause axon reflex vasodilatation;
in addition, dissemination of the substance through the skin cannot be regulated (52,53). It is also theoretically
possible that diffusion of the drug
through the glycosylated diabetic skin
could be reduced, interfering with the response. Furthermore, these studies use
single-point laser Doppler probes, which
cannot determine the flare area. Instead,
they simply examine the percent change
in microvascular blood flow at a predefined distance from the site of delivery
of the vasoactive substances. For these
reasons, it is not surprising that these
methods are associated with a high coefficient of variation (41,44,46,50,54).
In contrast, our technique uses a
small heater probe, which enables the
neurogenic flare to be induced by a single
localized and easily reproducible stimulus. Furthermore, the area of the flare and
thus the extent of intact innervation are

assessed rather than simply the increase
in the blood flow. The coefficient of variation is excellent (6.8%), and the stimulus
is physiological in that it is a natural noxious stimulus.
Although heating to 44°C is minor
trauma, there is wide experience of using probes at this temperature to assess
maximum hyperemia with no evidence of
adverse events. Moreover, the transcutaneous oxygen tension monitors used in
neonates and during anesthesia use electrodes heated to 44°C.
We have demonstrated in healthy
subjects that the LDIflare is dependent on
normal innervation by showing that application of topical local anesthetic significantly diminishes its size. In the diabetic
subjects, the strong correlation of LDIflare with VPT and WDT further supports
the neurological nature of the flare. In
contrast, the LDImax appears independent of innervation because in the healthy
subjects it was not significantly affected
by the topical anesthesia and in the diabetic patients it was equally impaired in
the groups with and without neuropathy.
Furthermore, the LDImax was not significantly correlated with any of the neurological parameters.
The reduction in LDImax in type 2
diabetic subjects confirms our previous
observations and those of others
(46,47,55). The pathogenesis of this abnormality is not fully understood, but we
have previously demonstrated in type 1
diabetic subjects an inverse relationship
with capillary basement membrane thickness and have suggested that this may
limit microvascular distensibility (56). It
has also been suggested that reduced nitric oxide synthesis or smooth muscle response to nitric oxide may be involved
(57). Other investigators have also suggested that the LDImax may be partially
mediated by the axon reflex (58). As
stated above, this is not supported by our
findings.
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sessed using the new method (LDIflare)
demonstrated a significant difference between groups DC and NC (P ⫽ 0.01) (Fig.
1), whereas the other tests of C-fiber function (CDT and WDT [CASE IV]) did not
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One of the most interesting findings
was that the group without clinical neuropathy also had significantly reduced
flare responses compared with the
healthy control subjects. This demonstrates that C-fiber dysfunction occurs
relatively early in type 2 diabetes before it
is detected by the currently available
methods.
In conclusion, this is a simple, noninvasive, and objective method to assess Cfiber function that has significant
practical advantages over other methods.
We believe the LDIflare will be of value in
screening for early neuropathy, and because of its excellent reproducibility, it is
ideally suited for assessing therapeutic interventions aimed at preventing or reversing C-fiber dysfunction. Moreover,
because C-fiber loss has a putative pathological role in the development of diabetic
foot ulcers, its early detection may enable
this risk to be assessed more precisely.
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