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Heat-provoked skin vasodilatation in innervated and denervated trunk

dermatomes in human spinal cord injury
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Study design: Cross-sectional, observational, controlled study.
Objective: High spinal cord injury (SCI) results in disruption of sympathetic vasomotor
control. Vasodilatation as a response to local heating is a biphasic mechanism: the first phase
(neurogenic) is mediated by the axon-reflex and is modulated by activity of sympathetic nerves.
Our objective was to determine whether the response to heat provocation in trunk dermatomes
may provide a measure of vasomotor sympathetic function in SCI.
Setting: National Spinal Injuries Centre, Stoke Mandeville Hospital, Buckinghamshire, UK;
Autonomic Unit, The National Hospital for Neurology and Neurosurgery, Queen Square,
London, UK; Neurovascular Medicine Unit, Imperial College London at St Mary’s Hospital,
UK.
Subjects: A total of 30 subjects were studied; 18 had chronic complete SCI (level C6–T11) and
12 were healthy controls.
Methods: Recordings of skin blood flow (SkBF) were obtained with thermostatic laser
Doppler probes placed in the upper trunk (at C4) and lower trunk (T10 or T12) dermatomes.
Results: SkBF at baseline (SkBFbas) and SkBF at the first peak of vasodilatation (SkBFmax)
showed no significant differences between SCI and controls either in upper or lower trunk
dermatomes. However, the ratio of SkBFmax/SkBFbas was significantly different in lower trunk
dermatomes in SCI at C6–T5 level (7.573.5 PU) compared to SCI at T6-T11 level (3.571.5 PU)
(Po0.01).
Conclusion: Measurement of SkBF in response to local heating may provide a safe,
noninvasive method to assess integrity of sympathetic spinal pathways to the local vasculature.
This may aid the classification of the SCI lesions, as the autonomic component currently is not
included in the accepted American Spinal Injury Association scoring.
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Introduction

Autonomic pathways from the brainstem and hypo-
thalamus to the intermediolateral cell column of the
spinal cord are interrupted following a spinal cord injury
(SCI). In the majority this affects the sympathetic
component of the autonomic system, which descends
in the thoracic and lumbar segments of the spinal cord,
and the parasympathetic innervation to pelvic viscera.
As the brain can no longer control the sympathetic
outflow below the level of lesion, tonic background
excitation of the intermediolateral cells is lost. The

result is a loss of modulation of the spinal auto-
nomic reflexes below the lesion with responses to a
variety of stimuli rendered ineffective or inappropri-
ate.1,2 The level and extent of the lesion are important in
determining the severity of autonomic dysfunction; thus,
low supine basal levels of blood pressure, orthostatic
hypotension, and at times autonomic dysreflexia (AD)
with substantial hypertension are more likely to occur
in patients with complete SCI above the fifth thoracic
level.2

Vasodilatation as a response to local heating of
nonglabrous skin is a biphasic mechanism.3 The first
peak in skin blood flow (SkBF) rise, the neurogenic
phase, is mediated by an axon-reflex, initiated the by
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activity of sensory nerves and modulated by the activity
of sympathetic nerves.4 It is a fast responding phase
reaching its peak in a few minutes and followed by a
brief nadir. The second phase of rise in SkBF is
mediated by the local production of endothelial nitric
oxide and reaches a plateau in about 30 min.3

Autonomic evaluation to aid classification of SCI
using the sympathetic skin response (SSR), which
evaluates only one autonomic pathway, involving
sympathetic cholinergic fibres to sweat glands has been
proposed.5 Evaluation of sympathetic innervation of
the vasculature would be of particular value. In a
previous study in our units, Kuesgen et al6 investigating
axon-reflex vasodilatation in trunk dermatomes above
and below the level of lesion in chronic SCI used
intradermal injection of histamine, and reported
diminished vasodilatation below the level of lesion. We
have extended our pilot study7 using a physiological
stimulus, which is noninvasive and nonpainful, to
induce vasodilatation by controlled local heating of
the skin. We hypothesized that as the first peak of the
vasodilator response in trunk dermatomes below the
level of lesion is dependent on sympathetic activation of
blood vessels, this would be impaired in complete SCI
where such spinal pathways were disrupted. Determin-
ing the degree of cutaneous segmental sympathetic
involvement on the trunk was likely to provide a
technique to aid the classification of the autonomic
component of SCI.

Methods

Subjects
In total, 30 subjects participated in the study. Of these,
18 (17 male and one female, age 38.5712.6 years
(mean7SD)) subjects had complete chronic (time from
injury 46 months) SCI, using the American Spinal
Injury Association (ASIA) impairment scale,8 which is
based on motor and sensory examination. Lesions were
localized at the cervical (C6) level (in two subjects) and
thoracic level (T1–T11) in the remaining subjects. In
order to obtain data from a group as homogeneous as
possible, we only included subjects with complete injury
caused by a trauma.

None of the selected SCI subjects had neurological
symptoms or signs suggestive of myelomalacia. A total
of 12 (seven male and five female, age 39.2711.2 years)
healthy subjects, who were age-matched with the SCI
subjects, participated as controls.

The study was part of the Clinical Initiative supported
by the International Spinal Research Trust. Ethics
approval was granted by the Aylesbury Vale Local
Research Ethics Committee (LREC), the National
Hospital for Neurology and Neurosurgery and St
Mary’s Hospital LREC, London, UK. The study
conformed to the principles of the Declaration of
Helsinki. All subjects gave their informed consent prior
to their participation in the study.

Skin blood flow measurement
Subjects were examined in a quiet room while sitting on
a chair or wheelchair; this allowed them to be in the
most comfortable position. Throughout the study, they
were relaxed but not asleep. Room temperature was
maintained at 23711C.

SkBF was recorded by laser Doppler flowmetry
(Perimed PF4, Stockholm, Sweden) using thermostatic
laser Doppler probes (angled small Thermostatic laser
Doppler probe, diameter of 10 mm, Perimed probe 457).
These probes have both recording and heating elements,
thus enabling recording of SkBF while heating the
underlying skin surface; SkBF was measured in perfu-
sion units (PU), values that represent the product of the
velocity and the concentration of the moving blood cells
within the measuring volume.

In SCI, one thermostatic laser Doppler probe was
placed on an upper trunk dermatome, C4, which was
above the level of lesion in all SCI subjects. The second
thermostatic probe was placed on a lower dermatome,
T10 or T12, and was below the level of lesion. In healthy
controls, one thermostatic laser Doppler probe was
placed on an upper trunk dermatome, C4, and the
second probe was placed on a lower trunk dermatome,
T10. During 10 min of baseline recording the probe
temperature was 321C. Then it was increased to 411C
and was maintained at this level for 30 min. None of the
subjects reported the stimulus as painful.

We estimated SkBF at baseline (SkBFbas) and at the
initial peak of vasodilatation (SkBFmax). Results are
tabulated as mean PU7SD. We also calculated the ratio
of initial peak of vasodilatation over baseline SkBF
(SkBFmax/SkBFbas), above and below the level of lesion.

Statistical analysis
The statistical software STATISTICA for Windows
Release 4.3 (StatSoft Inc., Tulsa, OK, USA) was used
to analyse data. The differences in results of SkBF
measurements at baseline, at the initial peak of
vasodilatation and the SkBFmax/SkBFbas ratio between
SCI subjects and controls were analysed with a one-way
analysis of variance (ANOVA). The Scheffé test was
used to make post hoc comparisons where group effects
were found. Differences were considered statistically
significant when P-values were less than 0.05.

Results

These are described in the following groups: group A,
including 11 (10 male and one female subjects, age
36.5711.8 years) subjects with complete SCI at cervical
and high thoracic level (C6–T5); Group B, including
seven (seven male, age 41.5714.2) subjects with
complete SCI at mid to low thoracic level (T6–T11);
group C, including 12 (seven male and five female, age
39.2711.2 years) healthy controls. The necessity of
grouping the SCI subjects in two groups according to
their level of lesion arises from the fact that vasomotor
dysfunction, such as AD, affects high SCI lesions above
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the fifth thoracic level. However, none of the SCI
subjects we studied had AD at the time of investigation.

SkBFbas in upper trunk dermatomes in group A was
27.5718 PU, in group B 18.977.9 PU and in group C
26.5717.9 PU. In lower trunk dermatomes, SkBFbas in
group A was 8.672.8 PU, in group B 11.671.9 PU and
in group C 9.473.4 PU (Table 1). There was no
significant difference among the three groups in upper
and lower trunk dermatomes (Figure 1).

SkBFmax in upper trunk dermatomes in group A was
123.6759.2 PU, in group B 128792 and in group C
90.7732.5. In lower trunk dermatomes SkBFmax in
group A was 65.3731.2 PU, in group B 41.5720.9 and
in group C 49723.9; there was no significant difference
(Figure 1).

The ratio of SkBFmax/SkBFbas in upper trunk
dermatomes in group A was 6.174.3 PU, in group B
7.475 PU and in group C 4.372.4 PU, with no
significant differences among the three groups. How-
ever, the SkBFmax/SkBFbas ratio in lower trunk derma-
tomes in group A was 7.573.5 PU, in group B 3.571.5

and in group C 5.272.1. There was a significant
difference (Po0.01) between group A (SCI at C6–T5)
and group B (SCI at T6–T11). There was no significant
difference between SCI groups A and B and controls
(Table 1 and Figure 2).

Discussion

The main finding of this study is that the axon-reflex
vasodilatation is preserved below the level of lesion in
chronic complete SCI. However, our results showed a
significant difference in the skin vasodilator response to
local skin heating below the level of lesion in complete
SCI with high lesions (C6–T5) as compared to SCI with
low lesions (T6–T11). Our technique evaluated the
integrity of the axon-reflex vasodilatation where the
sensory axon initiates the response, which is then
modulated by the sympathetic system. Studies in
animals9 and humans4 indicate that sympathetic vaso-
constriction can oppose the effect of antidromic
vasodilatation. Whether in our study the reduced SkBF
below the level of injury in response to local heating in

Table 1 Skin blood flow at baseline (SkBFbas), at the first peak of vasodilatation (SkBFmax) and ratio of skin blood flow at the
first peak of vasodilatation over skin blood flow at baseline (SkBFmax/SkBFbas) in upper and lower dermatomes in subjects with
complete SCI at C6–T5, at T6–T11 and healthy controls

SCI C6–T5 SCI T6–T11 Controls

SkBFbas upper dermatomes 27.5718 18.977.9 26.5717.9
SkBFbas lower dermatomes 8.672.8 11.671.9 9.473.4
SkBFmax upper dermatomes 123.6759.2 128.0792 90.7732.5
SkBFmax lower dermatomes 65.3731.2 41.5720.9 49.0723.9
SkBFmax/SkBFbas upper dermatomes 6.174.3 7.475 4.372.4
SkBFmax/SkBFbas lower dermatomes 7.573.4* 3.571.5 5.272.1

*Po0.01 (ANOVA) compared with SCI lesion at T6–T11
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Figure 1 Skin blood flow (Perfusion Units) at baseline
(SkBFbas) and at the first peak of vasodilatation (SkBFmax)
in upper and lower dermatomes in subjects with SCI at C6–T5,
SCI at T6–T11 and healthy controls

Upper dermatomes Lower dermatomes

0

5

10

15

S
kB

F
m

ax
/S

kB
F

b
as

 r
at

io

SCI C6-T5

SCI T6-T11

Controls

P<0.01

Figure 2 Ratio of SkBF at the initial peak of vasodilatation
over skin blood flow at baseline in upper and lower
dermatomes in subjects with SCI at C6–T5, SCI at T6–T11
and healthy controls
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low lesions is due to increased vasoconstriction or
reduced vasodilatation is debatable. However, our
results support impairment in vasomotor control below
the level of lesion in subjects with SCI at C6–T5 when
compared with lesions at T6–T11.

This study focused on vasomotor function using a
novel approach, applying a physiological stimulus and
recording the response from the dermatomal skin
segment from where the reflex was initiated. In AD, in
subjects with high lesions above T5 but not below, a
sensory stimulus below the level of lesion triggers an
exaggerated response that results in hypertension, which
is due to vasoconstriction mediated by increased
sympathoneural activity.10 Paroxysmal hypertension
may arise from stimuli from skin, skeletal muscle,
abdominal or pelvic viscera activation.2 In our study,
in subjects with high SCI lesions, a sensory stimulus
locally applied below the level of lesion increased
vasodilation at the same site of stimulation, in contrast
to low SCI lesions. Vasomotor function in high SCI is
impaired because of the inability of higher autonomic
centres to increase sympathetic activity, as is observed
with head-up postural change causing orthostatic
hypotension.2 The inability to oppose heat-provoked
vasodilatation by descending sympathetic pathways
may be one reason for the greater vasodilatation in
high lesions, where a larger proportion of sympathetic
pathways is separated from central control. Also, high
lesions are known to be supersensitive to the effects of
vasodilator agents or stimuli. This has been described in
response to hypoglycaemia, which causes a fall in blood
pressure,11 and to vasodilator drugs.12 This has been
attributed to impaired sympathetically mediated vaso-
constriction, to oppose vasodilatation. This may be an
additional factor accounting for the greater heat-
provoked vasodilatation in high lesions.

There are numerous studies evaluating the sympa-
thetic cholinergic component of sweat function. These
studies have used the SSR, a noninvasive technique that
assesses sympathetic cholinergic sudomotor pathways.
Magnifico et al13 demonstrated that the SSR is absent in
pure autonomic failure, where sympathetic cholinergic
function is impaired, but not when there was a selective
adrenergic deficit, as in dopamine-beta-hydroxylase
deficiency, where sympathetic cholinergic function is
preserved. The SSR can be elicited above but not below
the level of lesion in SCI, and is a reflection of the
integrity of sympathetic cholinergic pathways to sweat
glands.5,14,15 In our present study, we used the axon-
reflex vasodilatation to evaluate the sympathetic vaso-
motor component, as this has not been fully investigated
as a method to aid classification of SCI.

Previous work in humans16,17 demonstrated that
heating one limb caused an increase in blood flow
through the controlateral limb. The response was
abolished when these nerves were blocked or cut,
indicating that sympathetic nerves mediated this re-
sponse to ‘indirect heating’. The response may have been
mediated by the activity of vasodilator nerves and/or
release of vasoconstrictor tone.18 This pattern of

thermoregulatory response in the hand and forearm
also occurs in other extremities like the feet, ears, nose
and lips,19 where blood vessels are normally subjected to
high levels of vasoconstrictor tone because of their
richer adrenergic sympathetic innervation.18 However,
skin in more proximal parts of the body, like the trunk
(chest, abdomen and back), upper arms and thighs, has
less vasoconstrictor tone;18 whether increases in SkBF in
these areas are more likely to be mediated by increased
vasodilator nerve activity remained a possibility.

In a previous pilot study using a similar approach,7

heat-provoked vasodilatation in chronic SCI at T4–T9
was diminished in the foot when compared to the hand.
The sympathetic innervation of the hand and foot differs
considerably from that of trunk dermatomes, being
denser in the former. In this study with evaluations in
trunk dermatomes, there were differences. Whether this
relates to differences between the areas studied and their
degree of adrenergic innervation remain to be investi-
gated further.

Our present study focused on segmental SkBF in the
trunk; the vasodilator activity studied was local and
unilateral and evaluated the integrity of axon-reflex
activity in a temperature-controlled environment. The
changes in local SkBF therefore are likely to be due to
changes in segmental vasomotor control. We demon-
strated a difference in vasomotor control in SCI subjects
below the level of lesion that depends upon lesion level,
being greater in those in whom there was substantial
sympathetic denervation. Our method utilizes commer-
cially available apparatus that is also used in routine
clinical setting and uses a physiological stimulus that is
safe and not painful. Whether this measurement of
SkBF in response to local heating can be exploited to aid
classification of the sympathetic component of a SCI
needs further study in complete and incomplete lesions
at different segmental levels.
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