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Abstract. The topical application of drugs, such as nicotinates, affects
cutaneous blood flow. Such a biological response, which is dependent on the drug and the individual, can be measured noninvasively
using laser Doppler flowmetry. We illustrate the kinetics of vasodilation caused by topically applied benzyl nicotinate using a new
frequency-selective laser Doppler flowmeter. This flowmeter measures the blood flow in the superficial dermal plexus and the deeper
lying larger capillaries simultaneously and indirectly by determining
the flow velocity. Both sets of data are compared with the skin temperature and redness. Four biological parameters are measured consecutively on a skin area treated with gel containing benzyl nicotinate
and on an untreated control area. A linear relationship between both
blood flows is observed. However, no correlation is obtained between
the microcirculation with either the cutaneous temperature or the redness. These results indicate the transport of the drug in the blood from
the upper to the deeper capillaries. Cutaneous temperature and redness are unsuitable parameters to measure the kinetics of the blood
flow after topical application of drugs. © 2006 Society of Photo-Optical Instru-

mentation Engineers. 关DOI: 10.1117/1.2166370兴
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1

Introduction

Cutaneous microcirculation of blood plays an important role
in thermoregulation, skin metabolism, and percutaneous penetration. Topically applied products, e.g., corticosteroids and
nicotinates, can induce significant changes in cutaneous blood
flow. Such changes in microcirculation can be detected using
several techniques.1 Of all these methods, laser Doppler flowmetry is the most widely used technique as it enables cutaneous microcirculation to be measured noninvasively. This measurement is based on the Doppler effect, which describes the
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shift in the frequency of light scattered at moving red blood
cells.2
The integral over the power spectrum of the detected Doppler frequency signal P共兲 is proportional to the concentration of the red blood cells CRBC 关Eq. 共1兲兴, and the integral of
the product of the power spectrum and the frequency shift 
is proportional to the product of CRBC and the mean velocity
具v典 of the red blood cells3 关Eq. 共2兲兴:

冕

⬁
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冕

⬁

 P共兲 d ⬀ CRBC具v典 .

共2兲

0

The product CRBC具v典 indicates the flow, whereas the term
 P共兲 is the flow spectrum. Equation 共2兲 is valid only for
integration limits from 0 to ⬁.
For a single velocity of red blood cells, the power spectrum and even the flow spectrum show a specific distribution
in the region  = 0 to v = 4vn / 0 and v scales linearly
with the cell velocity v 共neglecting multiple Doppler events兲.
This means that cells with high velocities contribute to both
lower and higher Doppler frequencies simultaneously,
whereas the lower velocities contribute to only the lower
Doppler frequency parts. Based on these findings, partial integrals of the flow spectrum can be used to distinguish between high and low velocities of red blood cells, even if the
resulting partial flows do not satisfy Eq. 共2兲 exactly. This approach was used by Dörschel and Müller4 extended by differentiation of the power spectrum.
From a physiological point of view, it is known that in a
closed vessel system the total cross section A increases from
the arteries to the superficial dermal plexus and then decreases
in the veins. In a closed system, the flow CRBC具v典 is constant
and the velocity is proportional to 1 / A. This means that the
expected velocity is lower in the smaller vessels than in the
larger ones.5 Consequently, it is assumed that low frequencies
increasingly represent the blood flow of the superficial dermal
plexus, whereas the higher frequencies correspond to the
larger capillaries in deeper skin layers.
In this paper, an analysis of the Doppler flow measurements is used based on frequency-selective calculations of the
blood flow without differentiation of the power spectra. This
method is used to study the kinetics of the visible vasodilation
caused by the topical application of benzyl nicotinate. The
flowmeter was modified to avoid any direct contact between
the laser diode and the skin surface treated with a gel containing benzyl nicotinate. The data of the blood flow measurements were compared with two other biological parameters,
skin color and temperature, which were measured to evaluate
their suitability for use instead of the flowmetry. Conflicting
results have been reported in the literature concerning the relationship between skin color and blood flow.1,6,7 However, a
relationship between the skin temperature and the microcirculation has been described in some detail.1,8,9

2

Materials and Methods

2.1 Volunteers
The study was performed on eight healthy male volunteers
共mean age: 23.1± 2.7 yr兲. All volunteers had a skin of
phototype10 II or III. Approval was obtained for these experiments from the Ethics Committee of the Charité Hospital. All
volunteers signed informed consent forms before the trials
began.
2.2 Laser Doppler Flowmetry
The microcirculation of blood was measured using the laser
Doppler flowmeter developed at the LMTB GmbH 共Berlin,
Germany兲. This device consists of a laser diode built into a
small handpiece. The laser radiation at a wavelength of
Journal of Biomedical Optics

655 nm was focused perpendicularly onto the skin. The backscattered light was collected from an area of approx. 7 mm2.
The remitted light provided information about the blood flow
due to the Doppler effect and was determined for 31 s using
two photodiodes. Both diodes detect the backscattered light
signal. The signal of one diode was dc lowpass filtered and
used only for normalization. The signal of the other diode was
highpass filtered, and the ac signal was used for the laser
Doppler flow measurement. This Doppler-shifted signal was
sampled by a 16-bit analog-to-digital 共A/D兲 converter with a
sample frequency of 100 kHz. Normalization was performed
using the quotient of the ac and dc signals for each point. A
power density spectrum was automatically calculated from
the measured Doppler signals using discrete implementation
of the fast Fourier transformation 共2048 data兲. The power density spectrum was corrected using a previously detected electronic noise spectrum measured without laser light to reduce
noise, which originated in the electronics. Then a related flow
spectrum for the total flow was calculated following Eq. 共2兲.
On the basis of this flow spectrum, several partial flows Fhl
can be calculated by integrating over a certain frequency region 共integral borders l, low, and h, high兲 of the flow spectrum:
Flh =

冕

h

 P共兲 d .

共3兲

l

Two different partial blood flows were calculated as mean
values using integration limits l and h: 0.1 to 5 kHz 关F共l1−h1兲兴
and 5 to 30 kHz 关F共l2−h2兲兴, respectively.
In this study, a metal ring with an inner diameter of 2 cm,
an outer diameter of 3 cm, and a height of 2 mm was used as
a spacer between the handpiece and the skin surface. In this
manner, direct contact was avoided between the treated skin
area and the laser diode. The site on the skin, which was
covered by the modified handpiece, was marked and used in
subsequent measurements.

2.3 Measurement of Skin Temperature and Redness
The skin temperature was measured using an IR thermometer
without direct contact with the skin 共Raynger MX, Schlender
Messtechnik, Berlin, Germany兲. This thermometer determines
the temperature based on the emitted radiation taking into
consideration the emissivity of the skin. In preliminary experiments, a decrease in temperature of approx. 0.7° C was
observed immediately after topical application of the gel on
the excised porcine skin model. The temperature reached the
same value after 2 min as the untreated area and remained
constant. This means that the measurement of skin temperature is only affected by the blood flow 2 min or more after
topical treatment with the gel.
The redness of the skin was determined using the colorimeter Spectropen 共Fa. Dr. Lange, Berlin, Germany兲. Based on
the Commission Internationale de I’Eclairage 共CIE兲 L*a*b*
color space, parameter a was used as a value for the red part
of the skin color. The effect of the topically applied gel on the
measurement of color has already been studied in preliminary
experiments using the excised porcine skin model. No influence was observed on any of the parameters
L, a, or b.
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Fig. 1 Kinetics of the relative blood flow measured at 0.1 to 5 kHz
共for volunteer 1兲; ymax = 5523, trise = 11.5 min, ⌬t = 41.5 min.

2.4 Topical Application of the Gel
In these experiments the gel 共Wärme-Gel-Ratiopharm, Ratiopharm GmbH, Ulm, Germany兲 used contained 1% benzyl
nicotinate and 4.5% 共2-hydroxyethyl兲-salicylate. It also contained polyacrylic acid, trometamol, macrogol-glycerolricinoleate, rosemary oil, dwarf pine oil, isopropyl alcohol,
disodium salt of edetic acid, and purified water. The gel
共1 mg/ cm2兲 was applied homogeneously using a syringe
without the needle, as reported previously,11 onto skin areas of
5 ⫻ 5 cm on the flexor forearm of each volunteer.
2.5 Protocol of Measurement
The volunteer was made to lie down in a horizontal position
15 min before the first measurement and remained in this
position during the entire experiment. In this way, the forearm
was kept at the same level as the heart. Volunteers were not
allowed to be in any way physically active during the measurement. Two skin areas of 5 ⫻ 5 cm, 2 cm apart, were
marked on the right flexor of the forearm. There were two
regions: 共A兲 the skin area, later treated with the gel and 共B兲
the untreated area 共control area兲. Blood flow measurements,
skin temperature, and redness were recorded five times before
topical application of the gel. The gel was applied on the
marked skin area 共A兲 near the hand 共t0 = 0 min兲. Then the
blood flow, skin temperature and degree of redness were measured on both skin areas 共A and B兲:
1. 10 times at intervals of 3 min,
2. 5 times at intervals of 5 min,
3. 5 times at intervals of 10 min.
The studies were performed under standard conditions at
room temperature 共21± 1 ° C兲 and at a relative humidity of
50± 5%.
2.6 Evaluation of Data
The mean values and standard deviations of blood flows, skin
temperature, and color, measured five times prior to topical
application of the gel, were calculated using the software program Microsoft Excel 97. The data obtained on the control
area 共B兲 were compared with those of the area treated later
with the gel 共A兲.
After topical application of the gel, the parameters measured were correlated with the time, both for the treated area
共A兲 and the control area 共B兲, as shown in Fig. 1. In the case of
Journal of Biomedical Optics

both blood flow measurements 共at 0.1 to 5 and 5 to 30 kHz兲,
the baseline was calculated as the mean value of the parameter measured on the control area 共B兲. The values obtained
from the treated area 共A兲 were corrected for this baseline. The
maximal value 共y max兲 was determined and half of this value
共y max/2兲 was calculated. The corresponding points in time of
y max/2 were determined both for the increase 共trise兲 and the
decline 共tdecay兲 of the signal. The period ⌬t of the signal was
calculated as the difference between tdecay and trise.
Skin temperature and skin color are to a large extent dependent on physiological effects. The difference was calculated between the values measured on the treated area 共A兲 and
those on the control area 共B兲. These differences were used to
determine the values of y max, trise, and ⌬t for both the skin
temperature and skin color analogously, as described for the
blood flow.

2.7 Statistics
Nonparametric Wilcoxon tests were performed to compare the
data using the software program SPSS 11.0. Before topical
application, blood flow, skin temperature, and redness values,
measured on the skin area 共A兲 prior to treatment with the gel,
were compared with those determined on the control area 共B兲.
The values for y max measured on the treated area 共A兲 after
topical application were compared with those previously determined on the same site. The method of linear regression
was used to evaluate the relationship between the parameters
y max, trise, and ⌬t, which were determined for the various
biological responses to the gel.

3

Results

Before topical application of the gel, no significant difference
in blood flow, skin temperature, and redness was recorded on
the control area and the application area 共p ⬎ 0.05, data not
shown兲. The ratio of the blood flows measured at 5 to 30 and
0.1 to 5 kHz was 2.9± 1.2 共mean value ± standard deviation兲.
Measurements made in the application area increased significantly after treatment with the gel containing benzyl nicotinate 共p ⬍ 0.05兲. The findings for the results obtained for a
volunteer are shown in Fig. 2. Both of the blood flow measurements show a rapid increase to a higher level 关Fig. 2共a兲兴.
The values varied around this level until they decreased with
increasing time. In contrast, the skin temperature decreased
slightly immediately after topical application of the gel 关Fig.
2共b兲兴. A similar decrease in temperature was observed in the
preliminary experiments immediately after topical application
of the gel on the excised porcine skin model 共data not shown兲.
Both the cutaneous temperature and the redness increased until a plateau was reached. The values showed small variations
around this level until they eventually decreased with time.
The maximal values 共y max兲, the time to reach the half of
this value 共trise兲, and the period of this increase 共⌬t兲 were
determined for each biological parameter, i.e., the blood flow,
cutaneous temperature, and redness. The values obtained are
summarized in the Tables 1–3. A linear proportionality between the appearance of the maximal values y max was observed only for the blood flow data 共coefficient of correlation
R2 = 0.92, data not shown兲. This relationship was also re-
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earlier for the blood flow measured at 0.1 to 5 kHz than for
the microcirculation determined at 5 to 30 kHz. A linear correlation between the values of the period ⌬t was only observed for both blood flows 共coefficient of correlation R2
= 0.92, data not shown兲.

4

Fig. 2 Kinetics of the measurements performed on volunteer 5 after
correction for 共a兲 both blood flows and 共b兲 skin temperature and
redness.

flected by a nearly constant ratio of the y max values measured
at 5 to 30 and 0.1 to 5 kHz 共mean value ± standard deviation
=7.4± 2.7兲.
In addition, a significant difference in the time of an increase 共trise兲 was observed only for the blood flow measurements 共p ⬍ 0.05兲. Half of y max was reached 0.4 to 7.3 min

Discussion

Skin microcirculation is affected by several parameters, e.g.,
pressure to the probe,12 skin temperature,8,9 position,13 physical activity,9 sex,14,15 and race.16–18. In this study, the effect of
the topically applied gel containing benzyl nicotinate on the
blood flow, skin temperature, and redness was determined under standardized conditions, avoiding any influence by the
aforementioned physiological parameters. The data measured
on the treated area were corrected using the values obtained
simultaneously from the control area. The validity of using
the control area as a baseline was evaluated by measurements
on both skin areas before topical application of the gel. Significant differences were not found in any of the biological
parameters 共data not shown兲.
In general, the topically applied benzyl nicotinate caused
an increase in each biological parameter with increasing time.
Such a vasodilation effect has been reported for several topically applied alkyl nicotinates measured by laser Doppler
velocimetry7,19–21 and laser Doppler perfusion imaging.22
Benzyl nicotinate was found to bind to human serum albumin,
whereas some other esters were hydrolyzed.23
Taking account of the fact that the small vessels in the
superficial dermal plexus correspond to low velocities, and
the larger deeper vessels to higher velocities, the two partial
integrals at 0.1 to 5 and 5 to 30 kHz should correlate to the
vessel size and deepness of the vessels with a remaining uncertainty. In which case, the partial integrals at frequency 0.1
to 5 kHz correspond mainly to the superficial capillaries,
keeping in mind that there are still parts of the higher velocities included in the signal. However, the blood flow measured
at 0.1 to 5 kHz showed an increase earlier than that determined at 5 to 30 kHz. This lag can be explained by a good

Table 1 Values of ymax determined for both blood flows 共measured at 0.1 to 5 and 5 to 30 kHz兲, skin temperature, and color.
ymax of the blood flow
measured at
Volunteer
No.

0.1 to 5 kHz

5 to 30 kHz

Ratio of both
ymax values

ymax of the skin surface
temperature 共°C兲

ymax of the
skin color

1

5523

762

7.2

2

4.8

2

4669

840

5.6

1.4

4.4

3

1075

78

13.8

0.2

2.2

4

4192

628

6.7

1.5

1.7

5

5524

888

6.2

2.9

4.4

6

3511

534

6.6

0.4

1.8

7

5512

1009

5.5

1.3

2.9

8

4049

537

7.5

1.1

3.3
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Table 2 Values of trise determined for both blood flows 共measured at 0.1 to 5 and 5 to 30 kHz兲, skin temperature, and color.
trise of the blood flow measured at
0.1 to 5 kHz 共min兲

5 to 30 kHz 共min兲

Difference between both
trise values 共min兲

trise of the skin surface
temperature 共min兲

trise of the
skin color 共min兲

1

11.5

18.8

7.3

14.0

4.6

2

2.5

3.0

0.5

12.6

3.7

3

18.4

18.8

0.4

8.0

10.5

4

1.5

4.0

2.5

13.3

20.3

5

3.8

5.2

1.4

8.2

3.9

6

8.2

9.0

0.8

6.5

5.0

7

4.0

5.9

1.9

7.8

6.6

8

3.9

8.4

4.5

14.8

2.0

Volunteer
No.

correlation of the blood flow at 0.1 to 5 kHz to the microcapillaries near the surface and the blood flow at 5 to 30 Hz to
the deeper capillaries. The distance must be overcome between both types of capillaries, presumably by the transport of
the drug into the blood from the upper to the deeper capillaries. This assumption is supported by the nearly constant ratio
共7.4± 2.7兲 and a linear proportionality between the maximal
values of both blood flows. The relationship between both
blood flows was additionally confirmed by comparing the parameters trise and ⌬t. The increase in the ratio of the blood
flows measured at 5 to 30 and 0.1 to 5 kHz from 2.9± 1.2
共before application兲 to 7.4± 2.7 共y max reached after application兲 indicates a greater effect of the benzyl nicotinate on the
superficial microcapillaries compared to the deeper capillaries. Presumably, the drug was mainly absorbed by the micro-

capillaries near the surface and only partially transported to
the deeper plexus.
The deviation at high levels, measured for both blood flow
data sets 关see Fig. 2共a兲兴, might be caused by the adjustment of
the blood flow. Therefore, the time behavior was evaluated
using the time points to reach half of the maximal values. In
contrast, the time to reach maximal blood flow and the area
under the curve were determined in the case of measurements
using other flowmeters with a lower sensitivity.15,24,25
A slight decrease, especially in the skin temperature and
possibly also the redness, was detected directly after topical
application 关see Fig. 2共b兲兴. This effect might be due to isopropyl alcohol, which is a component of the gel. The decreased
skin temperature can be explained by the evaporation of isopropyl alcohol from the skin surface, which requires heat.

Table 3 Values of the period ⌬t = 共trise − tdelay兲 determined for both blood flows 共measured at 0.1 to 5 and 5 to 30 kHz兲, skin temperature and color.
⌬t of the blood flow measured at
0.1 to 5 kHz 共min兲

5 to 30 kHz 共min兲

⌬t of the skin surface
temperature 共min兲

⌬t of the
skin color 共min兲

1

41.5

34.8

53.0

*

2

75.5

64.8

59.4

*

3

31.6

31.6

36.5

51.5

4

43.3

46.5

62.6

71.7

5

46.4

43.6

47.1

68.5

6

37.8

37.2

45.5

43.6

7

70.0

71.1

72.9

*

8

63.1

63.6

*

*

Volunteer
No.

*

tdelay ⬎ 95 min.
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This theory is supported by the results of preliminary experiments on the excised porcine skin model, where a similar
decrease in temperature was observed immediately after topical application of the gel 共data not shown兲. In addition, isopropyl alcohol is known to penetrate through the horny layer
quickly.26 A slight vasoconstriction could be caused by the
alcohol reaching the microcapillaries. A similar blanching effect was observed after topical application of ethyl alcohol.27
The initial decrease in skin temperature and redness might
be a reason for the fact that no agreement could be found for
both sets of blood flow data with any of the other biological
parameters 共y max, trise, and ⌬t, see Tables 1–3兲. The efficiency
of the insulating barrier function of the horny layer with respect to the thermal internal interaction of the body with the
environment might be another reason for this observation.

5

10.
11.

12.
13.
14.
15.

Conclusion

A lag in the increase of blood flow at different frequencies
after application of nicotinates could be used to confirm not
only the assumed correlation between the lower Doppler frequency and the superficial microcapillaries but also the higher
Doppler frequencies and the larger capillaries lying in deeper
skin layers. A linear proportionality between the blood flow of
the superficial microcapillaries and the larger capillaries in
deeper skin layers indicates that the drug is transported via the
blood. No correlation of the blood flow with either the skin
temperature or the redness was observed, which shows that
these biological parameters are unsuitable for measuring the
kinetics of the microcirculation after topical application of
drugs.

16.
17.
18.

19.

20.
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