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Abstract
Recording of tissue perfusion is important in assessing the influence of
peripheral vascular diseases on the microcirculation. This thesis reports
on a laser Doppler perfusion imager based on dynamic light scattering in
tissue. When a low power He-Ne laser beam sequentially scans the tissue,
moving blood cells generate Doppler components in the back-scattered
light. A fraction of this light is detected by a photodetector and converted
into an electrical signal. In the processor, a signal proportional to the
tissue perfusion at each measurement site is calculated and stored. When
the scanning procedure is completed, a color-coded perfusion image is
presented on a monitor. To convert important aspects of the perfusion
image into more quantitative parameters, data analysis functions are
implemented in the software. A theory describing the dependence of the
distance between individual measurement points and detector on the
system amplification factor is proposed and correction algorithms are
presented. The nerformance of the laser Doppler perfusion imager was
evaluated using a flow simulator. A linear relationship between processor
output signal and flow through the simulator was demonstrated for blood
cell concentrations below 0.2%. The median sampling depth of the laser
beam was simulated by a Monte Carlo technique and estimated to 235 \un.
The perfusion imager has been used in the clinic to study perfusion
changes in port wine stains treated with argon laser and to investigate the
intensity and extension of the cutaneous axon reflex response after
electrical nerve stimulation. The fact that perfusion can be visualized
without touching the tissue implies elimination of sterilization problems,
thus simplifying clinical investigations of pcrfusion in association with
diagnosis and treatment of peripheral vascular diseases.
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Abstract
Recording of tissue perfusion is impoitant in assessing the influence of
peripheral vascular diseases on the microcirculation. This thesis reports
on a laser Doppler perfusion imagcr based on dynamic light scattering in
tissue. When a low power He-Ne laser beam sequentially scans the tissue,
moving blood cells generate Doppler components in the back-scattered
light. A fraction of this light is detected by a photodetector and converted
into an electrical signal. In the processor, a signal proportional to the
tissue perfusion at each measurement sire is calculated and stored. When
the scanning procedure is completed, a color-coded perfusion image is
presented on a monitor. To convert important aspects of the perfusion
image into more quantitative parameters, data analysis functions are
implemented in the software. A theory describing the dependence of the
distance between individual measurement points and detector on the
system amplification factor is proposed and correction algorithms are
presented. The performance of the laser Doppler perfusion imager was
evaluated using a flow simulator. A linear relationship between processor
output signal and flow through the simulator was demonstrated for blood
cell concentrations below 0.2%. The median sampling depth of Me laser
beam was simulated by a Monte Carlo technique and estimated to 235 urn.
The perfusion imager has been used in the clinic to study perfusion
changes in port wine stains treated with argon laser and to investigate the
intensity and extension of the cutaneous axon reflex response after
electrical nerve stimulation. The fact that perfusion can be visualized
without touching the tissue implies elimination of sterilization problems,
thus simplifying clinical investigations of perfusion in association with
diagnosis and treatment of peripheral vascular diseases.
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INTRODUCTION
Disturbances in the peripheral circulation are frequent complications in
a number of diseases. These include arteriosclerosis [Davis 1980],
vasospastic conditions associated with Raynaud's syndrome (white
fingers) [Wollerheim 1988] as well as diabetes [Rossini 1980].
Circulatory disturbances at the microvascular level in diabetes may lead
to non-healing leg ulcers and tissue necrosis with amputation as the
ultimate and only effective therapy. Other peripheral circulation
disturbances are caused by various forms of contact dermatitis [Staberg
& Serup 1988, de Boer 1989] and prolonged use of vibrating tools
[Ekenvall 1987]. The latter has been identified as a cause of
microcirculatory disturbances in hand blood flow.
To diagnose and treat these complications in the microvascular network,
clinically applicable methods that allow monitoring and imaging of
microvascular perfusion are required.

The microvascular network
The microvasculature is comprised of an intricate network of arterioles,
capillaries and venules. This network is represented in all organs, each
with its own function, characteristics and architecture.
Blood is ejected from the left heart chamber into the aorta and further
transported in the arterial-tree to small arterioles with diameters down
to about 10 ^im [Zweifach 1977). These thin vessels are covered with
only a few layers of smooth muscles in the vessel wall. Where arterioles
branch into smaller capillaries the muscular layers are thicker. This part
of the vessel, the precapillary sphincter, plays an important role in the
blood flow regulation of the microvascular bed.
The capillary is a thin endothelial tube, with a length of about 1 -2 mm
and a diameter in the range of 6-8 ^m [Zweifach 1977). The lack of
smooth muscles in the vessel wall makes the capillary dependent both on
the arterial pressure and the tonus of contractile precapillary sphincters
for the transport of the red blood cells (RBCs) through the endothelial
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tube. The disc-shaped RBC folds itself to form a body with a cross
section which is approximately of the same size as the capillary cross
section area. The RBC moves with a velocity of about 0.4-0.8 mm/s
[Fagrell et.al 1977] and therefore stays in the capillary for several
seconds. During this passage, exchange of respiratory gases, fluids and
metabolites takes place. Transcapillary exchange processes are mainly
caused by filtration and reabsorption initialized by diffusion processes,
osmosis and blood pressure changes over the capillary membrane.
To supply all tissues with their specific metabolic needs, the
microcirculatory bed differs among organs and large variations in
capillary density are observed. In the muscle for example, the density
can be as high as 2000 cap/mm 2 [Strand 1983) while in the skin the
density is about 50 cap/mm2 jRothman 1954).
The outermost part of the cutaneous circulation comprises the capillary
loops in the papilla. The microvascular bed of the skin is, in some areas,
supplied with arteriovenous anastomosis (AV-shunts), which are blood
vessels for direct passage from the arterial to the venous side. These
shunting vessels, most frequently found in the dermis of the palm of the
hand and the sole of the foot, play an important role in the body
temperature regulation.
A detailed description of the microvasculature and its function in
different organs has been published by Kaley & Altura [1977,1978,
1980).

Measurement of microvascular blood flow
During the last decades microvascular blood flow has been studied by
means of several methods. Some of these traumatize the skin and
seriously disturb the microcirculation; others have practical limitations
in clinical use. Methods for clinical studies of the blood flow in small
vessels should therefore be non-invasive, reproducible, effective and
easy to use. Some of the most widely used methods for microcirculatory
studies are reviewed below.

The principle of using a radioactive isotope as a tracer in blood flow
studies was introduced by Kety in 1949. An isotope is administered via
injection into the tissue and the washout-time of the exponentially
decaying radioactivity is continuously measured. The advantage of the
isotope clearance method is that it can be applied to all kinds of tissue
and that it is considered to give tissue blood flow in absolute units
(ml/min»100g). The needle insertion, however, causes a tissue trauma
which disturbs the microcirculatory flow and makes interpretation of
measurements difficult [Engelhart 1983, Holloway 1980, Staxrud et.al
1991 ]. Other investigators have, therefore, used an isotope that diffuses
through the epidermal layer into the microvascular bed [Sejrsen 1968,
Fox & Milliken 19721.
In 1979 Holti & Mitchell presented a thermal probe for blood flow
measurements. A temperature difference established between two
isolated rings is used as the measure of the blood flow with the thermal
clearance technique. The thermal probes have not been widely used
because of non-linearity and ambiguous relationship between
temperature and perfusion. Furthermore the long time-constant
precludes the studies of rapid dynamic changes in tissue blood flow.
Capillary circulation in human skin can be studied by video microscopy
[Fagrell et.al 1977] by which the velocity and number of RBCs passing
through a human nailfold capillary is recorded. Fluore.scein solution
injected into the tissue is used to visualize the microcirculation under
ultraviolet illumination [Lund 1976]. Photoplethysmography is based on
changes in light absorption with alterations in the blood volume
[Challoner 1979].
The principle of laser Doppler flowmetry (LDF) rests on the fact that
monochromatic light is Doppler-broadened after scattering in moving
RBCs in the microvascular network (Fig. 1). The light is guided to and
from the illuminated tissue volume by a pair of flexible optical fibers. A
low power (1-5 mW) He-Ne or solid state laser is used as light source.
The backscattered Doppler-broadened light is detected by a
photodetector or photomultiplier which converts the instantaneous light
intensity into an electrical signal. An output signal scaled linearly with
tissue perfusion at the point of measurement is continuously recorded.
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Figure 1.

Light scattering in the microvascular network.

This method was first used to probe skin blood flow by Stern [1975]. He
used a IS mW He-Ne laser to study the blood flow in the human
fingertip before and after occlusion of the brachial artery. A
photomultiplier detected the backscattered light through a pinhole and
spectral analysis was performed. Holloway & Watkins [1977] continued
the assessment of skin blood flow, and compared the method with the
Xenon-clearance technique. They also presented the first laser Doppler
flowmeter available for clinical use, which was equipped with optical
fibers and with a photodiode as detector [Watkins & Holloway 1978].
Due to perturbations in the flowmeter output signal, a differential
channel detector system with better signal-to-noise ratio was developed
and evaluated by Nilsson et.al [I980 a,b|. A signal processor with output
signals that relate linearly both to concentration of moving blood cells
(CMBC) and perfusion was introduced in 1984 [Nilsson]. In order to
record deep-tissue blood flow during an extended period of time, a
single-fiber laser Doppler flowmeter was developed by Salerud &
Öberg [1987].
Over the years, LDF has been used in an ever increasing number of
applications. LDF is now widely used, not only for cutaneous blood
flow measurements, but also for monitoring perfusion in other tissues
e.g. bone, muscle, peripheral nerves and kidneys [Shepherd & Öberg
1990].
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LDF employs continuous recording of perfusion at one single point at a
time. The probe must be attached to the tissue during recording, which
implies a risk of infection and pain in some applications. Movement of
the fiber lines during measurements, results in artifacts that make
interpretation of the results difficult. Because of the large spatial
variations in skin blood flow [Tenland et. al 1983, Shepherd et. al.
1987], the method is generally better suited for stimuli-response
experiments than for mapping of the blood flow distribution over a
certain tissue area. In many clinical and experimental situations it
would, however, be preferable to record the spatial distribution of the
tissue perfusion over a retain area instead of monitoring the temporal
variations at a single point.
A method for mapping of tissue perfusion over a specific area is
presented in this thesis, which concerns the development and evaluation
of a laser Doppler perfusion imager based on the dynamic scattering of
coherent light.

Aims of the study
The aims of this study were:
To describe the operating principle and signal processing of laser
Doppler perfusion imaging and to evaluate its basic
performances.
To study the perfusion status of port wine stains before and at
various points in time after argon laser treatment
To investigate the time course, magnitude and extension of the
vascular axon reflex in different skin areas of healthy subjects,
following electrical nerve stimulation.
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THE LASER DOPPLER PERFUSION IMAGER

Operating principle
The laser Doppler perfusion imager is a data acquisition and analysis
system that generates, processes and displays color-coded images of the
tissue perfusion. An optical scanner comprising two mirrors, the
positions of which are controlled by two stepping motors, guides a low
power He-Ne laser beam to the tissue surface (Fig. 2).

Figure 2.

Block diagram of the laser Doppler perfusion imager.

The mirrors move the laser beam sequentially over the tissue step by
step through a maximum of 4,096 measurement sites. A full format
image covers an area of about 12 * 12 cm, and a scanning procedure is
completed in about 4.5 minutes. At each measurement site, the beam
penetrates the tissue to a depth of a few hundred microns. In the
presence of RBCs, partially backscattered Doppler-broadened light is
detected by a photodetector positioned in the scanner head. This
photodetector transforms the light intend / into an electrical signal that
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is fed into a signal processor for generation of an output signal
proportional to the perfusion. Each perfusion value is sampled and
stored in the computer memory for further signal processing and data
analysis. When all measurement values are captured and stored, the
scanning procedure is terminated and a color-coded perfusion image can
be displayed on a monitor. Software routines perform tasks such as;
image enhancement, generation of perfusion value profiles, statistics and
image subtraction.

Technical implementation and practical considerations
The system utilizes a personal computer (Copam 386 SXB) equipped
with an analog to digital convener board (DT2811, Data Translation
Inc., USA). The signal processor and the control unit for the stepping
motors are installed on a separate board inserted in one of the computer
slots. Preamplifiers and detector unit, together with stepping motors,
form an integral part of the scanning head. The scanning head, fixed to
the laser tube, is fastened on a flexible stand and can thereby easily be
positioned over the tissue for investigation. A color plotter (HP Paint
Jet, Hewlett Packard, USA) is connected to the system for hard copy
documentation on paper of the perfusion images.
In order to avoid optical interference with the laser light, the ambient
light must be switched off during scanning. When the scanning
procedure is terminated, image generation and data analysis can take
place.
System software routines are programmed in Turbo Pascal 5.5 (Borland
International Inc., USA). All user functions are menu driven and
controlled from the computer keyboard.
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Signal processing
The signal processor board produces an output signal that, neglecting
noise, scales linearly with tissue perfusion. In the processor, the signal is
fed through an to-weighting filter operating within the bandwidth of
a>i/2ft = 20 Hz to ayjln - 10 kHz. After (O-filtering and normalization,
the signal is squared and low-pass filtered. The output signal, V 0U f
sampled by the computer can be expressed as

VOut = M < N J<oPc(a>)dco > + ^\\
col

Jcodw),

(1)

(oi

where k 0 is an instrumentation constant, N the number of coherence
areas on the detector surface and Pc(o>) denotes the normalized power
spectral density of the photocurrent from an arbitrary coherence area.
TLI is the total light intensity and q the electron charge. The first term
relates to the perfusion and is dependent on the number of coherence
areas on the detector surface, while the second term has an inverse
relation to TLI and thus to shot-noise magnitude.
Before the signal is stored in the computer memory, compensation for
the shot-noise term in eq. (I) is performed. Interpolation between TLI
and perfusion values stored in a look-up table is used to calculate the
shot-noise compensation factor for the actual TLI and perfusion values.
The TLI value is also used for discrimination of the backround (low
light intensity) from the object (high light intensity).
During scanning, the laser beam moves from the center position under
the detector and scans the tissue area sequentially through all individual
measurement positions. Each new measurement position corresponds to
a specific distance and angle to the detector, resulting in a positiondependent number of coherence areas on the detector surface. Since the
system amplification factor is dependent on the number of coherence
areas on the detector surface, the blood flow related output signal is, in
turn, dependent on the actual measurement position at the tissue surface.
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To compensate for the position-dependence in the noise-compensated
output signal the latter is multiplied by a correction factor derived from
the angle and distance between the detector and the measurement site.
Figure 3 shows the position of the detector in relation to the light spot
on the tissue surface.

detector

Figure 3.

The position of the detector in relation to the light spot on
the tissue surface.

For a flat surface, the following algorithm is proposed to compensate
for the position dependent system amplification factor caused by the
changing number of coherence areas on the detector surface:

N(cc,d) = N(0,d o ) ( ^ )

(2)

The first factor in eq. 2, N(0,d o ), is the number of coherence areas on
the detector surface when the beam is positioned directly under the
detector, and the distance to the tissue surface is do- The second factor,
dn 2
( - p , corresponds to the change in the number of coherence areas
when the distance to the tissue surface is d. The third factor, cosset),
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compensates for the changes in distance when the beam is directed al an
angle a to the line perpendicular to the detector surface.
An overview of the various signal processing steps toward a laser
Doppler perfusion image is shown in Figure 4.

Doppler
detector

TU

1
r

Figure 4.

noise
reduction

position
correction

image
generation

data
analysis

Overview of the various signal processing steps.

Image generation
When all measurement values have been sampled, noise-compensated,
position-corrected and stored, a perfusion image can be generated. The
TLI and perfusion values are stored in two separate matrices. The TLImatrix is used to mask the perfusion-matrix in order to separate the
tissue from background in an optimal fashion. This is done by changing
the threshold for object-border determination. The result is stored in
the image-matrix used for image presentation and data analysis.
A color-coded perfusion image can now be presented on the monitor.
The image can be represented in either relative or absolute mode. In
relative mode the highest of the captured perfusion values is set to
100%, and all other values are scaled relative to this maximum value.
An upper and lower limit for the perfusion values can be selected by the
operator in absolute mode. The selected upper limit value is then set to
100% and the lower limit value is set to 0%. The scale generated in this
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way is divided into six intervals, each given a specific color in the
image. All values ranging from 80% to 100% are coded as red pixels.
The remaining perfusion values are divided into five intervals with
equal width. Background is coded as light grey color. Information about
the image, such as color-codes, number of measurement sites,
comments, filename etc is presented in an information box to the left of
the image. Examples of perfusion images are shown in Figures 7-9.

Data analysis
To convert important physiological aspects of the perfusion image into
more quantitative parameters, the following data analysis functions have
been implemented in the software:
perfusion value profile
statistics
single value read-out
image subtraction
A perfusion value profile can be plotted between two arbitrarily chosen
image positions, the connection of which forms a horizontal or vertical
line in the image. This option gives useful information about the spatial
changes in blood flow along the selected line.
In statistics, two areas in the perfusion image can be selected with the
cursor. For each framed area, the number of the different colored
pixels is automatically calculated, and a histogram of the colordistribution in the framed area is plotted on the monitor. For each
selected area, mean, standard deviation and number of samples are
calculated and displayed. This feature is useful if the average perfusion
in different areas in the same or in different images are to be compared.
The single value read-out feature makes it possible to successively step
through and display perfusion values associated with individual pixels.
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This option is useful for examining areas showing extreme values, or
when more detailed information is needed.
Image subtraction makes it possible to subtract one perfusion image
from another. To display areas with a certain change in perfusion,
different threshold levels can be set in the resulting image. All pixels
corresponding to values less than the selected threshold level will be set
to background color. By subtracting one image from another, and
selecting a proper threshold in the resulting image, vascular response to
a stimulus may be imaged, while other spatial blood flow variations
identical in the two original images are suppressed.
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TECHNICAL EVALUATION
The technical evaluation of the laser Doppler perfusion imager concerns:
linearity in processor output signal versus perfusion
correction factors for position-dependent amplification
scattering volume optical properties
image presentation

Linearity in processor output signal versus perfusion
A mechanical flow simulator was constructed to evaluate the predicted
linear relationship between recorded perfusion values and blood cell
perfusion. Fresh human blood diluted in saline to different
concentrations, was guided through tubings from a precision infusion
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pump (modell 355, Sage Instruments, USA) to the flow simulator. The
perfusion values were recorded for different combinations of RBCvelocity and concentration at a fixed measurement position. A linear
relationship between the recorded perfusion values and the product of
RBC velocity and concentration was established. This was valid up to a
RBC concentration of 0.2 %. Above this limit multiple scattering causes
underestimation of the perfusion. Figure 5 shows the linear relationship
for recorded perfusion values as a function of the product of RBC
average velocity and concentration.

Correction factors for position-dependent amplification
A suspension containing small particles in Brownian motion was used to
test the validity of the angular and distance correction algorithm. The
laser beam was aimed at different positions under the scanning head.
First, the beam was aimed at a position directly under the detector and
then moved step by step with angular increments of 0.44O. i n Figure 6 a
both the theoretical and recorded shot-noise-compensated processor
output signal are plotted as a function of cos-3(cc).
The beam was then brought to aim at a point directly under the
detector, and the distance between the suspension and the detector was
changed in steps of 1 cm, with the shot-noise-compensated output signal
recorded. Figure 6 b shows both the theoretical and experimentallydetermined amplification factor as a function of the square of the
distance between the detector and the suspension.

Scattering volume optical properties
To assess the influence of tissue optical properties on the scattering
volume, Monte Carlo simulations have been performed to calculate the
median sampling depth and photon pathlength in Caucasian skin tissue.
A detailed description of the simulation procedure is presented
elsewhere | Jakobsson & Nilsson 1991 ]. For a bloodless one-layer skin
model the median sampling depth was calculated to 235 ^m and a
median pathlength to 1400
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Image presentation
To evaluate the system's ability to present perfusion images, the dorsal
side of a hand with a rubber band occluding the third finger tip was
scanned (Fig. 7). Distally to the occlusion a blue area, indicating low or
no perfusion, is seen in the perfusion image. The other finger tips,
however, are normally perfused and consequently color-coded in green,
yellow and red. A perfusion value profile through the third finger is
plotted under the image.
The excessive perfusion associated with the healing process of a 4 mm2
burn on the dorsum of the hand was visualized by the perfusion imager.
Figure 8 shows the perfusion image one day after the burn occurred. A
large hyperemic zone surrounds the bum and a crust formation with
impaired perfusion is formed in the center of the bum injury. Statistics
was used to frame an area inside and outside the bum. The statistical
values (mean±SD and number of samples) and color distribution
histograms are seen on the lower left.
To demonstrate image subtraction the dorsum of a normally perfused
hand was imaged. In a circular area on the hand a substance with the
ability to increase the perfusion (Trafuril®) was applied and a mapping
was undertaken. After 15 minutes a second image was recorded. The
first recorded image was then subtracted from the second and a
threshold level set to 10 % of maximal value was applied. Figure 9
shows the image before substance application (a), 15 minutes after
application (b), the image after subtraction without threshold (c) and
subtraction with 10 % threshold (d).
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The dorsal side of a hand with the third finger tip occluded.
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Figure 9.

Demonstration of image subtraction. Each image with
relative color-coding.
a)
Normally perfused hand, grey circle marked with
black ink for substance application (Trafuril®).
b)
Substance applied in the circular area; recording 15
minutes after application.
c)
Image after subtraction without threshold.
d)
Image after subtraction with 10% threshold.
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CLINICAL EVALUATION
Two clinical applications are reported in which laser Dcppier perfusion
imaging has been used: treatment of port wine stains with argon laser
therapy and cutaneous axon reflex response after electrical nerve
stimulation.
Port wine stain treatment with argon laser therapy
Port wine stains (PWS) are red-colored congenital vascular disorders of
the skin. They consist of enlarged blood vessels in the upper dermal
capillary plexus [MuI liken 1988].
Methods such as surgery and ultraviolet radiation were used for
treatment of PWS before the argon laser was introduced. The argon
laser light (488 to 514 nm) is absorbed in skin, mainly by melanin in the
epidermal layer and by hemoglobin molecules in the red blood cells.
The hemoglobin absorption generates heat that coagulates and bleaches
the tissue [Gemert 1986]. In this study a 1.5 W argon laser with a
1.5 mm wide beam and 0.5 sec pulses was used.
Thirteen patients with PWS were treated with argon laser therapy. The
skin penusion as well as the temperature were mapped before and at
various points in time after treatment.
The PWS were situated at different sites, for example on the arm,
forehead and cheek. The area of interest was marked with a metallic
reflector to facilitate identification, and a first mapping of the tissue was
performed with the laser Doppler perfusion imager and thermosystem
(Termovision 870, Agema Infrared systems AB, Sweden). Local
anesthesia was then applied and the PWS was treated with the argon
laser. About 15 minutes after the treatment, a second thermographic
image and a laser Doppler perfusion image were recorded. The same
measurement procedures were repeated after 24 h, 48 h and 3.5 months.
Clinical results were judged in collaboration with the patient after 3.5
and 7 months and classified as excellent, good, moderate or unchanged.
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For data analysis one area inside the PWS and one area in normal skin
were framed in the perfusion and thermal images. Each of the areas
contained between 30 and 70 samples wi »ch were considered to be
normally distributed. Mean perfusion and standard deviation were used
to test the null hypothesis: the perfusion within the marked areas is
identical. A two-tailed test was used in which the level of significance
was set to p-values < 0.01.
Before treatment, no significant difference in perfusion was seen
between PWS and unaffected skin in 9 out of 13 patients. In the
remaining 4 patients the perfusion was significantly higher in the PWS.
After treatment, all patients Showed a pronounced hyperemia in the
borderline between PWS and surrounding skin. This hyperemia
gradually decreased after 24 and 48 h and had disappeared completely
after 3.5 months. In 11 patients the perfusion within the PWS was
significantly different in the center of the PWS compared to
surrounding normal skin. Two patients had reduced perfusion and the
remaining 9, increased perfusion.
After 3.5 months 3 patients showed excellent results. Two of these
patients had both elevated perfusion and temperature in the PWS prior
to treatment. Three patients showed good, three patients moderate and
two patients showed unchanged results after 3.5 months. After 7
months the judgment was excellent for 5 patients. The results are
summarized in Table I.
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Cutaneous vascular axon reflex characterization after
electrical nerve stimulation
If the skin is stroked firmly with a pointed instrument, a reddening
appears in about 10 seconds (red reaction); in a few minutes it is
followed by a local swelling (wheal) and a diffuse mottled reddening
(flare) around the swelling. This is the triple response and the flare
reaction is generally held to be an axon reflex response [Ganong 1991],
The axon reflex response can also be initiated with electrical nerve
stimulation [Westerman et.al 1987].
The laser Doppler perfusion imager has been used to investigate the
cutaneous vascular axon reflex response after electrical nerve
stimulation on different skin sites. A total number of 24 subjects were
included in the study. Cutaneous vascular axon reflexes were evoked by
transcutaneous stimulation on the dorsal side of the hand, the fourth
finger and the foot. In 9 subjects the effect of varying the stimulation
strength was studied on the dorsum of the hand. Based on these
experiments, an electrical stimulus comprising 20 pulses at 20 mA was
selected to compare the stimulation effects on the different skin sites. In
seven of these subjects the time duration of the refle1 was investigated.
To prevent sympathetic reflex effects on skin blood flow f Hornyak et.al
1990], the nerves supplying the investigated skin areas were
anesthetised. After completed anesthesia the stimulation point was
marked and the hand or foot fixed under the scanning head of the laser
Doppler perfusion imager. Prior to electrical stimulation, an image of
the tissue perfusion was mapped. Electrical stimulation was then
performed. Immediately after skin stimulation, a second image of tissue
perfusion was recorded.
To quantify the magnitude and extent of the blood flow response,
subtraction between images recorded before and after electrical
stimulation was performed. To minimize "noise" due to temporal
variations in skin blood flow, all perfusion values less than 10 % of the
maximum value in the difference image were classified as not being part
of the response and set to background value and color. From the nonzero perfusion values inside the selected area, the number of samples
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was used to calculate the area and the intensity of the response (mean
perfusion increase). The maximum increase in blood flow (peak
perfusion increase) was determined as the mean of 30 samples in the
area with the most pronounced perfusion increase. The average
perfusion of each framed area was used for statistical analysis. Data
were analyzed using two-tailed t-test for paired or grouped samples. Pvalues < 0.05 were considered significant.
The appearance of the vasodilatation evoked by the electrical stimulation
of the skin surface varied in size and contour (Fig. 10). The area could
be circular or oval with an irregular border zone; sometimes the
response consisted of several areas of increased blood flow. No change
in skin color was observed.

Figure 10. Example of two axon reflex extensions on the hand
(different subjects), after cutaneous nerve stimulation. All
flow increases in single isolated measurement sites are set
to zero.
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The time course experiments showed that the perfusion increase had a
maximum value during the first 4 minutes and disappeared in the course
of less than 30 minutes.
Variation of the stimulation current and the number of pulses applied to
the dorsum of the hand showed that mean- and peak blood flow
increased in parallel up to 20 mA and to 20 pulses and then remained
approximately constant. Also the response area increased with
increasing current, or number of pulses, to a plateau around 30 mA and
20 pulses.
The intensity and the area of the perfusion increase varied with the site.
The peak blood flow increase was significantly higher (P < 0.001) on
the dorsum of the finger and the hand than on the dorsum of the foot
(Table II), but there was no significant difference between hand and
finger. Both the mean increase of perfusion and the area of increased
perfusion were greater on the hand than on the foot (P < 0.05 and P<
0.025, respectively, Table II). These measurements could not be made
on the finger since the flow response extended to the lateral sides of the
finger, which were inaccessible to the perfusion imager.

Finger
Hand
Foot

Table II.

Peak (%) n
348±126
18
285±120
23
137±107
13

Mean (%)
132±55
88±61

n
20
13

Area (mm?)

n

499±271
259±270

20
13

Effects of surface stimulation (20 pulses at 20 mA) on
perfusion increase (peak and mean) and area on the
dorsum of the finger, hand and foot (mean±SD).
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DISCUSSION
In this thesis a method has been presented that uses dynamic scattering
of coherent light to create an image of tissue perfusion. In contrast to
the ordinary laser Doppler perfusion monitor, intended for continuous
recording of temporal changes in tissue perfusion at a single spot, the
laser Doppler perfusion imager makes possible the study of spatial
variations in tissue perfusion at discrete times. The two methods are
therefore complementary, and together they constitute a versatile pair
of technologies for non-invasive investigations of both temporal and
spatial variations in tissue perfusion. The thesis also presents two
clinical applications where laser Doppler perfusion imaging has been
used: port wine stains treated with argon laser and cutaneous axon
reflex response after electrical nerve stimulation.
Both the laser Doppler flowmeter and the laser Doppler perfusion
imager use a similar algorithm for calculation of a perfusion parameter
that scales linearly with tissue perfusion. Angular- and distance
correction algorithms have, however, been implemented in the imaging
system to overcome the amplification factor variations with changing
number of coherence areas on the detector surface during scanning. For
each new measurement position, about 50 ms is required for the
movement of the mirrors. During this time interval the processor
output signal is disturbed by gross movement artefacts. Over the next 10
ms, the laser beam is at rest at the measurement site, and the perfusion
value is sampled 10 times, from which an average value is calculated. A
total time period of about 4.5 minutes is therefore required to scan a
full-format image comprising 4,096 measurement values, if all are
classified as being part of the tissue during investigation. If the number
of measurement sites are reduced, the total area may be scanned in a
shorter time interval. A 256 pixel image may, for instance, be scanned
in about 20 seconds, which allows studies of dynamic changes in tissue
blood flow.
Fujii and co-workers [Fujii et. al 1987] proposed real-time imaging of a
parameter claimed to be related to tissue blood flow. The algorithms in
that system, however, account only for successive changes in Doppler
signal magnitude, and information on Doppler frequency is not included
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in the image generation procedure. It is therefore not possible to
generate a perfusion parameter that scales linearly with the product of
blood cell concentration and velocity in that system.
The imager proposed by Essex and Byrne [1991] scans a larger area
(SO * 70 cm) from a distance of about 1.6 m in 6 minutes. In this system
the laser beam is continuously moved over the tissue, while samples are
taken at discrete intervals. To suppress the influence of movement
artefacts in the perfusion parameter, a more narrow bandwidth has been
chosen. This precludes a linear relationship between the processor
output signal and the tissue perfusion.
The dependence on the median sampling depth of the optical properties
of tissue, as simulated by a Monte Carlo method, influences both the
scattering volume and the photon pathlength in tissue. A comparison of
the median sampling depth of the imager and the laser Doppler
flowmeter indicates a deeper depth for the former, if the flowmeter is
equipped with a standard probe (120 |im fibers diameter, 125 \im center
to center distance). In both cases the measuring volume depends on the
optical properties of the tissue and comparison of results obtained from
different tissues are difficult to make.
In order to maintain an optimal signal-to-noise ratio and adequate
normalization for light intensity, the ambient light must be switched off
during scanning. From a practical point of view, it would be desirable
to record images during normal ambient light conditions. This can
possibly be achieved by implementation of a more advanced signal
processor, or by optical filtering techniques.
The theory behind the angular and distance compensation algorithm
assumes scanning of a flat surface. Most body surfaces, however, show a
deviation from flatness which introduces an error in the estimated tissue
perfusion value. At a distance of 20 cm between the detector and the
object this error is in the order of 10% per cm. Work is in progress to
overcome this distance-dependence on the perfusion parameter.
When the final image is generated it is presented in six different colors
on the monitor. The color of each pixel in the image reflects the value
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of the perfusion at the corresponding measurement site. The use of six
colors in the coding, gives a satisfactory overview of the perfusion and
its spatial variation in the tissue. For a more accurate study of the
perfusion and for conversion into quantitative parameters, data analysis
functions, such as statistics and subtraction between images, have been
implemented. During the clinical evaluations there has been a need for
well-defined area studies in the image and to present perfusion changes
numerically. Future development of the imager aims at developing
software routines which can be implemented in existing commercially
available image-processing systems.
The system is designed to comply with FDA standards (21 CFR 1040-10
and 1040-11) for laser equipment, which allow a total output power of
1 mW at a maximum. This low laser-light intensity is considered
harmless for continuous skin exposure, but may be harmful if the beam
directly hits the retina of the eye. Both the operator and the test subject
must use protective glasses, when there is a risk for direct eye exposure.
The perfusion imager has, up to now, been used clinically for mapping
skin perfusion. It is easy to use and causes no pain or discomfort to the
patient. To reduce the influence of movement artifacts, the patient must
remain as still as possible during the scanning period. Perfusion
imaging is, however, not restricted to skin measurements. Pilot studies
show that mapping of internal organs, such as the brain and the heart,
during surgery is possible. Artefacts from moving organs during
mapping of tissue perfusion must be taken into account and will be
investigated separately.
In the port wine stain study the perfusion status before, and at various
points in time after, argcn laser treatment was investigated. The port
wine stains, which are congential red-colored malformations of the skin
have an increased number of vessels. Despite this only 4 out of 13
patients had an increased perfusion in the port wine stain compared to
surrounding skin before argon laser treatment. This indicates that red
skin-color not always corresponds to high perfusion. With the limited
number of patients investigated in this study, no prediction of the
individual results of treatment could be made either with perfusion
imaging or with thermography.
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The methodology developed for estimation of the magnitude and
extension of the cutaneous axon reflex response may be of interest in
the investigation of patients with thin fiber neuropathy. This is a
common disorder among the diabetes mellitus group and subjects who
have been exposed to vibrating tools. If patients with high risk for thin
fiber neuropathy could be identified at an early stage, treatment to
prevent severe side effects in latter stages of the disease might be
possible. The methodology can further be applied in skin blood flow
physiology studies using, for example, iontophoreses of vasoactive
substances or transepidermal diffusion of drugs into the skin.
In conclusion, laser Doppler perfusion imaging is a non-invasive
method for mapping of tissue perfusion. Since the perfusion imager
does not include flexible and moving optical fibers, which are integral
parts of the standard laser Doppler flowmeter, sensitivity to fiber line
movement artifacts has been eliminated. Furthermore, no physical
contact is necessary between the scanning device and the tissue, which
implies that the influence on the perfusion is minimal. From a practical
point of view, this also implies that sterilization problems are
eliminated, and that clinical investigations of e.g. leg ulcers, bums and
internal organ perfusion are possible without the additional risk of
infection and discomfort to the patient.
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ABSTRACT
Imaging of tissue perfusion is important in assessing the influence of
peripheral vascular disease on microcirculation. This paper reports on a
novel laser Doppler imaging technique based on dynamic light
scattering in tissue. When a laser beam sequentially scans the tissue,
moving blood cells generate Doppler components in the back-scattered
light. A fraction of this light is detected by a remote photo diode and
converted into an electrical signal. In the signal processor, a signal
proportional to the tissue perfusion at each measurement point is
calculated and stored. When the scanning procedure is completed, the
system generates a color-coded perfusion image on a monitor. A theory
for dependence of the simulated amplification factor on the distance
between individual measurement points and detector is proposed and
correction algorithms are presented. The performance of the laser
Doppler i mager was evaluated using a flow simulator. To assess the
sampling depth of the laser beam, light scattering in tissue was simulated
by a Monte Carlo technique. Since the laser Doppler imager in contrast
to laser Doppler perfusion monitors, does not include flexible optical
fibers, sensitivity to fiberline movement artefacts has been eliminated.
The fact that perfusion can be vizualized without touching tissue implies
elimination of sterilization problems, thus simplifying clinical
investigations of perfusion in association with diagnosis and treatment of
peripheral vascular disease.

INTRODUCTION
Disturbance in the most peripheral circulation is a frequent
complication in several common diseases including diabetes [1] and
arteriosclerosis [2] as well as in vasospastic conditions associated with
Raynaud's syndrome [3]. To diagnose and treat these diseases
effectively, clinically applicable methods that allow monitoring of
microvascular perfusion are required. Methods for assessing
microvascular perfusion may be based on the ability of blood flowing
through the peripheral vascular bed to wash out an injected radioactive
tracer [4] or a small amount of heat [5]. Because of the inherent
practical limitations of these methods in clinical settings, laser Doppler
flowmetry was developed in the late seventies [6] - [8J. Laser Doppler
flowmetry is based on recording the Doppler shifts photons undergo
when scattered in moving blood cells. The method allows continuous
and non-invasive recording of microvascular tissue perfusion, defined
as the product of average velocity and concentration of blood cells in
the illuminated tissue volume.
As the laser Doppler blood flowmeter was introduced in ever increasing
numbers of applications [9], its high spatial resolution (less than 1mm),
was revealed to be one of the most severe limitations of the technique.
The reason for this is that tissue perfusion frequently shows a substantial
spatial variation resulting in significant differences in perfusion values,
even at adjacent measurement sites. This disadvantage with laser
Doppler flowmetry suggests that tissue perfusion is better presented as
an image rather than a single value recorded at one point only. This
paper presents a novel laser Doppler imager based on the dynamic
scattering of coherent light in tissue, for mapping blood perfusion over
a specific tissue area.
When a laser beam sequentially scans tissue, moving blood cells
generate Doppler components in the back-scattered light (Fig. 1). A
photo diode detects a fraction of this back-scattered light, and signals
proportional to the tissue perfusion in each measurement point are
calculated and stored in a computer memory. When the scanning
procedure is completed, the system generates a color-coded perfusion

image and presents it on a monitor. This image gives the operator an
informative overview of the perfusion status of the tissue under study.
The objective of this paper is to describe the operating principle of the
laser Doppler imager and to evaluate some of its basic performances.

Figure 1.

Block diagram of the laser Doppler imager.

THEORY
When a narrow and monochromatic light beam illuminates a tissue
surface, incident photons penetrate the tissue to a depth determined by
its optical properties [10]. In the presence of moving blood cells, the
incident monochromatic light becomes Doppler-broadened to a degree
determined by the concentration and velocity of the moving scatterers
[11]. A fraction of the back-scattered and Doppler-broadened light is
received by a photodetector.
Since the back-scattered light is spectrally broadened around its carrier
frequency, the light intensity pattern formed on the detector surface
constitutes a fluctuating speckle, the local intensity variations of which
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are mainly determined by the tissue perfusion. The speckle structure is
composed of many coherence areas within which the incident light is
essentially coherent [12]. If the average and fluctuating portion of the
photocurrent produced by coherence area j are denoted <i c > and
AiCj(t) respectively, the total photocurrent i(t) proportional to the
instantaneous light intensity, can be expressed as
N

i(t) = £ (<ic>+Aic.(t)) + inoise(t)
j l

(1)

J

where N is the total number of coherence areas on the detector surface
and inoise(t) ' s dominated by the detector shot noise. The spectral
distribution of the photocurrent relates to the velocity distribution of
the moving scatterers in the illuminated tissue volume, while the
magnitude of the fluctuations reflects their number density.
Since the photocurrent can be regarded as a stochastic process, its
characteristics may be described by the autocorrelation function
ACF(T) = < i(0) i(x) >

(2)

where < > denotes time averaging. The intensity fluctuations of
individual coherence areas can be considered independent realizations of
the same stochastic process and the autocorrelation function can be
expressed in the form
ACF(x) = N2<i c >2 + N < Ai c (0) Ai c (x) > + 2qN <i c > 8(x) (3)
where q is the electron charge, 5(x) the Dirac function and
N

N

N < Aic(0) Aic(x) > = X XAl c .(0) A I C . ( T )
j = l k=l

J

K

(4)

the elements of which are non-zero only for j=k.
The first term on the right-hand side of eq 3. represents the DCcomponent and the second term relates to tissue perfusion. The third

term constitutes the shot noise where N <i c > is the Total Light
Intensity (TLI). Normalizing first with respect to the total photocurrent
to make the perfusion estimator independent of laser intensity, then
neglecting the DC-component results in
A C F n o r m ( t ) = £ < Ai CnoriD (0) Ai CD0rm (T) > + ~^

8(T)

(5)

where Ai C n o r r o (0) = Ai c (0)/<i c > and Ai Cm)rni (T) = Ai c (x)/<i c >
The power spectral density of the photocurrent normalized with respect
to the total light intensity P((o) can, according to the WienerKhintchine theorem, be calculated as the Fourier transform of the
autocorrelation function [13] and
Pc(w)

q

where Pc(w) is the normalized power spectral density of the
photocurrent from an arbitrary coherence area. From Eq. 6 it can be
concluded that the term related to perfusion is dependent on the number
of coherence areas, while the magnitude of the shot noise term relates
directly to TLI. To produce an output signal that scales linearly with
tissue perfusion, the signal is fed through an co-weighing filter
operating within the bandwidth 0)i to (02. After filtering, the signal is
squared and low-pass-filtered with a time-constant that may enhance
rapid heart-beat-related variations in perfusion superimposed on its
average value or just show the average perfusion value. This total
output signal V o u f can be written as
0>2

Vout = M < N Jo)Pc(<o)da) > +
where k 0 is an instrumentation constant. In tissues with a high content
of blood cells, a long average photon migration pathlength may result in
multiple Doppler shifts violating the linear relationship between output
signal and tissue perfusion. A signal processor that considers the

generation of multiple scattering [14] may be introduced to overcome
these non-linear effects.
In the ordinary laser Doppler perfusion monitor based on optical fibers
the number of coherence areas N on the detector surface is constant for
a fixed setup. When a laser beam, such as in the laser Doppler imager
presented in this paper, scans a tissue surface, the distance between the
measurement site and detector varies, and because of that the extent of a
coherence area. Consequently, the number of coherence areas on the
detector surface changes continuously as the beam scans the tissue,
resulting in a system amplification factor that depends on the distance
between the actual measurement site and the detector. To reduce the
influence of amplification factor variations, this distance must be
measured and automatically compensated for throughout the
measurement procedure.
The extent of a coherence area A c o h relates to the wavelength X and
the solid angular field view Q, under which the illuminated tissue
volume is seen from the detector according to the formula [15]

A C oh = Q,

(8)

Q can be calculated as the surface area of the light spot on tissue as seen
from the detector, divided by the total surface area of a sphere with a
radius equal to the distance between the light spot and the detector
surface

o
"

* r2 beam
(

9

)

2

cos (a)
where rbeam ' s the laser beam radius, d is the distance perpendicular
to the tissue surface and a the angle between the normal to the detector
surface and the direction of the line between the detector and the laser
spot on the tissue surface, as illustrated in Fig. 2

Figure 2.

The position of the detector in relation to the light spot on
the tissue surface. The different parameters are defined in
the text.

The number of coherence areas on the detector surface is fciven by
N(a,d) =
where Adet i s
eq. 10 gives

N(a,d) = n

cos(a)
Acoh
tne

(10)

area of the detector surface. Inserting eq. 8 and 9 in

cos3(a)

(11)

Denoting the number of coherence areas on the detector surface, for the
situation where the illuminated tissue volume is positioned at the
distance d q , right under the detector, by

%3/n A \ „ , r d e t r b e a m . 2
N ( 0 , d o ) = 7t ( — 2 x d
)
makes it possible to express N(a,d) according to
N(a,d) = N(0,d o ) (^p) 2 c o s ^ a )

(13)

N(a,d) thus constitutes the factor by which the expression in Eq. 7
needs to be multiplied after shot noise compensation, in order to make
the recorded perfusion value independent of the position of illuminated
tissue volume.

INSTRUMENTATION
An IBM-AT-compatible computer (Copam 386 SXB) controls the
system configuration and scanning procedure as well as data acquisition,
image processing and presentation on a monitor. Prior to the scanning
procedure the laser Doppler imager is placed in position over the tissue.
The size and format of the scan area are selected and the steplength
between adjacent measurement sites is determined by the operator.
When all parameters are set, the laser beam may be moved along the
boundaries of the selected scan area, to give an overview of the extent
of the tissue surface to be investigated.
The data acquisition procedure starts by measuring the perpendicular
distance d from the photodetector to the tissue surface. This is done by
recording the time it takes a short ultrasonic pulse, transmitted from a
transducer positioned next to the photodetector, to propagate to the
tissue surface and back to the transducer. An optical scanner comprising
two mirrors, the positions of which are controlled by two stepping
motors (Dynasyn AB, Sweden), scatters light from a 3 mW He-Ne laser
to the tissue surface. The infinitesimal step of the motors can be set to
0.11° or 0.22°. The mirrors move the 0.8 mm diameter laser beam
sequentially over the tissue surface, step by step throughout a maximum
of 4,096 measurement sites in a pattern set prior to the scanning
procedure. During the scanning procedure instantaneous light

intensity is continuously detected by a photodetector positioned about 20
cm over the tissue surface and the Doppler signal is fed through the
signal processor. The lower cutoff frequency ((o^ft) of the processor
is set at 20 Hz and the power spectral transfer function relates linearly
to frequency up to 10 kHz.
At each new measurement site TLI is immediately sampled. A period of
about SO msec is then allowed to let the Doppler components caused by
moving the beam from one measurement site to another fade out, after
which time the computer samples the output signal V o u t 10 times, as
shown in Fig. 3. The average value of V o u j is calculated and subtracted
by a signal corresponding to the shot noise term that is derived from the
TLI-value according to eq 7.
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Figure 3.

The output signal VOU( from the analog signal processor.
The peaks are caused by Doppler shifts generated by
movement on the laser beam from one site to another.

When scanning a hand or other object that does not fully cover the
selected scanning area, it is desirable to discriminate an occluded finger
from the background, from which both the back-scattered light contains

no Doppler frequencies. This is achieved by placing the object on a
strongly light-absorbant material, resulting in a low TLI-value with the
measurement site oulside the object. The threshold level of the TLIvalue is thus used to determine the boundaries of the object. If the TLIvalue is below this threshold level, the scanner is immediately moved to
the next measurement site without sampling the Doppler components.
This reduces the total data acquisition time, which for a full image
amounts to about four minutes.
For each measurement site, two separate matrices My
store m e snot n

.(x,y) and

se

MTL,i(x,y)
°i compensated V0U|-value and TLIvalue in the computer memory-. Elements of the MTu(x,y)-matrix
below and above the threshold value correspond to coding in different
colors showing the contour of the scanned object on the monitor during
the acquisition procedure. In case the TLI-value is below the threshold,
no Vout-value is sampled and a dummy value is stored in the
Mv out (x,y)-matrix.

IMAGE PROCESSING
When data acquisition is completed, the following data processing
procedures are performed on elements stored in the My t(x,y) and

Angular and distance compensation is made by multiplying each element
of the My
(x,y)-matrix by the actual compensation factor,
calculated according to eq.13.
Image reconstruction can now be done by masking the My *(x,y)matrix by the MTLl(x>y)-matrix. Each clement of the My t (x,y)matrix corresponding to a below-threshold value in the MjLj(x,y)matrix is set at the dummy value (-1), while all other elements are set at
the actual perfusion value. This facility allows the operator to change
the threshold value for object border determination and test the result
by displaying the image on the monitor. The new matrix is denoted the
Mperf(x,y)-matrix, the elements of which are proportional to

perfusion values compensated for shot noise as well as angular and
distance distortion.
Image presentation is made either by directly displaying the
Mp er f(x,y)-matrix on the monitor after color coding, or by first
calculating three linearly interpolated values between each two elements
of the matrix prior to color coding and presentation. The latter
procedure increases the informational content and smoothness of the
displayed image.
The color coding procedure starts by determining whether the
presentation is to be performed in relative or absolute mode. In relative
mode the entire span of perfusion values is divided into six intervals,
each of which is given a specific color when displayed on the monitor.
The relative mode is preferable when a maximal dynamic range is
desirable. In absolute mode, the operator selects the highest and lowest
perfusion values before color coding and presentation. The absolute
mode is useful when different perfusion images are to be compared or
when single extreme values are to be excluded in the presentation.
The perfusion value profile along any horizontal or vertical line in the
Mp er f(x,y)-matrix can be selected and displayed separately. Further
statistical measu.es such as average perfusion values and standard
deviations within a certain area can be extracted, thus converting
important aspects of the perfusion image into more quantitative
parameters.
An example of a perfusion image of the dorsum of a hand with a small
bum (about 4 mm^) is shown in Fig. 4. A perfusion value profile along
a line that cuts horizontally through the bum is seen under the perfusion
image. Although the area of the burn is small, the surface area that has
hyperemia amounts to about 400 mm2. The area to the left holds
technical information about scan format, scanner steplength etc.
When a perfusion image of optimal quality has been generated, the
image on the screen may be put into a color plotter (HP PaintJet) for
documentation and saved on disc for later image processing.

Figure 4.

Perfusion image of the dorsum of a hand with a 4 mm 2 burn.

EVALUATION
To test the validity of the angular and distance compensation factor in
practice, the laser beam, first aimed at a spot right under the detector,
was manually moved from one position to another, in steps of 0.44°,
over a suspension containing small particles in random motion.
Brownian motion of the particles in suspension, which lacked net flux in
any direction, generated Doppler shifts in the back-scattered light. In
Fig. 5a the theoretical angular amplification factor and the shot-noisecompensated processor output signal, recorded 20 times at each
position, are plotted versus cos-3(oc). In Fig. 5b, the theoretical vertical
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Figure 5a.

The theoretical (solid line) and experimental (mean +- SD,
N=20) amplification factor versus cos"3(cc).
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Figure 5b. The theoretical (solid line) and experimental (mean +- SD,
N=20) amplification factor versus the distance d squared.

distance amplification factor and the shot noise compensated processor
output signal are plotted versus the square of the vertical distance
between the detector and the surface of particle suspension (d^). The
conformity between theoretical and experimental data supports the
validity of the expression in eq. 13 as an angular and distance distortion
correction factor.
To evaluate the postulated linear relationship between recorded
perfusion value and blood cell perfusion with different combinations of
cell velocities and concentrations, a mechanical flow simulator was
constructed. A groove 1 mm deep and 2 mm wide was milled in a
transparent plexiglass plate 10 mm thick. A thin transparent film, glued
to the top of the plexiglass plate, covered the groove and thus formed a
rectangular flow channel. Light scattering in a multitude of directions
within the flow channel, was achieved by attaching a thin diffuser to the
transparent film. This diffuser also backscattered a sufficient amount of
light unshifted in frequency.
Fresh human blood was diluted in saline and carefully stirred before
initiating the experiment. A flexible portex-tubing guided the blood cell
suspension from a precision infusion pump (model 355, Sage
Instruments, Cambridge, Massachusetts, USA) to the flow simulator.
With a distance of about 20 cm between the light detector in the scanner
head and the flow simulator, the laser beam was directed towards the
center of the flow channel. The beam was locked in this position for the
entire evaluation procedure.
Recordings of perfusion values, from which the shot noise component
was subtracted, were then made at various blood cell velocities and
concentrations. The result of these investigations is shown in Fig. 6a
(recorded perfusion values as a function of red cell average velocity for
different red cell concentrations) and Fig. 6b (recorded perfusion values
as a function of the product of red cell average velocity and
concentration).

r

/
y

•

Cone 0,2%

«

Cone 0,1%

•

Cone 0,05%

•/

•

•

I

y

?

>

/

***

/

2
4
6
8
10
Red Cell VelociCy (mm/scc)

Figure 6a.

12

Processor output signal as a function of red cell average
velocity for different concentrations in the flow simulator.
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Figure 6b. Processor output signal as a function of perfusion (red cell
average velocity * concentration) through the flow simulator.

Within the range of red cell average velocities and concentrations
presented in Fig. 6, a linear relationship between recorded perfusion
value and the product of red cell average velocity and concentration
could be established. At higher concentrations (>0.5%) of red cells,
recorded perfusion value started to underestimate true perfusion,
because of multiple scattering in many red cells resulting in successive
Doppler shifts.
As the laser beam scans the tissue, successively recorded perfusion
values reflect tissue perfusioii within the scattering volume. The depth
to which the laser beam penetrates the tissue, and thus the extension of
the scattering volume, is to some extent dependent on the optical
properties of the tissue. If the procedure includes scanning a tissue with
spatially heterogenous optical properties, the scattering volume may
vary from one measurement point to another. This may lead to
misinterpretation of recorded perfusion value.
To assess the influence of tissue's optical properties on scattering
volume, Monte Cario simulations have been performed to calculate the
median sampling depth and photon pathlength in Caucasian skin tissue
with different blood cell concentrations. All photons back-scattered
from tissue within a solid angular field view of 0.2 steradians,
symmetrically located around rhc normal vector to the tissue, are
accounted for in the calculations. A detailed description of the
simulation procedure is presented elsewhere [10]. Numerical values for
the optical parameters u a (absorption coefficient), (i s (scattering
coefficient) and g (average cosine of scattering angle) are based on
investigations earlier reported in the literature for blood [16] -[17] and
dermal bloodless tissue [18]. Equivalent values of the independent
parameters (^ a , (JIS and g) for dermal tissue of different blood content
[19] are calculated as linear combinations of their values for bloodless
skin tissue and red cells, respectively. Since the statistical distributions
for the sampling depth and pathlength are skewed, median values and
quartiles are used as statistical descriptors. The result of the simulation
procedure is shown in Figs. 7a (median sampling depth) and 7b (median
pathlength).
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DISCUSSION
In this paper a method has been proposed that uses dynamic scattering
of coherent light to create an image of tissue perfusion. In contrast to
the situation with the ordinary laser Doppler perfusion monitor,
intended for continuous recording of temporal changes in tissue
perfusion at a single spot, the laser Doppler imager makes possible the
study of spatial variations in tissue perfusion at discrete times. The two
methods are therefore complementary, and together they constitute a
versatile pair of technologies for non-invasive investigations of both
temporal and spatial variations in tissue perfusion.
Both methods use a similar algorithm for calculation of a perfusion
parameter that scales linearly with tissue perfusion. Since the Doppler
signal has to be recorded for a certain amount of time to calculate this
perfusion parameter over a bandwidth ranging from 20 Hz to 10 kHz,
and some time must be allowed for movement of the beam, a total
period of about 4 minutes is required to create a full-format image
including 4,096 pixels. In order not to inadvertantly convert temporal
changes in tissue perfusion into spatial variations in the image,
perfusion has to be stationary during the Doppler signal acquisition
period. If faster stepping motors are employed, it may be possible to
reduce the acquisition period to some extent. Yet the ultimate goal of
real time imaging is still far out of reach.
Fujii and coworkers [20] proposed real-time imaging of a parameter
claimed to be related to tissue blood flow. The algorithms in that
system, however, only account for successive changes in Doppler signal
magnitude, and information on Doppler frequency is not included in the
image generation procedure. It is therefore not possible to generate a
perfusion parameter that scales linearly with the product of blood cell
concentration and velocity in that system.
The problem reported elsewhere with mode interference in fiber opticsbased laser Doppler perfusion monitors, resulting in gross transient
noise components in the Doppler signal [21J, has been suppressed in
commercial laser Dcppler flowmeters by the introduction of

differential detector technique [7]. The system setup in the laser
Doppler imager circumvents the problem by i'sing significantly fewer
coherence areas on the detector surface. This setup suppresses the
influence of mode interference on the Doppler signal.
The theory behind the angular and distance compensation factor
assumes scanning of a flat surface. A curved tissue may therefore be
expected to generate error in recorded perfusion value. This error is
proportional to the deviation from surface flatness. Typically, at a
distance of 20 cm between tissue and detector, an error of about 10%
per cm vertical deviation from flatness may be expected.
According to the sampling theorem, the best spatial resolution that can
be attained with the imaging system is twice the beam diameter. With a
beam diameter of 0.8 mm, a 5.12 * 5.12 cm image with a resolution of
1.6 mm may therefore be created of an object positioned 20 cm from
the detector.
To use the full dynamic range of the system, the image should be
presented in relative mode. Isolated pixels, representing an
exceptionally high or false perfusion value, may still prevent optimal
scaling of the color map, thus making the image difficult to interpret.
To overcome this problem the image may be reconstructed in absolute
mode, with an appropriate setting of maximal perfusion value. With a
similar technique, a desired resolution within a predetermined perfusion
interval can be attained by setting both the minimal and maximal limit
of perfusion value in absolute mode.
By using the flow simulator it was possible to verify the linear
relationship between the perfusion parameter and the product of blood
flow average velocity and concentration. Since the optical properties of
real tissue differ from those of the model, no absolute calibration in
terms of ml lOOg'l min'l can be made based on these results.
The dependence of the median sampling depth on the optical properties
of the tissue, as simulated by a Monte Carlo method for skin of various
blood content, influences both the scattering volume and the photon
pathlength in tissue. A reduction in scattering volume means that

the Doppler signal is sampled from smaller tissue volume, and thus a
reduction in perfusion parameter may be recorded although tissue
perfusion is unchanged. Also, an increase in photon migration
pathlength may influence the number of photons that undergo multiple
Doppler shifts. If tissue blood cell concentration is high, this effect may
cause underestimation of true perfusion. From the Monte Carlo
simulations it can be concluded that the relative change in median
sampling depth is about 2.5% when the blood content in bloodless tissue
increases to 1 % of total tissue volume. Since this substantial increase in
tissue blood content [21] causes only minor change in median sampling
depth, the recorded perfusion parameter can be considered only weakly
dependent on depth sensitivity changes due to alterations in tissue blood
concentration. The influence on the median measuring depth of
variations in the optical parameters of brain and liver tissue are
currently being investigated in our laboratory.
Since the laser Doppler imager does not include flexible and moving
optical fibers, which are integral parts of the standard laser Doppler
flowmeter, sensitivity to fiberline movement artefacts has been
eliminated. In conclusion, the laser Doppler imager constitutes a new
non-invasive technique that enables mapping of tissue blood flow
without touching the object. The latter characteristic implies elimination
of sterilization problems and simplifies clinical investigations of
perfusion in association with diagnosis and treatment of peripheral
vascular disease.
This study was financially supported by grants from the National
Swedish Board for Technical Development (88-0393IP and 90-01486P)
and from Handelsbanken as well as from Östgöta Enskilda Bank.
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ABSTRACT
Thirteen patients with port wine stains (PWS) were treated with argon
laser therapy. Before and at different points in time following
treatment, skin blood perfusion and temperature were mapped with
laser Doppler imaging (LDI) and thermography.
In nine patients no elevation in blood perfusion was observed in the
PWS in comparison with the surrounding normal skin before
treatment. In the remaining four patients a significantly (p < 0.01)
higher blood flow was recorded within the PWS. Immediately after
treatment nine patients showed elevated perfusion within the PWS.
During the first two days following treatment, all patients showed a
gradually decreasing hyperperfusion in the borderline between the PWS
lesion and surrounding skin. Immediately after treatment 10 patients
had a significantly (p < 0.01) higher temperature in the PWS than in
normal skin. During the first 24 h following treatment, an elevated
perfusion was in general accompanied by a tissue temperature increase.
Three and a half months after argon laser treatment, three patients
showed excellent clinical results with no remaining PWS spots or
scarring. Two of these patients had had both elevated perfusion and
temperature in the PWS prior to treatment. Key words: Port wine stain;
Argon laser; Laser Doppler imager; Thermography

INTRODUCTION
Port wine stains (PWS) are congenital capillary telangiectasias (1, 2)
which were treated with multiple therapeutic modalities including
cosmetics, surgery, ultraviolet radiation, dermabrasion and tattooing
before argon laser therapy was introduced in the sixties (3).
Therapeutic success utilizing argon lasers has, however, varied (4).
Best results have been obtained with darker lesions, especially in the
face and in elderly patients (4). The treatment is time-consuming and
may, unless carefully planned and performed, cause severe scarring. It
is therefore of paramount importance to find predictive methods that
allow optimal selection of patients for argon laser therapy.
Apfelberg et al. (5) studied blood perfusion in PWS patients with laser
Doppler Iv/wmetry, but were unable to predict the outcome of argon
laser treatment. The difficulties may be attributed to the fact that the
laser Doppler flowmeter gives information about tissue perfusion in
only a single point, while the vascular architecture of PWS varies
greatly even within the same area (6). In order to overcome this
limitation of laser Doppler flowmetry, Nilsson et al. (7) developed a
laser Doppler imager that creates an image of tissue perfusion. The
method is based on the recording of Doppler shifts caused by
movements of blood cells in the backscattered light of a laser beam that
successively scans a certain tissue area.
The objective of this study was to investigate the perfusion status of
PWS with a laser Doppler imager immediately before and at different
points in time after argon laser treatment. Since thermography is
considered useful in the prognosis of the outcome of argon laser
therapy of PWS, it was included as a reference method (8).

MATERIAL AND METHODS
Patients
Thirteen patients (9 females) with PWS of various extents on different
parts of the body were included in the study. All lesions were
congenital and only one had been treated before. The age of the patients

ranged from 16 to 67 years, with a mean of 27 years. Patient data and
PWS sites are listed in Table I.

Pat No

1
2
3
4

5
6
7
8
9
10
11
12
13
Table I.

Sex Age Site
F
23 back
F
67 forehead
F
19 cheek
F
23 cheek
F
20 thigh
M 19 neck
F
22 shoulder
M 20 cheek
M 16 neck
F
18 thigh

F
M
F

16
53
34

arm
cheek
forehead

Patient data

Argon laser
An argon laser (type Coherent Model 910) was used for treatment of
the PWS. This laser emits light in the spectral range 488 to 514 nm.
The light is guided through an optical fiber from the laser tube to a
hand-held treatment head, producing a 1,5 mm wide beam (9). A
0.5 sec pulse duration was use with a mean power of 1.5 W. According
to earlier experiences this would give minimal risk of scarring.
In the skin, the light is absorbed mainly by melanin in the epidermal
layer and by hemoglobin molecules in the red blood cells. The latter
effect generates a certain amount of heat that coagulates and bleaches
the tissue (10).

Laser Doppler imager
During the scanning procedure, the patien with PWS tissue is
positioned between 12 and 20 cm under the laser Doppler imager (Fig.
1). Light from a 3 mW He-Ne laser is scattered onto the tissue by an
optical mirror system. The 0.8 mm diameter light beam is moved step
by step over the object, penetrating the tissue to a depth of a few
hundred microns (11). In the presence of moving blood cells a fraction
of the backscattered and Doppler-broadened light is received by a
photodetector and converted into an electrical signal. This signal is
further processed to scale linearly with blood flow (11) and eventually
used as an estimator of perfusion. The scanning procedure and
sampling by the perfusion estimator at each site of measurement is
controlled by an AT IBM-compatible personal computer (Copam 386
SXB).

Figure 1.

Block diagram of the laser Doppler imager.

The complete scanning procedure requires about 4 minutes, during
which time the light in the room is switched off in order to eliminate
optical interference from the lighting with the Doppler signal. When all
data are gathered, a colour-coded image showing spatial distribution of
the tissue perfusion is generated on the monitor. Each of the six colours
in the image corresponds to a certain interval of perfusion level. Black
indicates low or zero perfusion, while highly perfused areas are coded
in red. In order to be able to make comparisons between different
images, the highest perfusion value in a series of images is used as a
reference, and all perfusion values in the whole series are scaled in
relation to this reference value. For the record, the images are put into
a colour plotter (HP Paint Jet).
To compare the perfusion in normal skin with that in the PWS, the
following statistical method was used. Two areas, one on normal skin
and one on a PWS, were marked with a cursor. Each of the areas
contained between 30 and 70 measurement sites. The samples were
considered normally distributed. Mean perfusion and standard deviation
were used to test the null hypothesis: the perfusion within the marked
areas is identical. The level of significance was two-tailed and set to Pvalues < 0,01 in all cases.
Thermography
Skin temperature was measured in centigrades (°C) using a realtime
thermal imaging system (Thermovision 870, Agema Infrared systems
AB, Stockholm, Sweden). The detector is thermo-electrically cooled
and the system operates in the short-wave band between 2 and 5.6 \im.
Infrared radiation emitted by the object is converted into an electrical
video-signal by the scanning unit. The inaccuracy of the system is
limited to ± 0.1°C. A graphic plotter provides colour images showing
temperature changes with 16 colours, with black indicating the lowest
temperature and white the highest.
The mean value of skin temperature was calculated and compared to
that of the corresponding reference area on normal skin. To compare
the temperature in normal skin with the temperature in the PWS, the
same statistical method was used as for LDI.

Procedure
LDI and thermography of the PWS were performed immediately
before and about 15 min, 24 h, 48 h and three and a half months after
argon laser therapy. Before measuring a metallic reflector was
positioned around the PWS lesion in order to facilitate identification of
the boundaries of the lesion on the laser Doppler image and
thermogram. On each occasion a photographic documentation of the
lesion was made and the ambient temperature recorded.
After the first measurements were made, the patient was brought to the
treatment room and argon laser therapy initiated. Local anaesthesia was
applied (prilocain hydrochloride, 10 mg/ml without epinephrine). The
average extension of the treated areas was 8 cm2. Within 10 min after
the treatment a second laser Doppler image followed by a thermogram
was recorded in the temperature-controlled room. The ambient
temperature was kept within 22.0 ± 1.4°C during all measurement
procedures.
In association with the measurements performed three and a half
months after treatment, a judgement of the results was made in
collaboration with the patient. The results were classified as excellent,
good, moderate or unchanged.

RESULTS
Laser Doppler imaging
Before treatment, LDI did not show any difference between perfusion
levels within the PWS and in the surrounding unaffected skin in 9 out
of 13 patients (Table II). In the remaining four patients, significantly
elevated perfusion was observed within the PWS lesions. In patient No.
12, who was earlier treated with electrocoagulation, high perfusion
values were observed in regard to spots within the PWS.
After treatment, all patients showed pronounced hyperemia in the
borderline between the PWS and surrounding skin. In 11 patients

perfusion in the centre of the PWS was significantly different from that
of normal skin. In 2 of these patients (No. 4, 8) reduced perfusion was
observed. In the remaining 9 patients elevated perfusion was recorded.
After 24 and 48 h there was a gradual reduction of perfusion in the
borderline between the PWS and sunounding tissue. At these points in
time an elevation of perfusion in the centre of the PWS was observed in
7 (after 24 h) and 5 (after 48 h) patients, respectively. One patient
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Perfusion (Pe) and temperature (T) in PWS compared to
surrounding normal skin, before and after treatment.
0 = no significant difference
+ = higher perfusion/temperature in the PWS, P < 0.01
- = lower perfusion in the PWS, P < 0.01
/ = patient not available for study
R = excellent, G = good, M = moderate, U = unchanged

(No. 4) still showed significantly lower perfusion in the PWS both 24
and 48 h after treatment.
After three and a half months, reactive hyperemia in the borderline
between the PWS and surrounding skin had disappeared, and perfusion
returned to baseline levels in all patients. In 5 out 10 patients, however,
a blanched PWS and higher perfusion was now observed within the
treated area in comparison with the surrounding skin.
Figure 2 shows examples of perfusion images, before and after
treatment for patient No. 11. In the image taken immediately after
treatment, the hyperemic zone is clearly seen, as well as higher
perfusion in the treated area. The areas used for statistics are marked
with a black border.
Thermography
Before treatment only 2 patients (No. 2 , 1 2 ) showed higher
temperature within the PWS as compared to surrounding tissue
(Table II). Eight patients showed a measurable rise in PWS temperature
after argon laser treatment. The average temperature increase was 1.9
± 1.6 OC The PWS that had a higher temperature from the start
(No. 2, 12) did show an average temperature increase of 0.7 ± 0.3 °C.
Immediately after the treatment all 10 patients had higher temperature
in the PWS area than in normal skin. At the 24- and 48-hour
measurements the elevated temperature slowly decreased, but a return
to pretreatment levels was observed only in measurements made after
three and a half months.
Clinical results
Three and a half months after argon laser treatment, three patients (see
Table II) showed excellent results with no PWS spots left and no
scarring. Three patients showed good, three patients moderate results
and two patient were almost unchanged. Two patients were not
followed up at the three and a half month control. No patient showed
scarring in the treated PWS area. After seven months a slight progress
in blanching was seen in all patients who were followed up. This was
expected according to earlier experiences and literature (3). Two of the
patients with excellent results (No. 2,12) showed high tissue perfusion
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D

Figure 2.

Perfusion images
A. Before treatment
B. Directly after treatment
C. 24 h after treatment and
D. 48 h after treatment
The areas marked in black are used for statistics

in the PWS, as manifested with both LDI and thermography prior to
treatment.

DISCUSSION
The main abnormalities characterizing PWS are vascular ectasia and a
substantial increase in the number of vessels. The vessels in mid and
deep dermis have a defect innervation which may be of importance for
the developement of the disease (12). Mean vessel depth within the PWS
is 0.46 ±0.17 mm and vessel density is highest in the immediate
subepidermal area (13). Age correlates well with both progressive
vessel ectasia and colour shifts from pink to purple (13). In healthy skin
the argon laser beam penetrates the tissue to a depth of about lmm (14),
while the scanning He-Ne laser beam in the LDI device has a median
sampling depth of about 0.2 mm (15). The depth of the argon laser
beam is dependent on the amount of melanin in tissue and to some
extent on erythrocyte concentration (10). Thus, the majority of ectatic
vessels and the thermal energy delivered by the argon laser beam and
the peak sensitivity of the laser Doppler imager are all confined to the
upper lmm layer of the skin.
Thermography (8), transcutaneous microscopy (16), reflectance
spectrophotometry (17) and laser Doppler flowmetry (18, 19) are
examples of non-invasive methods used earlier in the assessment of
argon laser treatment of PWS. Generally, large differences between
measurement results obtained from the PWS area in comparison with
normal skin correctly predicted a favourable outcome of argon laser
therapy (20). This is in accordance with the results obtained in this
study, where two (No. 2, 12) out of the four patients with excellent
results had both elevated tissue perfusion and temperature within the
PWS area. These two patients were older than the others (67 and 53
years, respectively) and their PWS were purple in colour and located
on the face. Elevated perfusion prior to treatment was also found in two
patients (No. 6, 9) with only moderate and unchanged clinical results.
These two patients were, however, younger (19 and 16 years,
respectively) and their PWS were not purple colour.

All patients had increased perfusion in the border between the PWS and
healthy skin tissue directly after treatment as measured with LDI. The
hyperernia, which was interpreted as a normal reaction to heat stimuli
in healthy skin, diminished gradually during the following two days and
had disappeared completely three and a half months later. The increased
blood flow seen in the centre of the lesion in the majority of the patients
directly after argon laser treatment was more surprising, because
immediate coagulation of the vessels would have been expected. The
phenomenon may be explained by the fact that although the median
sampling depth of LDI is about 0.2 mm, sensitivity to perfusion
throughout a deeper microvascular network is still significant (IS). If
this deeper network is thermally stimulated rather than coagulated by
the argon laser beam, an increase in perfusion, that will give a
substantial contribution to the recorded Doppler signal may be
expected. In addition, increased perfusion in the deeper dermis could be
due to the inflammatory response. In either case the reaction may be the
cause of the persistent elevation in PWS area temperature that was
frequently observed after treatment. During the first 24 h after
treatment elevated perfusion was accompanied by a tissue temperature
increase in 14 out of 16 measurements.
In conclusion, this study shows that in only 4 out of 13 patients was the
perfusion higher in the PWS than in the surrounding normal skin
before treatment. After treatment a parallel elevation of perfusion and
temperature within the PWS area was in general observed. The results
indicate that neither the LDI technique nor thermography can
unambiguously predict the clinical results of argon laser treatment of
PWS. Both methods may yet be useful tools in the further
understanding of the pathophysiology of PWS.
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SUMMARY
1. Laser Doppler perfusion imaging was used to map the cutaneous
vascular axon reflex response induced by trains of electrical skin stimuli
(lms, 2Hz) on the dorsum of the hand, finger and foot in twenty-four
healthy subjects. Conduction anaesthesia was applied to nerves supplying
the stimulated skin areas. Subtraction between images recorded before
and after stimulation was used for data analysis of intensity and area of
the response.
2. The stimulation evoked a localized perfusion increase around the
stimulating electrode which lasted approximately 30 minutes and
increased in intensity and area with increasing simulation strength to a
maximum at 20 pulses and 20 mA. The intensity and area of the
response was greater on the hand than on the foot.
3. Approximating the response area as a circle the maximal perfusion
increase in the hand extended 9+3 (mean ±SD) outside the perimety of
the stimulation electrode. When stimulating within skin subjected to
surface anaesthesia no response occurred but when stimulating at the
border to surface anaesthetized skin the perfusion increase extended
2±1 mm (mean±SD) into anaesthetized skin.
4. The results show that the perfusion increase must have been due in
part to impulse conduction to and release of transmitters from axonendings terminating in skin outside the contact area of the probe. Is is
concluded that the area of perfusion increase corresponds to the size of
the receptive fields of afferent polymodal C-fibres.

INTRODUCTION
The vasodilatation evoked around the site of a noxious skin stimulus was
suggested by Bruce (1913) to be the result of an axon reflex. The
hypothesis was supported by Lewis (1937) who postulated that the flare
component of the "triple response" was mediated by local axon reflexes
in a cluster of axon collaterals, which released a neurotransmitter that
acted on small blood vessels. Later studies have identified the nerves
involved in the vascular axon reflex to be capsaicin-sensitive, high
voltage threshold, polymodal afferent nociceptive C-fibres (Jancso,
Jancsö-Gåbor & Szolcsånyi, 1967; Kenins, 1981; Chahl, 1988). Lewis
suspected a histamine-like substance to be the transmitter substance, but
today substance P is generally thought to be the primary mediator.
However, even other neuropeptides contained in primary afferent
neurones such as CGRP, Somatostahn, VIP, neurokinines could be
important (Chahl 1988).
According to Bruce and Lewis the area of the flare is determined by the
anatomical arrangement of the collateral nerve network and the vessels
in the skin. If this theory is correct there should be a concordance
between the area of vasodilatation and the receptive field of afferent
polymodal C-fibres, the size of which is known (van Hees & Gybels,
1981; Jorum, Lundberg & Torebjörk, 1989). The extension of the axon
reflex is, however, not known in detail, primarily because of lack of
adequate methods to map the extension of a localized change in blood
flow. Inspection of the weal and flare reaction after noxious skin
stimulation is still used as an indicator of nociceptive C-fibre function
(Magerl, Westerman, Möhner & Handwerker, 1990). The introduction
of laser Doppler flowmetry made it possible to monitor * Mood flow
continuously in a small circumscribed skin area, thereby facilitating the
study of the a^.on reflex (Nilsson, Tenland & Öberg, 1980a; Nilsson,
Tenland & Öberg, 1980b; Westerman, Low, Pratt, Hutchinson,
Szolcsånyi, Magerl, Handwerker & Kozak, 1987; Hornyak, Naver,
Rydenhag & Wallin, 1990). Recently a laser Doppler perfusion imager
has been developed (Nilsson, Jakobsson & Wårdell, 1990) in which a
laser beam scans the tissue surface in up to 4,096 measurement sites and
then generates a colour-coded image of the tissue perfusion distribution.

Using this perfusion imager it is possible to measure the spatial
distribution of blood flow.
The aim of the present study was to use laser Doppler perfusion
imaging to investigate the time course, magnitude and extension of the
axon reflex vasodilatation in different skin areas of healthy subjects, and
to test the putative correlation between the extension of the blood flow
increase and the size of the receptive field of nociceptive C-fibres.

METHODS
Material
Twenty-four healthy subjects (12 males and 12 females) aged 34-49
(mean 41) years were studied. The study was approved by the local
Ethics Committee and all subjects gave their informed consent.
Electrical skin stimulation
Cutaneous vascular axon reflexes were evoked by transcutaneous
electrical stimulation on the dorsal side of the hand, the fourth finger
and the foot. A circular surface electrode (cathode), 6.8 mm in
diameter, was covered with electrode jelly and held perpendicular to the
skin surface. The anode, a circular silver plate (about 40 mm in
diameter) embedded in cotton-ganze and steeped in water, was placed
on the middle part of the dorsal side of the forearm. A train of squarewave pulses (pulse duration 1 ms, frequency 2 Hz) was delivered to the
skin from a Grass S40 (Grass Instrument Company, Massachusetts,
USA) electtical stimulator connected to a constant-current generator
(Grass CCU1A) and an isolation unit (Grass SIU05). In 9 subjects the
effect of varying the stimulation strength was studied on the dorsum of
the hand. In the first experiment, the number of pulses was varied (5,
10, 20 and 40 pulses) at a constant strength of 20 mA. In the second
experiment the number of pulses was kept at 20 while the current was
varied (5,10, 20, 30 and 40 mA). Based on the result of these
experiments, a stimulus comprising 20 pulses at 20 mA was selected to
compare the stimulation effects on skin blood flow in the hand, finger
and foot.
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In 6 experiments a tungsten microneurography needle electrode with a
shaft diameter of 0.2 mm and a tip of a tew microns was used for
intracutaneous stimulation. The needle, which was coated with lacquer
(except the tip), was inserted through the skin oz the dorsum of the
hand and pushed subcutaneously for about 2-4 cm, before it was
directed into, but not through, the dermis from below. When the
mechanically induced axon reflex had disappeared (about 30 minutes
after needle insertion), trains of 5 current pulses were delivered via the
electrode. The current strength was increased from initially 2 mA in
steps of 1-2 mA until a maximal response was attained.
Laser Doppler perfusion imaging
The tissue perfusion was mapped with a laser Doppler perfusion imager
(Wårdell, Jakobsson & Nilsson, 1991). A computer-controlled optical
scanner directs the low power He-Ne laser beam to the tissue. The skin
is scanned by moving the laser beam step by step in a rectangular
pattern over the skin surface. The scanning procedure took about four
minutes for the selected skin area of 4*4 cm. At each of the 4,096
measurement sites the light penetrates the tissue to a median sampling
depth of about 0.2 mm (Jakobsson & Nilsson 1991; Wårdell et al.
1991). In the presence of moving blood cells, a fraction of the light is
Doppler-shifted, detected and converted into an electrical signal for
further processing. The output signal of the processor relates linearly to
tissue perfusion. This processor output signal is sampled and stored by a
personal computer (Copam 386 SXB). From the captured perfusion
values a colour-coded image is generated and presented on a monitor.
Further image processing and data analysis are made in the displayed
image. Finally, the result is presented on a colour plotter (HP Paint Jet,
Hewlett Packard, USA).
Experimental procedure
To prevent sympathetic reflex effects on skin blood flow (Hornyak et al.
1990) the nerves supplying the investigated skin areas were
anaesthetized using Mepivacain (20 mg/ml). 2 ml were injected at each
of the following sites: at the wrist around the superficial radial nerve
and the dorsal cutaneous branch of the ulnar nerve (for the dorsum of
the hand), at the base of the 4th finger around the digital nerves and at
the ankle around the superficial peroneal nerve. When anaesthesia was
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complete (abolition of tactile and pin-prick sensation) the stimulation
point was marked with light-absorbing black ink, so it could be
identified in the perfusion image to be generated. Control measurements
showed that the mechanical application of the stimulation electrode did
not affect the blood flow. The hand and foot were placed and fixated
with double adhesive tape on a small table under the scanning head of
the perfusion imager (Fig.l).
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Figure 1. Arrangement of stimulating electrode (A) and the
measurement procedure (B). Sites for regional anaesthesia marked RA1
(dorsal cutaneous branch of ulnar nerve) and RA2 (superficial radial
nerve). The hand is fastened to the table by double adhesive tape around
the third finger and the wrist (shaded areas). The stimulation electrode
is held perpendicular to the skin and the reference electrode applied to
the forearm. The laser light is directed to the tissue from the laser
Doppler perfusion imager (placed approximately 20 cm above the skin).
Backscattered Doppler broadened light is detected and the signal is
processed. After signal processing an axon reflex response is shown on
the monitor to the right. The scanning area is indicated by a square on
the dorsum of the hand in B.

A measurement area was selected by moving the laser beam along the
scan area boundaries. Care was taken that the measurement area was
positioned at right angles to the laser beam. The distance between the
detector and the tissue was measured, and the skin temperature was
recorded with an infrared thermometer (THI-300, Tasco Osaka, Japan).
Prior to electrical stimulation an image of the tissue perfusion in the
skin area to be stimulated was mapped. Electrical skin stimulation was
then performed. Immediately after stimulation a second image of tissue
perfusion was recorded. To eliminate interference from ambient light,
the electrical light was switched off during the scanning procedure.
During scanning the subjects sat comfortably in a chair, in a
temperature-controlled room (22.9 ± O.7OC). The interval between two
successive stimulations at the same position was 30 minutes.
In 6 subjects the effect of surface anaesthesia on the skin blood flow
response was tested by local application of Lidocain-Prilocain cream
(EMLA). By covering a part of the skin on the dorsum of the hand with
an 18 mm wide adhesive tape, a straight and fairly sharp border was
obtained between anaesthetized and unanaesthetized skin. After 1 hour,
tape and cream were removed and the skin was cleaned with alcohol.
Electrical stimulation (20 mA at 20 pulses) was applied with the
electrode placed on skin previously covered with tape at the border to
anaesthetized skin.
In one experiment local anaesthesia was achieved by infiltration of the
subcutis with 1 ml Mepivacain 20 mg/ml.
Reproducibility
In 6 subjects mapping of the perfusion was repeated 6 times on the
dorsum of the hand after regional anaesthesia of the skin nerves. Care
was taken that the same stimulus (20 pulse at 20 mA) was given before
each registration, that the perfusion had returned to normal value
before new stimulus and that the stimulation site was as constant as
possible. Pin-prick sensation was absent during the 3 hour long
experiment, but the sensation of stimulation was more intense at the last
one or two registrations.

To investigate the influence of possible movements and displacement of
the tissue during and between stimulus and scanning, the following tests
were made: in 13 subjects rectangular aluminium strips ( 3 x 5 mm),
were attached in the peripheral parts (x and y direction) of the
measurement area on the dorsal side of the hand. Scanning was
performed before and after stimulus. In one subject, a piece of paper
(20 x 20 mm) was placed on the dorsum of the hand and recorded 7
consecutive times.
To test whether the duration of the scanning procedure affected the
recording of the area and intensity of the perfusion increase, the left
side of the response was compared with the rigth side on the dorsum of
the hand in 17 subjects.
Data analysis
To quantify the intensity and area of the blood flow response,
subtraction of images recorded before and after electrical stimulation
was performed. This was done to ensure that regional differences in
skin blood flow (spontaneous or induced by skin irritations, wounds
etc.) were not interpreted as responses to electrical stimulation. To
minimize "noise" due to temporal variations in skin blood flow, all
perfusion values less than 10% of the maximum value in the difference
image were classified as not being part of a response and set to
background value and colour (Fig. 2 A-D). The axon reflex was then
framed with a cursor on the computer monitor (Fig. 2 D). From the
non-zero perfusion values inside the selected area the average increase
in blood flow was calculated, also referred to as mean perfusion
increase. The number of samples were used to estimate the area of the
response. For calibration a lcm^ white marker was scanned at the
distances used when measuring perfusion (17-22 cm). Each distance
gave a scale factor for computing the skin area. Finally, the maximal
increase in blood flow, referred to as the peak perfusion increase, was
determined as the mean of 30 samples in the area with the most
pronounced blood flow increase.
The extension of the axon reflex into surface anaesthezised skin was
measured as the maximal and mean distance from the border line
between anaesthetized and unanaesthetized skin.

Figure 2. Analysis procedure (perfusion images from the dorsum of the
hand). Each image is scaled individually, with the specified percentage
range shown. A. Before stimulation. B. Directly after electrical
stimulation of the skin with surface electrode. C. Image A subtracted
from image B, without threshold. D. Image A subtracted from image B
with 10% threshold, i.e all values less than 10% of the maximum set to
zero. The mean perfusion increase is calculated from all non-zero values
within the large rectangle surrounding the response in D. The peak
perfusion increase calculated as the mean of all values, within the small
frame in the center of the response. Note that the area with increased
perfusion in the lower part of A and B (corresponding to a small skin
ulceration) disappeared after subtraction. The gray rectangular areas in A
and B correspond to aluminium tape fastened to the skin.

Statistics
The average perfusion of each framed area was used for statistical
analysis. Values in the text and table are given as mean+SD, in the
figures as mean±SE. Data were analysed using two-tailed t-test for
paired or grouped samples. P values < 0.05 were considered significant.

RESULTS
General character of the vasodilatation
Electrical stimulation of the skin surface usually evoked clear perfusion
increases in a localized area around the site of stimulation (Figs. 2-3).
In one subject no response occurred on the hand neither at 20 mA and
20 pulses nor higher intensities. Three subjects showed no response on
the foot at 20 mA and 20 pulses but responded at higher stimulation
intensity. The size and shape of the response varied markedly between
subjects and skin sites: the area could be circular but mostly it was oval
with an irregular border zone. Sometimes the response consisted of
several areas of increased perfusion; one main area and one or a few
small "islands" separated from the main reaction by areas of lesser
increases or even unchanged blood flow. The increase in blood flow
was most pronounced in the center of the reaction and declined toward
the periphery, but several less-pronounced peaks could occur within the
response area. In addition, the response often had a "microstructure"
and large differences in perfusion between individual neighbouring
measurement sites (sometimes up to 100%) could occur. The
stimulation did not cause any skin colour change.
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Figure 3. Examples of axon reflex responses of different sizes evoked by
surface stimulation (20 pulses at 20 mA) in two subjects. The areas
indicate perfusion increases of 10% or more of the maximal reponse in
this and all subsequent figures. All flow increases in single isolated
measurement sites are set to zero in this and all subsequent figures. Note
the irregular contours and small "islands" outside the main response
areas.

Reproducibility
The difference in mean perfusion between 2 consecutive registrations,
following identical stimuli was O.5O±15.6O%, the difference in area was
3.49±22.78% and in peak perfusion increase 0.04±21.42%.
Based on the shapes of the aluminium strips the displacement of the
hand between images before and after stimulus was l . l i l . 3 mm
(x-direction) and 1.011.2 mm (y direction). The displacement of the
hand during scanning, tested with a 20 x 20 mm piece of paper placed
on the hand, was less than ±0.7 mm in both x- and y directions, which
corresponds to the resolution of the imaging system (±1 pixel).
No significant difference in mean perfusion increase and extension was
seen between the left and the right side of the response on the dorsum of
the hand.

Intracutaneous needle stimulation
In order to reduce the number of activated axons, intracutaneous
tungsten microclcctrodes were used for stimulation in 6 experiments. At
the site where the needle passed through the skin an area of intense
vasodilatation always occurred and never totally disappeared during the
experiment. The passage of the needle in the subcutaneous tissue was not
felt and did not result in vasodilatation, but at the point where the
needle tip entered the skin from below a small mechanically-evoked
vasodilatation sometimes occurred. When stimulating through the
needle the current strength for evoking vasodilatation varied, depending
on location of the tip of the needle in the dermis. If the stimulation
evoked a dull sensation no vasodilatation was seen, whereas a sharp or a
burning sensation predicted a vasodilatation response at currents of
2-10 mA. The vasodilatation elicited in this way usually consisted of
several small peaks which at low stimuli strength were separated by
unresponsive areas but merged when the stimulation intensity was
increased. Usually the maximum vasodilatation was located over the
electrode tip but exceptions occurred and in Figure 4, an example is
shown in which the peak blood flow occurred 6 mm away from the tip.

10 mm

Figure 4. Pcrfusion increase:; evoked by stimulation via subcutaneous
microclcctrodc with tip inserted into the skin from below (dashed
arrow). Stimulation parameters in A: 5 pulses at 1 ruA, B: 10 pulses at
2 mA, C: 10 pulses at 3 mA. Note that the main part of the the response
is to the left of the stimulation point which is marked with black arrow.
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Effects of local anaesthesia
To prove that the flow increase requires intact nerve function,
subcutaneous infiltration anaesthesia was applied in one subject. No
blood flow increase could be induced by stimulation of the anaesthetized
skin, whereas a pronounced response occurred in adjacent untreated
skin.
In 6 subjects stimulation was applied in unanaesthetized skin at the
border to skin treated with topical application of Lidocain-Prilocain
cream. The transition between skin with normal sensation and skin with
absence of pin-prick sensation was not sharp but comprised an
approximately 2 mm wide zone of hypoalgesia. The response occurred
mainly in untreated and hypoalgetic skin and the maximal and mean
extensions into analgetic skin were 3±2 and 2±1 mm respectively
(Fig.5).
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Figure 5. Effect of skin surface anaesthesia with Lidocain-Prilocain
cream (light grey area) on perfusion increase evoked by surface
stimulation (20 pulses at 20 mA). A. With stimulation site (white circle)
in unanaesthetized skin at the border to anaesthetized area the perfusion
response was mainly evoked in the unanaesthetized skin. B. Stimulation
in the middle of the anaesthetized area evoked no response (a small
perfusion increase still remained from the stimulation in A). C.
Stimulation in unanaesthetized skin evoked a clear response, extending
only a small distance into the anaesthetized area.

Time course of the response
The time course of the blood flow increase induced by surface
stimulation, was measured on the hand of 7 subjects. The scanning
procedure was repeated every fifth minute until the axon reflex
response had disappeared. The maximum increase in perfusion occurred
in the first measurement, i.e. during the first 4 minutes and
disappeared in the course of less than 30 minutes (Fig. 6 A-B). The time
courses of changes in mean- and peak blood flow were similar.
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Figure 6. Time course of intensity (peak and mean) (A) and area (B) of
perfusion increase evoked by skin stimulation (surface electrode) on the
dorsum of the hand in 7 subjects. Each data point corresponds to the
time at the end of a measurement procedure (meanlSE).

Effects of varying stimulation parameters
Variation of the stimulation current and the number of pulses applied to
the dorsum of the hand showed that mean- and peak blood flow
increased in parallel up to 20 mA and to 20 pulses and then remained
approximately constant (Fig. 7 A, C). Also the response area increased
with increasing current, or number of pulses, to a plateau around 30
mA and 20 pulses (Fig. 7 B, D).
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Figure 7. Intensity (peak and mean) and area of the perfusion increase
on the dorsum of the hand at different stimulation currents (A and B)
and at different number of pulses at a current of 20 mA (C and D). For
each data point the number of subjects is given in brackets at the top of
panels A and C. Values are given as mean±SE.

Figure 8 A shows that there was a high correlation (r = 0.94, P < 0.001)
between peak and mean perfusion increase. The area of the response
correlated both with mean perfusion (r = 0.71, P < 0.001, Fig. 8 B) and pei
perfusion (r = 0.65, P < 0.05 Fig. 8 C).
Comparison between different skin areas
Since some subjects (because of pain) did not tolerate currents above 20
mA, 20 pulses at 20 mA were used when comparing stimulation effects
in different skin areas. The intensity and the area of the perfusion
increase varied with the site. Compared to males, females had a
significantly higher peak perfusion and larger response area (P < 0.05,
P < 0.025, respectively) on the dorsum of the foot. The peak blood flow
increase was significantly higher (P < 0.001) on the dorsum of the
finger and the hand than on the dorsum of the foot (Table 1, Fig. 9 A),
but there was no significant difference between hand and finger. Both
the mean increase of perfusion and the area of increased perfusion were
greater on the hand than on the foot (P < 0.05 and P < 0.025,
respectively, Table 1, Fig. 9 B-C). These measurements could not be
made on the finger since the flow response extended to the lateral sides
of the finger, which were inaccessible to the perfusion imager.
The skin temperature was: on the dorsal side of the hands 32.1±1.50C
the fingers 33.1±1.3«C and the feet 30.7±1.5«C.

Finger
Hand
Foot

Peak (%)
348±126
285±120
137±107

n
18
23
13

Mean {%) n
132±55
20
88±61
13

Area (mm2) n

-

-

499±271
259±270

20
13

Table 1. Effects of surface stimulation (20 pulses at 20 mA) on intensity
(peak and mean) and area of perfusion increase on the dorsum of the
finger, hand and foot (mean±SD).
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Figure 8. Relationship between mean and peak perfusion increases (A)
between area and mean perfusion increase (B) and between area and
peak perfusion increase (C) evoked by surface stimulation on the
dorsum of the hand with 20 pulses at 20 mA. Regression lines marked
in the figures.
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Figure 9. Peak (A) and mean (B) perfusion increase on the dorsum of
the finger, hand and foot stimulated with 20 pulses at 20 mA (surface
electrode). C shows corresponding data for the area of the perfusion
increase. Fingers are not included in diagram B and C because of flow
response extension to the lateral sides of the finger. The values
represent mean±SE.
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DISCUSSION
The vasodilatation induced by electrical stimulation of the skin surface
extended only a short distance away from the stimulation electrode;
responses still occurred in a skin area which was temporarily
denervated by regional anaesthesia but could not be evoked in skin
infiltrated with a local anaesthetic agent. These findings agree with the
results of previous studies (Westerman etal. 1987; Westerman,
Widdop, Hannaford, Low, Roberts, Kent, Sideris, Yip, Hales &
Stephens, 1988) and prove that the perfusion increase was evoked by a
local neural reaction, presumably an axon reflex.
Technical factors influencing the response
The laser Doppler perfusion imager is well suited for mapping spatial
differences in skin perfusion. The perfusion response which we studied
did not represent a steady state situation, but since the changes were
slow (approximate duration 30 min) compared to the four minutes
required for the imaging procedure each subtraction image nevertheless
represents a practically useful approximation.
Although subjects had their hand or foot attached to the table with
double adhesive tape some tissue displacements still occurred during a
measurement period, which may have contributed to the irregular
contours of the responses. Such errors were minor, however, and areas
of increased perfusion were similar in repeated measurements. For
example, the increased perfusion due to a small skin wound in Fig. 2 A
and B disappeared almost completely after subtraction.
The perfusion responses usually had a "microstructure" and fairly large
differences were common between individual measurement sites.
Although both tissue movements and rapid temporal variations in
microvasular blood flow may contribute to these findings it seems likely
that the "structure" also reflects the microanatomy of the skin
vasculature. This would agree with the experience from laser Doppler
flowmetry measurements of marked differences in the level of
perfusion between skin sites separated only by short distances (Tenland,
Salerud, Nilsson, & Öberg, 1983).
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With repeated stimulations of constant strength the responses differed
only slightly in intensity and area. Most of the variability can probably
be explained by minor differences in the site of the stimulating probe
between runs. Since responses to repeated stimulation were not identical
in size and contour it seems likely that also the "microstructure" of the
responses varied slightly with repeated stimulation. If so, this may
explain why axon reflex responses recorded from a very small skin area
(with laser Doppler flowmetry) may vary fairly markedly on repetition
(Naver & Wallin, unpublished observations).
Neural factors influencing the response
Both the intensity and the area of the perfusion resporse increased with
increasing stimulation strength and levelled off at a current of 20 mA.
This suggests that the current increase evoked a successive recruitment
of nerve fibres until all axons (afferent and efferent) under the
stimulating probe were stimulated. Thus, the flow responses may have
been due to direct and axon reflex effects not only in afferent C-fibres
but also in sympathetic vasoconstrictor, vasodilator and possibly
sudomotor fibres. However, when skin nerve fibres are activated by
intraneural electrical stimulation the vasodilatation evoked by
antidromic activation of afferent C-fibres is much stronger and more
long-lasting than the effects induced via sympathetic fibres (Blumberg
& Wallin, 1987). For practical purposes, therefore, our perfusion
responses can probably be regarded as relatively pure afferent C-fibre
effects.
Although most activated nerve fibres probably terminated in the skin
under the stimulating probe, some may have been stimulated in passage
to skin just outside ti1: ,ontact area of the probe. This may explain why
small islands of inc .* t i perfusion (perhaps corresponding to single Cfibre territories) s< >( ir les occurred outside the main response area.
Stimulation of fib r /i passage would also explain why the main
response area coi rfi o* situated to one side of the stimulation point,
when a subcutanw s nicroelectrode was used for stimulation (Fig. 4).
The perfusion n- oases also increased in area and intensity with an
increasing num L of stimulation pulses (at 20 mA) and then levelled
off at 20 pulses, his suggests that even if all nerve fibres were

1U3

activated by 20 mA, at least 20 impulses were required to release
enough transmitter for a maximal response.
The peak intensity of the perfusion response was higher in the finger
than in the hand and both intensity and area of the response were
greater in the hand than in the foot. Provided that 20 impulses at 20 mA
produce a maximal response at all locations (tested only in the hand) the
variations may be due to differences in the thickness of the stratum
corneum, blood vessel density and/or in the density or receptive field
area of cutaneous afferent polymodal C-fibres at the three locations.
The density of polymodal C-fibre terminals in the different skin areas is
not known. Differences in the thickness of the stratum corneum
(Holbrook & Odland, 1974) and capillary density (Pasyk, Thomas,
Hasset, Cherry & Faller, 1989) have been demonstrated in different
skin areas, and Magerl et al. (1990) found weaker vascular axon reflex
responses (induced by Histamine ionophoresis) in the foot than in the
hand, which they ascribed to differences in the thickness of the stratum
corneum. In addition, however, the fact that the stimulation failed to
evoke a response on the hand of one subject suggests that some unknown
factor may prevent (or reduce) the vasodilatation.
Our data show that response area, as well as mean and peak perfusion
increases, give similar information on the intensity of the response. If
peak perfusion only were used it would be possible to shorten the
duration of the imaging procedure which might be of practical
importance. On the other hand, the product of mean perfusion and
response area may provide the most sensitive measure of functional
defects in future clinical applications.
Relationship between area of vasodilatation and afferent C-fibre
receptive field
In unanaesthetized skin the area of vasodilatation was 499±271 mm^
(mean+SD) in the hand. Assuming the response areas to be circular this
corresponds to diameters of about 25.2±6.3 mm. The diameter of the
stimulating probe was 6.8 mm, i.e. the perfusion increase extended
outside the perimetry of the probe by approximately 9±3 mm. In
contrast to these findings in unanaesthetized skin the mean perfusion
increase extended only 2+1 mm into skin in which nerve conduction had
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been blocked by surface anaesthesia (Fig. 5). This proves that the axon
reflex vasodilatation cannot be due to liberation and diffusion of
transmitters only from axon terminals directly under the stimulation
probe as suggested by the "axon response" theory of Lembeck (1983);
impulse conduction to and transmitter release from terminals outside
this area must have occurred. Thus, our data are compatible with both
the original axon reflex concept (Bruce, 1913; Lewis, 1937) and the
modification suggested by Szolcsånyi (1988).
If the increased perfusion evoked by electrical skin stimulation depends
on axon reflexes in afferent C-fibres, the extension of the perfusion
outside the perimetry of the stimulating electrode should in principle
correspond to the average diameter of the receptive fields of the fibres.
On the one hand this must represent an overestimate, since the
experiments with surface anaesthesia indicated that the perfusion
increase extended for about 2 mm into skin with blocked nerve
conduction. On the other hand, with the use of a 10% threshold in the
perfusion analysis the area of increased perfusion was underestimated.
In subtraction images without threshold the borders were indistinct, but
as an approximation the true extension of the perfusion increase outside
the perimetry of the stimulation probe may have been about 2 mm
greater. These considerations suggest that the two errors tend to cancel
and that the increased perfusion does correspond to a receptive field
diameter of about 9 mm. Even if this still is an underestimate (due to
the inhibitory factor mentioned above responsible for the lack of
vasodilatation in one subject) it is nevertheless suprisingly similar to
values obtained in microneurographic recordings. Thus when recording
in the radial nerve van Hees & Gybels (1981) found circular or
elliptical receptive fields with diameters of 6-7 mm and in the peroneal
nerve J0rum et al. (1989) reported mean areas of 57 mm^,
corresponding to a circular diameter of 8.5 mm.
To summarize, the present study has shown that electrical skin
stimulation evokes a localized blood flow increase around the
stimulating electrode. The spread of the vasodilatation is due to a local
neural reaction (presumably an axon reflex) and the area of
vasodilatation corresponds to the size of the receptive fields of afferent
polymodal C-fibres.

105
ACKNOWLEDGEMENTS
This study was supported by grants from the Swedish Medical Research
Council (B92-04X-03546-21B) and the National Swedish Board for
Technical Development (88-0393IP) and from 1987 foundation for
stroke research.

REFERENCES
BLUMBERG, H. & WALLIN, B.G. (1987). Direct evidence of
neurally mediated vasodilatation in hai.y skin of the human foot.
Journal of Physiology 382, 105-121.
BRUCE, A.N. (1913). Vaso-dilator axon-reflexes. Quarterly Journal of
Experimental Physiology 6, 339-354.
CHAHL, L.A. (1988). Antidromic vasodilatation and neurogenic
inflammation. Pharmacology and Therapeutics 37, 275-300.
van HEES, J. & GYBELS, J. (1981). C nociceptor activity in human
nerve during painful and non painful skin stimulation.
Journal of Neurology, Neurosurgery and Psychiatry 44, 600-607.
HOLBROOK, K.A. & ODLAND, G.F. (1974). Regional differences in
the thickness (cell layers) of the human stratum comeum: an
ultrastructural analysis. The Journal of Investigative Dermatology 62,
415-422.
HORNYAK, M. E., NAVER, H. K., RYDENHAG, B. & WALLIN,
B.G. (1990). Sympathetic activity influences the vascular axon reflex in
the skin. Ada Physiologica Scandinavica 139, 77-84.
JAKOBSSON, A. & NILSSON, G.E. (1991). Prediction of sampling
depth and photon pathlength in laser Doppler flowmetry. Accepted for
publication in Medical & Biological Engineering & Computing.

106

JANCSÖ, N., JANCSÖ-GÅBOR, A. & SZOLCSÅNYI, J. (1967).
Direct evidence for neurogenic inflammation and its prevention by
denervation and by pretreatement with capsaicin. British Journal of
Pharmacology and Chemotherapy 31, 138-151.
J0RUM, E., LUNDBERG, LER. & TOREBJÖRK, HE. (1989).
Peripheral projections of nociceptive unmyetinated axons in the human
peroneal nerve. Journal of Physiology 416, 291-301.
KENINS, P. (1981). Identification of the unmyelinated sensory nerves
which evoke ptasma extravasation in response to antidromic stimulation.
Neuroscience Letters 25, 137-141.
LEMBECK, F. (1983). Sir Thomas Lewis's nocifensor system,
histamine and substance-P-containing primary afferent nerves. Trends
in NeuroSciences 6, 106-108.
LEWIS, T. (1937). The nocifensor system of nerves and its reactions.
British Medical Journal 194, 431-435, 491-494.
MAGERL, W., WESTERMAN, R. A., MÖHNER, B. &
HANDWERKER, H. O. (1990). Properties of transdermal histamine
iontophoresis: differential effects of season, gender and body region.
The Journal of Investigative Dermatology 94, 347-352.
NILSSON, G.E., TENLAND, T. & ÖBERG, P.Å. (1980a). A new
instrument for continuous measurement of tissue blood flow by light
beating spectroscopy. IEEE Transactions on Biomedical Engineering
27, 12-19.
NILSSON, G.E., TENLAND, T. & ÖBERG ,P.Å. (1980b). Evaluation
of a laser Doppler flowmeter of tissue blood flow. IEEE Transactions
on Biomedical Engineering 27, 597-604.
NILSSON, G.E., JAKOBSSON, A. & WÅRDELL, K. (1990). Twodimensional microvascular blood flow mapping. Annual International
Conference of the IEEE Engineering in Medicine and Biology Society

12,1127-1128.

107
PASYK, K.A., THOMAS, S.V., HASSET, C.A., CHERRY, G.W., &
FALLER, R. (1989). Regional differences in capillary density of the
normal human dennis. Plastic and Reconstructive Surgery 83, 939-945.
SZOLCSÅNYI, J. (1988). Antidromic vasodilatation and neurogenic
inflammation. Agents and Actions, 23,4-11.
TENLAND, T., SALERUD, E.G., NILSSON, G.E. & ÖBERG, P.Å.
(1983). Spatial and temporal variations in human skin blood flow.
InternationalJournal of Microcirculation: Clinical and Experimental 2,
81-90.
WESTERMAN, R.A., LOW, A., PRATT, A., HUTCHINSON, J.S.,
SZOLCSANYI, J., MAGERL, W., HANDWERKER, H.O. & KOZAK,
W.M. (1987). Electrically evoked skin vasodilatation: a quantitative test
of nociceptor function in man. Clinical and Experimental Neurology
23, 81-89.
WESTERMAN, RA., WIDDOP, RE., HANNAFORD, J., LOW, A.,
ROBERTS, R.G.D., KENT, P., SIDERIS, K., YIP, T., HALES, J.R.S.
& STEPHENS, F.R.N. (1988). Laser Doppler velocimetry in the
measurement of neurovascular function. Australian Physical and
Engineering Sciences in Medicine 11, 53-66.
WÅRDELL, K., JAKOBSSON, A. & NILSSON, G. E. (1991). Imaging
of tissue perfusion by dynamic light scattering. Submitted to IEEE
Transactions on Biomedical Engineering.

