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Blood stasis contributions to the perception of skin
pigmentation
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Abstract. The chromatic characteristics of skin color arise from the
interactions of light (primarily absorption and scattering) with the epi-
dermis and the dermis. The primary light absorbers in skin are hemo-
globin and melanin. Most of scattering is attributed to collagen fibers
and in pigmented skin to melanosomes. Traditionally skin redness is
considered to arise due to locally elevated concentrations of hemo-
globin, whereas skin pigmentation is attributed to melanin. In this
study we attempt to understand better the contributions of these chro-
mophores to the perceived skin color using spectral analysis of skin
color reactions induced by ultraviolet (UV) irradiation or pressure. In
the first experiment 12 individuals with skin phototypes III–IV were
irradiated on the back using a solar simulator with doses ranging from
0.7 to 3 MED. The skin reactions were evaluated on days 1, 7, 14, and
21 after irradiation. Evaluations included diffuse reflectance spectros-
copy (DRS) and clinical assessment of the erythema and the pigment
reaction. Apparent concentrations of melanin, oxy-, and deoxy-
hemoglobin were calculated from the absorption spectra. In the sec-
ond experiment the levels of deoxy-hemoglobin of the volar forearm
of ten volunteers were selectively altered by either application of a
pressure cuff or by topical application of 3% H2O2 . Changes in skin
color appearance were documented by photography, colorimetry, and
DRS. In the UV exposure experiment all reactions were dose depen-
dent. Oxy-hemoglobin values increased to a maximum on day 1, cor-
relating well with the clinical evaluation of erythema, and then de-
creased exponentially to base line. Melanin showed a significant
increase on day 7 and remained relatively constant for the next 3
weeks, correlating well with the clinical evaluation of pigmentation
(tanning). Deoxy-hemoglobin increased slightly on day 1 and re-
mained elevated for the next 2 weeks. Thus, deoxy-hemoglobin cor-
related moderately with the clinical erythema scoring on day 1 only,
while it contributes significantly to what is clinically perceived as skin
tanning on days 7 and 14. Application of pressure below the diastolic
level increased deoxy-hemoglobin concentration as measured by
DRS. This increase corresponded to a decrease of a ‘‘pigmentation’’
parameter (based on the L* a* b* scale) in a similar fashion that has
been documented for increases in melanin concentration. Topical
H2O2 application reduced deoxy-hemoglobin levels as measured by
DRS. This reduction coincided kinetically with a visible skin blanch-
ing. Application of pressure or H2O2 did not significantly alter the
levels of oxy-hemoglobin or melanin. In this report we present com-
pelling evidence that deoxy-hemoglobin significantly contributes to
the skin color appearance. Blood pooling, expressed as increased
deoxy-hemoglobin, can contribute to what is visually perceived as
pigmentation. Furthermore, we present that measurement of its con-
tribution to the skin color appearance can only be accomplished with
DRS. © 2004 Society of Photo-Optical Instrumentation Engineers.
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Stamatas and Kollias
1 Introduction
Human skin is structurally and optically heterogeneous. It
consists of two discrete layers, the epidermis and the dermi
each with different biological structure and different optical
properties arising from their individual absorbing and scatter
ing constituents. The epidermis is a highly cellular tissue con
sisting of layers of keratinocytes. It is known that the primary
absorber in the epidermis is melanin. It has also been shown1,2

that particulate melanin is a major contributor to epiderma
scattering. Melanin is synthesized in specialized organelles
the melanosomes, which are manufactured in the melanocyte
that are found at the basal layer of the epidermis~Fig. 1!. The
melanosomes are secreted from the dendritic processes of t
melanocytes and they are phagocytosed by the keratinocyte

The dermis is essentially an acellular tissue sparsely popu
lated by fibroblasts. It consists primarily of extracellular ma-
trix components~collagen and elastin!, blood vessels, and
lymphatic vessels. Collagen microfibrils are organized into
fibers and the fibers into bundles. These structures constitu
the major cause of light scattering in the skin. Hemoglobin is
found in the dermal blood supply and is responsible for the
red appearance of skin as in the case of erythema. Skin h
moglobin is confined in networks of arterial and venous plexi
that run approximately parallel to the skin surface and in
small capillaries that run vertical to the skin surface and reac
close to the dermal-epidermal junction in the form of capillary
loops ~Fig. 1!. Anatomically one can distinguish a superficial
arterial and venous plexus and a deeper plexus. The capilla
ies stem from the superficial arterial plexus and empty in the
superficial venous plexus. The superficial and deeper plexi ar
interconnected through smaller vessels. At the deeper leve
arteriovenous anastomoses~shunts! provide ways for blood
flow to bypass superficial skin layers, thus enabling skin ther
316 Journal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2
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mal regulation. Circulating erythrocytes in the blood vess
contain high concentrations of hemoglobin. The hemoglo
molecule has four heme groups, which can bind to and del
oxygen molecules to the tissues. When these binding sites
unoccupied the molecule is called deoxy-hemoglobin~deoxy-
Hb! and when they are occupied by oxygen molecules i
termed oxy-hemoglobin~oxy-Hb!. Each form of hemoglobin
has its own characteristic absorption profile.3,4

It follows from before that the visual perception of sk
color is the cumulative result of contributions of various o
tically active molecules that are found in varying concent
tions in the skin. The relative contributions of each chr
mophore can be evaluated quantitatively by analyzing
remittance spectra of skin tissue, keeping in mind that
calculated apparent concentrations of chromophores are a
aged for a tissue volume defined by the penetration dept
the interrogating illumination.

Skin reactions are events that may be detected by the
nician’s sense of vision, touch, and sometimes smell. Prim
rily, skin reactions such as erythema~redness!, blanching
~whitening!, pigmentation~tanning!, and induration are evalu
ated visually. The severity of the reaction is assessed give
index ranging typically from 0~for no reaction! to 5 ~for
severe reaction!. Even though the eye of the trained physici
is a powerful tool such evaluations are subjective and se
quantitative. Objective quantitative evaluation of skin co
reactions using noninvasive instrumentation has been u
since the early decades of the 20th century.5–8 Since then
spectrophotometers have become smaller and simpler in
Many researchers have used methods based on reflec
measurements that either give ‘‘erythema’’ and ‘‘pigmen
tion’’ indices based on simple calculations9–12 or calculate tri-
stimulus values(L* a* b* scale! that have been adopted b
Fig. 1 Schematic diagram of skin structures.
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Blood stasis contributions . . .
the international committee of standards as the preferre
method for color measurement.11,13–19In the latter methodL*
andb* , as well as combinations of the two, have been used a
pigmentation parameters anda* as the erythema parameter.
Recent studies have showed that in both methods what
clinically perceived as erythema and pigmentation does no
correlate linearly with the calculated indices.20,21 A more ac-
curate method is to analyze the remitted spectrum to its con
stituents based on diffuse reflectance spectroscop
~DRS!.4,22–42 Apparent concentrations of melanin, oxy-Hb,
and deoxy-Hb can be extracted from absorption spectra ob
tained by DRS, thus separating the vascular from the melani
reactions that are responsible for erythema and pigment. DR
measurements are rapid, noninvasive, objective, and quantit
tive. Instruments that perform DRS can be small, portable
and easy to use.

In this study we report on a number of skin reactions in
which the vascular component of skin color cannot be visu
ally separated from the melanin pigment component. Of the
available methods, only spectroscopy provides the means
identify the involvement of each chromophore. In the selected
examples of skin reactions presented here spectroscopica
confirmed blood stasis can visually be confused with melanin
pigmentation.

2 Methods
2.1 Clinical Studies
Twelve healthy individuals with skin phototypes III–IV par-
ticipated in the study after signing an informed consent form
The study was approved by an internal review board. The
source of irradiation was a 150 W UVC-filtered xenon arc
solar simulator. The instrument was calibrated right before its
use and the total power of the source was recorded every 3–
h throughout the day to assure its stability and spectral qualit
following Colipa ~The European Cosmetic, Toiletry, and Per-
fumery Association! guidelines. Initially the minimum solar
simulator radiation~SSR! dose to induce perceptible erythema
~MED! was determined on the back of each participant. Clini-
cal erythema was evaluated 24 h after the irradiation. Follow
ing MED determination each individual was irradiated on the
back with SSR doses of 0.7, 1.0, 1.5, 2.1, and 3 MED. The
skin reactions were evaluated on days 1, 7, 14, and 21 afte
exposure. Evaluations included cross-polarized photograph
DRS measurements, and clinical assessment of erythema a
pigmentation by an experienced dermatologist.

In a second experiment, a pressure cuff was applied to th
upper arm of ten healthy volunteers. The applied pressure wa
set at levels of 0, 20, 30, 40, and 60 mm Hg. Measurement
were taken 5 min after each pressure level was set to allow fo
the vasculature to equilibrate. Changes in skin color due to
vascular reactions were evaluated visually, with a chromame
ter, and with a DRS instrument.

In a third experiment, 2 in. diameter cotton pads soaked in
3% H2O2 ~U.S.P. topical anti-infective! in aqueous solution
were applied on the volar forearm of ten healthy volunteers
for 1 min. The pads were removed and the skin area was drie
with fresh cotton pads. DRS measurements and visible evalu
ation of the treated sites were performed at 0, 5, 10, 15, an
20 min after removal of the pads.
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2.2 DRS
The DRS instrument consisted of a quartz halogen li
source~Ocean Optics, Boca Raton, FL!, a bifurcated fiber
bundle ~Multimode Fiber Optics, East Hanover, NJ!, an
S2000 spectrometer~Ocean Optics, Boca Raton, FL!, and a
laptop computer~Toshiba Tecra, Irvine, CA!. One leg of the
fiber bundle was connected to the light source and the othe
the spectrometer. Measurements were performed by pla
the common end of the fiber bundle gently in contact w
skin so as not to perturb the blood content. A reflectance sp
trum was acquired in the range of 400–820 nm. Appar
concentrations of hemoglobin and melanin were calcula
from the diffuse reflectance spectra as described elsewhe31

Briefly, the absorbance curve was calculated as the logari
of the ratio of the diffuse reflectance from a nonirradiated s
to the diffuse reflectance from an irradiated site. Pigment w
evaluated from the absorbance curve as the slope of the fi
straight line over the wavelength range of 620–720 nm. Th
the curve was corrected for the pigment absorption and
nally, the oxy-Hb and deoxy-Hb absorption curves were fit
in the range of 550–580 nm, where they exhibit maxim
~Table 1!. The reproducibility of the method for calculatin
apparent hemoglobin concentrations was calculated as th
ror between measurements and was found to be better
10%. It needs to be noted that for the collection geome
used here an underestimation of the reflectance at the
wavelengths ~red/near-infrared region! compared to the
shorter wavelengths~blue/green region! is anticipated. How-
ever, the measurements were always preformed relativ
base line or to neighboring untreated skin and therefore s
artifacts have been normalized.

2.3 Data Analysis
Linear regressions of the data were calculated using the l
square errors algorithm. The goodness of fit is given by
correlation coefficient(R-squared!. Statistical significance
was calculated using the student’st-test for paired data distri-
butions.

3 Results
3.1 Ultraviolet Irradiation Experiment
Ultraviolet ~UV!-induced erythema is typically evaluated o
day 1 after irradiation, while pigmentation is evaluated on d
7. Figure 2 shows a typical skin reaction on the back o
volunteer on days 1 and 7. The time course of changes in
concentration of oxy-Hb, deoxy-Hb, and melanin are sho

Table 1 Spectral characteristics of the major skin chromophores in
the visible.

Chromophore Absorption curve characteristic

Melanin Monotonic increase towards short
wavelengths;
Approximates linear in the region 600–
750 nm

Oxy-hemoglobin Maxima at 415, 540, and 577 nm

Deoxy-hemoglobin Maxima at 430 and 555 nm
rnal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2 317
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Stamatas and Kollias
Fig. 3 Erythema on day 1 after solar simulated exposure is accompa-
nied by oxy- and deoxy-hemoglobin increase, whereas the observed
pigment on day 7 and 14 is the combination of both melanin and
deoxy-hemoglobin absorption. Shown here are the concentration
changes from baseline and at different time-points of: (a) oxy-
hemoglobin, (b) deoxy-hemoglobin, and (c) melanin. The data repre-
sent the average calculated values from 20 individuals who received
SSR doses of 0.7, 1.0, 1.5, 2.1, and 3.0 MED on day 0. All values
presented were referenced to base line (day 0).
e

istic
-
ig-

h in-
ure-

in-
in Fig. 3. On day 1 after irradiation the observed skin reaction
was classified as clinical erythema@Fig. 2~a!#. The visual ob-
servation of erythema correlated well with a dramatic increas
in oxy-Hb and deoxy-Hb, as calculated from the spectro-
scopic data@Figs. 3~a! and 3~b!#. The observed skin reaction
on day 7 was classified clinically as pigmentation@Fig. 2~b!#,
318 Journal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2
which correlated with an increase in melanin@Fig. 3~c!#.
However, the levels of both hemoglobins were significant
day 7 indicating that there is a strong vascular contribution
the observed reaction@Figs. 3~a! and 3~b!#. On day 14 the
reaction was again classified as pigmentation and although
melanin levels remained elevated, the concentration
deoxy-Hb was still above base line@Fig. 3~b!#. On day 21 the
observed pigmentation was almost exclusively due to mela
@Fig. 3~c!#. Note that although deoxy-Hb is still measurab
above base line its contribution at 0.1 level is not visib
perceptible.

3.2 Pressure Cuff Experiment
In the pressure cuff experiment increasing pressure resulte
a reduction of the values ofL* and b* as measured by the
chromameter corresponding to darker and less yellow co
respectively~Fig. 4!. On the contrary the value ofa* in-
creased corresponding to a more red appearance. Althoug
color changes were recorded with the chromameter it is
interest to note that visually the change in skin color was h
to observe. The reason is that the human eye works bette
contrast and since the pressure was applied on the who
the arm the color change was uniform and therefore diffic
to detect. DRS analysis showed that the only chromoph
that was affected by changing the applied pressure was de
Hb, which increased linearly with pressure~Fig. 5!. Oxy-Hb
and melanin remained practically unaltered. The character
angle, a5arctan@(L*250)/b* #, is a measure of the per
ceived pigmentation in such a way that when apparent p
mentation increases this parameter decreases.13,41,43,44In the
present experiment the characteristic angle decreased wit
creasing pressure in all volunteers, indicating that press
induced increases in blood stasis can be perceived as
creased pigmentation~Fig. 6!.

Fig. 4 Light pressure-induced blood stasis is accompanied by skin
color darkening and slight increase in the blue and the red compo-
nents. Changes in the chromaticity values L* a* b* of volar forearm
skin were measured after application of various amounts of pressure
using a pressure cuff on the upper arm. Data represent average values
6 one standard deviation acquired from ten people. Decreases in L*
represent darkening of the skin color. Decreases in b* represent more
blue and less yellow color. Increases in a* correspond to more red
and less green color. The slopes of the fitted lines are 20.107, 0.025,
and 20.059 for L* , a* , and b* respectively.



Blood stasis contributions . . .
Fig. 5 Light pressure-induced blood stasis is accompanied by a linear
increase in deoxy-hemoglobin alone. Changes in the skin chro-
mophore values of the volar forearm were measured after application
of various amounts of pressure using a pressure cuff on the upper arm.
Deoxy-hemoglobin increases linearly with the applied pressure. The
slope of the fitted line is 0.016. Subdiastolic levels of applied pressure
do not affect oxy-hemoglobin, melanin, and dermal scattering. Data
represent average base line-subtracted values 6 one standard devia-
tion acquired from ten people.
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3.3 Hydrogen Peroxide Experiment
Application of cotton pads soaked in 3% hydrogen peroxide
for 1 min induced a decrease in perceptible skin pigmentatio
~Fig. 7! that lasted for 10–15 min after removal of the pads.
Analysis of DRS spectra showed that deoxy-Hb significantly
decreased during the period of blanching~Fig. 8!. Oxy-Hb
decreased slightly, but within instrument variability~deter-
mined to be60.1oxy-Hb units!. Melanin and dermal scatter-
ing remained unchanged at base line levels.
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4 Discussion
Melanin pigmentation is the brown-black pigment that co
tributes to the appearance of the skin. Melanin is produce
epidermal melanocytes in specialized vesicles called mela
somes, which are then transferred to the keratinocytes. S
darkening is believed to be due to the distribution of mela
in the epidermis. In this study we have conducted seve
experiments that point out to the fact that the perceived s
darkening does not depend only on the concentration of m
nin, but it is strongly affected by the concentration
deoxy-Hb in the superficial venous plexus.

We have identified a number of cases where blood poo
~stasis! and specifically the pooling of deoxy-Hb causes t
appearance of the skin to get darker. As an example we de
mined that following solar simulated UV exposure at sup
threshold levels local concentrations of deoxy-Hb confuse
assessment of melanin pigmentation at times greater tha
days after exposure. Blood pooling contributes to t
‘‘tanned’’ skin appearance even 2 weeks after SSR expos
The pooling response remains dose dependent.

Increases in blood stasis~‘‘blood pooling’’ ! by application
of a pressure cuff on the arm increases the ‘‘pigmented’’
pearance of the skin, as measured using a chromamete
should be noted here that theL* a* b* scale provided by the
chromameter measures color as perceived by the human
~termed also psychophotometric!. Furthermore, decreases i
blood stasis induced after application of hydrogen perox
appears as pigment reduction or pigment ‘‘bleaching.’’

We have determined that the concentration of deoxy-Hb
the skin may be varied independently from the concentrat
of oxy-Hb by applying topically hydrogen peroxide, this ph
nomenon lasts 10–20 minutes.44,45 It is believed that the
venules contract following the application of hydrogen pero
ide. Hydrogen peroxide probably interacts with the NO rec
tors causing the endothelial cells to contract. The reason
the arterioles are not affected may be attributed to the stron
arteriolar wall integrity that is supported by the smoo

Fig. 8 Topical application of 3% H2O2 reduces blood stasis as evi-
denced by reduction in deoxy-hemoglobin levels. Changes in skin
chromophore concentrations are plotted over time. Data represent
average values 6 one standard deviation acquired from ten people.
Deoxy-hemoglobin values decreased with a minimum around 3 min
and remain significantly lower than baseline until 15 min after H2O2
application. Oxy-hemoglobin decreased slightly. Melanin and dermal
scattering were not significantly affected.
Fig. 6 The characteristic angle a5arctan@(L*250)/b* #, a measure of
the perception of ‘‘skin pigmentation,’’ depends on deoxy-hemoglobin
concentration in a similar fashion to its dependence on melanin.
Pressure-induced changes in deoxy-hemoglobin are plotted as a func-
tion of the changes of the characteristic angle a. Higher concentra-
tions of deoxy-hemoglobin correspond to lower values of the charac-
teristic angle, which represent perception of a more pigmented
appearance. The fitted line is given by the equation y520.065x
13.673.
rnal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2 319
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Fig. 2 Solar simulated UV exposure induces visible erythema on day 1 and pigmentation on day 7. The photos were taken from the back of an
individual on (a) day 1 and (b) day 7 after irradiation. The doses from left to right were: (i) 0.7, (ii) 1.0, (iii) 1.5, (iv) 2.1, and (v) 3.0 MED. Erythema
is prominent on day 1, while on day 7 the reaction was classified as pigmentation.

Fig. 7 Topical application of 3% H2O2 results in skin blanching reaction. Cotton pads soaked in 3% H2O2 aqueous solution were applied for 1 min
on the volar forearm. The photo was taken 2 min after removing of the soaked pads and drying the skin with fresh dry pads. Blanching with clear
boundaries is evident where H2O2 has been applied.
320 Journal of Biomedical Optics d March/April 2004 d Vol. 9 No. 2
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Blood stasis contributions . . .
Fig. 9 Deoxy-hemoglobin (3) absorbs light in a similar manner to
melanin (+) in the spectral region 630–700 nm. The deoxy-
hemoglobin curve was measured from a cuvette filled with lysed red
blood cells under gentle nitrogen bubbling to reduce oxy-hemoglobin
(see Ref. 4). The melanin curve was measured from a vitiligo patient
and represents the absorbance of normally melanized skin referenced
to neighboring vitiligo-involved skin (see Ref. 4). The fitted curves are
given by the equations (where l is the wavelength in nm): (a) melanin
absorbance5e1520.009 l with R250.9962 and (b) deoxy-hemoglobin
absorbance5e1820.015 l with R250.9998.
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muscle layer. An alternate mechanism would be to stimulate
an enlargement of the collagen matrix or of the water holding
capacity of the dermal glycosaminoglycans that surround th
dermal venules. As the tissue expands it compresses th
venules resulting in a partial vascular collapse. This collaps
of the superficial venules results in a reduction of the averag
concentration of deoxy-Hb in the skin which in turn results in
a lightening of the skin.

The observation that what is perceived as UV-induced pig
mentation may contain a vascular component agrees with re
cently published reports.46 Conversely, pigmentation contrib-
utes to perceived skin redness as measured by thea*
parameter.21,47 Such observations emphasize the need for a
more reliable method than theL* a* b* values for quantifying
erythema in the presence of pigmentation. Diffuse reflectanc
spectroscopy and analysis is the only available method to a
sess erythema and pigmentation independently through th
calculation of hemoglobin and melanin concentrations.26,31,48

The main reason why deoxy-Hb contributes to a pig-
mented skin appearance is that the absorption spectrum
deoxy-Hb in the 630–700 nm range is very similar to the
absorption spectrum of epidermal melanin, so whatever ligh
is transmitted has the color balance of pigment~Fig. 9!. Fur-
thermore, the size of the vessels in the superficial venou
plexus is such that the transmitted radiation through thes
vessels is approximately 50% lower than the incident intensity
and therefore they appear dark. Moreover, deoxy-Hb is a
dominant pigment in normal skin contributing 30%–50% to
the perceived concentration of blood and equal in its contri
bution to that of oxy-Hb and melanin to skin color.

We conclude therefore that the dark appearance of the sk
is not only due to melanin pigment but in many cases also du
to deoxy-Hb. This can be verified by pressing down on the
skin surface using a glass slide, a technique termed ‘‘dias
copy.’’ This procedure compresses the vessels and drains the
Jou
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temporarily making it possible to visualize the contribution
deoxy-Hb to skin color.

Because epidermal melanin and deoxy-Hb play at tim
equal roles in the pigment reactions of the skin we have
veloped instrumentation to distinguish between these two p
ments. The instrument consists of a diffuse reflectance s
trometer fitted with optical fibers in order to enab
measurement of any skin site. Algorithms have been de
oped to analyze the spectra obtained for deoxy-Hb and
melanin. In one approach we have showed that the diff
reflectance spectra may be fitted using the diffusion appro
mation to account for scattering and with linear combinatio
of the absorption spectra of individual chromophores.40 This
approach while adequate does not fit the obtained spectra
fectly. The preferred approach is to fit the spectrum in secti
within a narrow spectral band in order to minimize the effe
of variations due to scattering in the dermis.

The results presented in this report provide strong evide
that mixed vascular and pigment reactions cannot be visu
separated. Furthermore, blood stasis alone can be conf
with pigmentation. In both of these situations diffuse refle
tance spectroscopy provides the only means for identifica
of the relative involvement of each chromophore.
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