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ABSTRACT

Blue in nature is often associated with beauty. It can be observed all around us, from captivating blue eyes to
iridescent blue butterfly wings. While colours in nature are often the result of pigmentation, the majority of
natural blue is produced by structural coloration. The colour of the sky, for example, is primarily caused by
Rayleigh scattering. In this paper, we examine a single occurrence of blue in nature, specifically the blue appear-
ance of veins near the surface of human skin. The most comprehensive investigation of this coloration to date
showed that it arises from a combination of the scattering properties of skin and the absorptance of venous blood.
However, that work only considered broad optical properties of these mediums and did not identify the source
of the colour. In this paper, we employ in silico experiments, performed using first-principles light interaction
models for skin and blood, to investigate the net effect of skin and vein optical properties on their aggregate
reflectance across the visible range. We show that the contribution of skin to the distinct appearance of veins
primarily results from Rayleigh scattering occurring within the papillary dermis, a sublayer of the skin. The
results of this paper, in addition to addressing an old open scientific question, may have practical implications
for performing non-invasive measurements of the physiological properties of skin and blood.
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1. INTRODUCTION

Complex optical phenomena can often lead to counterintuitive material appearances. Such is the case for the
appearance of veins (Figure 1). While the colour of skin and venous blood are both not blue, for some reason their
combination results in what we might call a bluish appearance. The word “bluish” is used in scientific literature
to describe skin tones that appear subjectively blue. Bluish skin tones, such as those caused by subcutaneous
veins, may appear closer to grey than blue and do not have a specific quantitative characterization. Accordingly,
the results presented in this paper are primarily visual to allow for a qualitative assessment of appearance.

Kienle et al.' suggest that several factors contribute to the bluish appearance of veins. Blue light does not
penetrate as deeply into the skin as red light. Accordingly, although blood absorbs blue light more strongly than
red, a higher percentage of red light reaches the vein itself, resulting in more red light being absorbed overall.
They suggest that these considerations combined with human perceptual phenomena provide an explanation
for the bluish appearance of veins. These observations, however, only refer to the broad optical properties of
skin and blood. In this paper, we explore the optical properties of the materials composing skin and blood.
In particular, we examine their distinct light attenuation (absorbing and scattering) capabilities in the visible
domain.

Rayleigh scattering is the scattering of light by structures smaller in magnitude than the wavelength of the
affected light. It is a wavelength-dependent phenomenon that affects shorter wavelengths more strongly than
longer wavelengths.?3 In the early investigation of skin optical properties, it was suggested by Edwards and
Duntley* that Rayleigh scattering in the epidermis might be responsible for the bluish appearance of veins. More
recently, Anderson and Parrish® observed that since the ratio of diffuse transmittance to direct transmittance
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Figure 1. Photograph illustrating the distinct contrast of skin appearance caused by subcutaneous veins.

in the stratum corneum and epidermis is primarily wavelength-independent, there is not a significant amount
of Rayleigh scattering in these tissues. Alternatively, they suggest that scattering in the dermis is stronger for
shorter wavelengths. In order to develop a model for scattering in the dermis, Jacques® used Mie theory to
approximate the scattering of collagen fiber bundles. He found that considering Rayleigh scattering in addition
to large-scale scattering provided a good agreement with scattering behaviour in the dermis. He speculated
that the fibrils composing the microstructure of the collagen fiber bundles could potentially be a source of this
Rayleigh scattering.

Recently, Baranoski et al.” employed these observations to perform an in silico investigation showing that
it is necessary to consider Rayleigh scattering in the papillary dermis in order to explain the bluish or purple
appearance of cyanotic fingertips. More specifically, they used measured radius values for the fibrils present in
the papillary dermis, obtained by Arao et al.,® to show that it is necessary to consider Rayleigh scattering in
this tissue in order to elicit the characteristic hues of cyanotic skin. In this paper, we use a similar approach to
show that Rayleigh scattering in the papillary dermis is primarily responsible for the skin’s contribution to the
bluish appearance of veins.

Our investigation involved in silico experiments performed using first-principles light interaction models
for skin and blood. These models are known as HyLIoS? (Hyperspectral Light Impingement on Skin) and
CLBlood!% ! (Cell-Based Light Interaction Model for Human Blood), respectively, and they account for all
significant light-attenuating materials in the skin and blood. The use of an in silico framework in our investigation
allowed for highly controlled and reproducible experiments considering a specific specimen characterization. It
also made it possible to disable Rayleigh scattering in the papillary dermis and assess this phenomenon’s effect
on the appearance of veins. This procedure would likely be complicated or impossible to perform in situ without
affecting other optical properties of the skin.

The remainder of this paper is organized as follows. In Section 2, we discuss light attenuation processes
that occur within the skin and blood in the visible domain (400-700 nm). This will serve as a foundation for
our investigation and discussion. Next, in Section 3, we discuss the models employed in this investigation and
how they were combined to simulate the optical properties of skin with a subcutaneous vein. We then outline
our in silico experimental setup in Section 4, present our results in Section 5, and discuss their implications in
Section 6. In Section 7, we provide a brief conclusion and potential directions for future work.

2. BIOPHYSICAL BACKGROUND

In this section, we describe the tissues relevant to the appearance of veins. For each tissue, we outline the
constituent materials that contribute significantly to the tissue’s attenuation of light in the visible domain.
Measured absorptance data for each pigment discussed in this section is presented in Figure 2. We also discuss
the role of the detour effect and the sieve effect in the optical properties of skin and blood.

2.1 Skin

Human skin can be divided into three distinct layers. From outermost to innermost, they are the stratum
corneum, epidermis and dermis.'> The epidermis can be further subdivided into the stratum granulosum,
stratum spinosum and stratum basale.
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Figure 2. Absorption data for skin and blood components with a significant impact on light attenuation in the visible
domain. (a) Molar extinction coefficient curves for beta-carotene and bilirubin.>! (b) Extinction coefficient curves for
melanin.?? (c) Molar extinction coefficient curves for functional hemoglobins.?® (d) Molar extinction coefficient curves

for dysfunctional hemoglobins.?4 2¢

The absorption of light traversing the stratum corneum and epidermis is dominated by melanin with a
minor contribution from beta-carotene (Figure 2(a)).!> Melanin is synthesized and preferentially concentrated
in the stratum basale.'* Melanin can be classified as either brown-black eumelanin or yellow-red pheomelanin
(Figure 2(b)), the former of which has a significantly higher concentration in skin. Melanin can be dispersed
throughout the epidermis in colloidal form or clustered within melanosomes.!®

In the skin, light is mostly scattered by heterogeneous structures such as cells, organelles and fibers.'? In the
stratum corneum and epidermis, scattering is predominantly wavelength-independent and forward-scattering.®
Scattering in the epidermis is dominated by melanosomes'® which can be described as particles with the shape
of a prolate spheroid!” and a melanin concentration of 17.9% to 72.4%.'6 In lightly pigmented specimens,
melanosomes can occur in a group surrounded by a transparent membrane, known as a melanosome complex.!” 18

The dermis can be subdivided into two layers. The outermost layer, the papillary dermis, is composed of
loosely-packed reticulin and collagen fibers which, in turn, are composed of smaller-sized fibrils. Since these fibrils
are smaller in magnitude than wavelengths of light within the visible spectrum, any scattering caused by these
structures would follow the Rayleigh scattering theory. The innermost layer, the reticular dermis, is composed
of dense connective tissue. A network of blood vessels also runs throughout the dermis with wider vessels in the
reticular dermis. Blood-borne pigments within these vessels (Figure 2(b)-(d)) dominate the dermis’s absorptance
in the visible domain.'® Furthermore, diffusion of red light traversing the dermis? is likely caused by large-scale,
wavelength-independent scattering by the dense connective tissues and wider vessels in the reticular dermis.
Since this scattering is strong enough to diffuse the light, it would probably dominate any Rayleigh scattering
that may occur in the reticular dermis.
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2.2 Blood

Blood is primarily composed of plasma and red (blood) cells.?” A red cell consists of a thin membrane encapsu-
lating a hemoglobin solution. The attenuation of light by red cells exceeds that of other blood components by 2-3
orders of magnitude.?” The absorptance of red cells in the visible domain is primarily attributed to hemoglobins
(Figure 2(c) and (d)) and the scattering behaviour is determined by the red cells’ shape and orientation.?® Both
the properties of the plasma and the platelets it contains amplify the scattering achieved by red cells.2”>2°

The distribution of red cell orientations in blood can change depending on the shear rate of the sample (i.e.,
the velocity gradient in the direction normal to the flow).3Y At low, intermediate and high shear rates, the red
cells are predominantly randomly oriented, rolling or aligned with the flow direction, respectively.?® When the
volume fraction of the blood occupied by red cells, known as hematocrit, is above 40%, the alignment of the cells
becomes more pronounced.

2.3 Hypodermis

The hypodermis is a layer immediately below the skin composed of fat-containing adipose tissue. Due to its
low absorptance, the majority of visible light that penetrates the hypodermis is scattered by its large cellular
structures and remitted into the reticular dermis.!?

2.4 Vein Wall

The vein wall is composed of elastin, collagen and muscle tissue.”* The absorption of visible light within the
vein wall is dominated by hemoglobin in the muscle tissue (Figure 2(c) and (d)).3? It is also possible that light
traversing the vein wall may be scattered by heterogeneous structures, similar to scattering in the skin.

31

2.5 Detour and Sieve Effects

Skin and blood are both turbid mediums characterized by their heterogeneously-distributed, pigment-containing
structures. These structures are melanosomes and red cells, respectively. When light traverses a turbid medium,
scattering by these structures can increase the optical path length which results in an increase in the probability
of absorption. Conversely, the light may not encounter any pigment-containing structure and, therefore, have
a minimal chance of absorption. These phenomena are respectively known as the detour effect®® and the sieve
effect.?* Their combined contribution to the overall absorptance of a turbid medium depends on the properties
and distribution of the medium’s pigment-containing structures.

3. EXPERIMENTAL FRAMEWORK
3.1 Model Background and Setup

In our in silico experiments, we use HyLIoS and CLBlood to simulate the interaction of light with skin and
the blood flowing through the subcutaneous vein, respectively. These first-principles models employ measured
optical properties of constituent materials to govern the attenuation of light. Although this paper is focused on
light in the visible domain, both models consider all constituent materials with a significant contribution to light
attenuation in the ultraviolet, visible and infrared domains. Measured optical properties for these materials were
obtained from scientific literature and made available on our website.?> 36 References to this data can also be
found in the models’ original publications.?1® Additionally, HyLIoS and CLBlood account for sieve and detour
effects by individually distributing melanosomes throughout the epidermis and red cells throughout the plasma,
respectively. This includes the grouping of melanosomes within melanosome complexes. Both of these models
have been evaluated quantitatively and qualitatively against measured data in their original publications.? !?
CLBlood was also updated and re-evaluated in a following technical report.!!

In our experiments, we obtained simulated reflectance measurements for skin specimens with and without a
subcutaneous vein. For a skin specimen without a subcutaneous vein, we use the HyLIoS model as described in
its original publication. In particular, it has a layer below the reticular dermis that represents the hypodermis
and reflects light diffusely back into the reticular dermis with 100% probability. For a skin specimen with a
subcutaneous vein, light that reaches the bottom of the skin will either be diffusely reflected or absorbed by the
vein. The probability of either event occurring is precomputed for a shorter experimental runtime (Section 4.2).
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3.2 Vein Representation

We use a three layer model to represent the vein. The first and third layers represent the vein wall and the
second layer employs CLBlood to represent flowing venous blood. When light encounters a layer boundary, a
Fresnel test!'3 is performed to determine whether the light is reflected or transmitted.

The refractive index selected for the vein wall is 1.39, which corresponds to a measured value for the vena
femoralis.?” Any light that is transmitted below the bottom vein wall layer is discarded. Note that this choice
does not affect the overall reflectance of the skin specimen due to the low transmittance and high absorptance
of the vein. We also do not consider any absorption or scattering of light within the vein wall. The implications
of this simplification will be addressed in Section 6.1.

4. IN SILICO EXPERIMENTAL SETUP

In our experiments, we obtained directional-hemispherical reflectance curves for various skin specimens with a
virtual spectrophotometer®® considering a 5° angle of incidence. Seeing as the employed models are formulated
using a Monte Carlo approach, we performed the experiments considering 10° samples per wavelength with a
5 nm spectral resolution. We then used the computed reflectance data to generate textured colour swatches
representing the appearance of the skin specimen considering a given illuminant.

In the first set of experiments, we computed reflectance curves for the baseline skin specimen with and
without a subcutaneous vein (Figure 5(a)). Corresponding reflectance curves were computed without considering
Rayleigh scattering in the skin (Figure 5(b)). For each pair of reflectance curves, we generated several swatches
considering distinct illuminants (Figure 6).

In the second set of experiments, we varied the concentration of blood and melanin in the skin. We per-
formed experiments for each specimen with and without considering Rayleigh scattering. For each experiment,
we generated a swatch representing skin with a vein running down the center, considering a D65 illuminant
(Figure 7).

In the following subsections, we discuss the characterization of skin specimens, the precomputation of the
vein’s reflectance, the process of disabling Rayleigh scattering and the online reproducibility of our experiments.

4.1 Skin Specimens

In our experiments, we consider a lightly pigmented skin specimen with various levels of cutaneous pigmentation
and dermal blood content. In our first set of experiments (Figures 5 and 6), we consider a baseline skin specimen
characterized by the parameters in Tables 1 and 2. Accompanying each parameter value is a list of references
that provide its physiological basis.

For the additional skin specimens considered in the second set of experiments (Figure 7), we multiply the
melanin and blood parameters in Table 2 by fne € {1.0,1.5,2.0,2.5} and fy; € {1.0,1.5,2.0,2.5}, respectively.
For each experiment, the mean epidermal melanin content is in the range 1-3% and dermal blood content is in
the range 2-6%, corresponding to the physiological characterization of a lightly pigmented specimen.?’

4.2 Vein Precomputation

Since we know that visible light is diffused by the dermis,?’ we can assume a uniform distribution for the angle

of incidence of light that encounters the vein. This assumption allows us to precompute the probability that
light is reflected by the vein using the representation outlined in Section 3.2. To obtain this probability, we
first computed its reflectance considering polar angles in [0°,90°) at each 5° interval and azimuthal angles in
[0°,360°) at each 90° interval. For each angle of incidence, we considered the blood specimen characterization
presented in Table 3 and 10° samples per wavelength. Since we assume that the light entering the vein is
uniformly distributed, we then averaged the reflectance values across all samples at each wavelength (\) to get
the probability of light being reflected by the vein (pl.;,(\)), presented in Figure 3.
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Table 1. HyLIoS parameters employed in the general characterization of all skin specimens considered in this investigation.

HyLIoS Parameters Values References
Aspect Ratio of Skin Surface Fold 0.1 40,41
Stratum Corneum Thickness (¢m) 0.0004 4245
Stratum Granulosum Thickness (cm) 0.0033 46
Stratum Spinosum Thickness (cm) 0.0033 16
Stratum Basale Thickness (cm) 0.0033 AT
Papillary Dermis Thickness (cm) 0.02 >
Reticular Dermis Thickness (¢m) 0.125 5
Stratum Granulosum Melanosome Content (%) 0.0 16,39
Stratum Spinosum Melanosome Content (%) 0.0 16,39
Stratum Basale Melanosome Dimensions (um x um) 0.41x0.17 17
Melanosome Eumelanin Concentration (mg/mL) 32.0 48,49
Melanosome Pheomelanin Concentration (mg/mL) 2.0 48,49
Dermal Oxyhemoglobin Fraction (%) 90.0 50
Hemoglobin Concentration in Blood (mg/mL) 147.0 51,52
Methemoglobin Concentration in Blood (mg/mL) 1.5 53
Carboxyhemoglobin Concentration in Blood (mg/mL) 1.5 54
Sulfhemoglobin Concentration in Blood (mg/mL) 0.0 26
Blood Bilirubin Concentration (mg/mL) 0.003 %5
Stratum Corneum Beta-carotene Concentration (mg/mL) 2.1E-4 56
Epidermis Beta-carotene Concentration (mg/mL) 2.1E-4 56
Blood Beta-carotene Concentration (mg/mL) 7.0E-5 56
Stratum Corneum Water Content (%) 35.0 57,58
Epidermis Water Content (%) 60.0 57,59
Papillary Dermis Water Content (%) 75.0 57,59
Reticular Dermis Water Content (%) 75.0 57,59
Stratum Corneum Lipid Content (%) 20.0 60
Epidermis Lipid Content (%) 15.1 57,61,62
Papillary Dermis Lipid Content (%) 17.33 57,61,62
Reticular Dermis Lipid Content (%) 17.33 57,61,62
Stratum Corneum Keratin Content (%) 65.0 47,63,64
Stratum Corneum Urocanic Acid Density (mol/L) 0.01 65
Skin DNA Density (mg/mL) 0.185 57,66,67
Stratum Corneum Refractive Index 1.55 68,69
Epidermis Refractive Index 1.4 68,70
Papillary Dermis Refractive Index 1.39 20,68
Reticular Dermis Refractive Index 1.41 20,68
Melanin Refractive Index 1.7 m
Papillary Dermis Scatterers’ Refractive Index 1.53 2
Radius of Papillary Dermis Scatterers (nm) 40.0 8
Papillary Dermis Fraction Occupied by Scatterers (%) 22.0 6
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Table 2. HyLIoS melanin and blood content parameters that are modified to produce different skin specimen characteri-
zations. The presented values correspond to the baseline skin specimen. The melanin parameters® and blood parameters’
are multiplied by a factor of f.e; and fu, respectively, to provide the skin specimens in the second set of experiments.

HyLIoS Parameters Values References
Stratum Basale Melanosome Content (%) 1.0* 16,39
Stratum Granulosum Colloidal Melanin Content (%) 0.5* 15,16,73
Stratum Spinosum Colloidal Melanin Content (%) 0.5 * 15,16,73
Stratum Basale Colloidal Melanin Content (%) 0.5 * 15,16,73
Papillary Dermis Blood Content (%) 021 6,52
Reticular Dermis Blood Content (%) 027 6,52

Table 3. CLBlood parameters employed in the characterization of flowing venous blood.

CLBlood Parameters Values References
Hematocrit (%) 45 74,75
Sample thickness (um) 1270.0 76
Randomly oriented cells (%) 10 30,77, 78
Rolling oriented cells (%) 60 30,77, 78
Aligned oriented cells (%) 30 30,77,78
Oxyhemoglobin (%) 67.9 ™
Deoxyhemoglobin (%) 29.1 0
Sulfhemoglobin (%) 0 80
Methemoglobin (%) 1.5 81
Carboxyhemoglobin (%) 1.5 82
Mean cell hemoglobin content (g/L) 330.0 4
40
30
g\:% 20
10
0
40 500 600 700

wavelength (nm)

Figure 3. The precomputed probability of light being reflected by the subcutaneous vein specimen (pj.;,) employed in
our experiments. This curve was computed using the procedure outlined in Section 4.2
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Figure 4. Relative spectral power distribution of each CIE standard illuminant®*

process.

employed in the swatch generation

4.3 Disabling Rayleigh Scattering

In HyLIoS, the amount of wavelength-dependent Rayleigh scattering in the papillary dermis is controlled by the
following Rayleigh scattering coefficient:? 83

R 3214r3u, (n? —1 2
S
te(N) = 1
s ( ) )\4 <772 1) ) ( )

where r and vs represent the radius and volume of the scatterers. The variable 7 is the ratio between the
refractive index of the scatterers (ns) and the refractive index of the papillary dermis (7,4). To deactivate
Rayleigh scattering, we simply set 1, = 7,4 which results in ul = 0. The values for r, v, npa and the default
value for 7, are given in Table 1.

4.4 Swatch Generation

Swatches are used in this investigation to approximate the appearance of a given skin specimen under distinct
illumination conditions. To generate the colour of a swatch, the skin specimen’s calculated reflectance curve is
convoluted with a selected illuminant’s relative spectral power distribution and the broad spectral response of
the human photoreceptors.®* The last step involves a standard XYZ to sRGB conversion procedure® which
includes a white balancing calculation considering the selected illuminant. In our investigation, we considered
four standard CIE illuminants whose relative spectral power distributions are presented in Figure 4. D50 and
D65 approximate daylight at different times of day, A is an incandescent light, and F2 is a “cool white fluorescent”
light typical of an office environment.®* Since F2 was measured separately from the other illuminants and the
provided data is in relative units, we decided to increase its intensity in the swatch generation process to get
a similar qualitative brightness across the swatches. After generating the colour, we use a greyscale texture to
vary the colour across each swatch to make them appear more realistic.

4.5 Online Reproducibility

The experiments in this paper can be reproduced with our online version of HyLIoS® which is deployed using
our custom model distribution system.8” This system allows a user to perform their own experiments with a
specified skin specimen characterization and experimental setup. In order to reproduce the reflectance of skin
with a subcutaneous vein, we have included options to enable the vein and select a precomputed vein specimen.
Additionally, we have made it possible to reproduce venous reflectance from a single angle of incidence using our
online version of CLBlood.®®

5. RESULTS

For our first set of experimental results, we explore the effect of disabling Rayleigh scattering in the skin on the
appearance of the vein. For comparison purposes, all results considering a subcutaneous vein are accompanied
by results for the same skin specimen without the vein.
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Figure 5. Modeled reflectance curves obtained for the baseline skin specimen with and without a subcutaneous vein.
(a) With Rayleigh scattering. (b) Without Rayleigh scattering.

First, we examine the reflectance results in Figure 5. Comparing the two reflectance curves computed con-
sidering Rayleigh scattering, presented in Figure 5(a), reveals a smaller difference between them in the shorter
(blue) wavelength range. In particular, the difference between the two curves is negligible in the region near 400
nm. Given the near zero probability of light reflected by the vein in this region (Figure 3), the light must be
scattered out of the skin before it reaches the vein.

This behaviour could potentially be attributed to Rayleigh scattering, so let us examine Figure 5(b). We
can observe that disabling Rayleigh scattering reduces the reflectance significantly in both samples in the region
near 400 nm. Furthermore, the plot shows that the amount of reflected light in this region is lower for the skin
specimen with a subcutaneous vein. This indicates that the absence of Rayleigh scattering allows more light to
reach the vein. To support this claim, we remark that the shape of the reflectance curve computed for the skin
specimen with a subcutaneous vein more closely resembles the probability of light being reflected by the vein
itself (Figure 3).

Now, let us examine the generated swatches in Figure 6 to see how these results translate to appearance. In
Figure 6(a), we present swatches corresponding to the data presented in Figure 5(a) considering several illumina-
tion conditions. The colours depicted in these swatches generally match our expectations for the appearance of
skin with and without a subcutaneous vein. Conversely, the reflectance data in Figure 5(b), computed without
considering Rayleigh scattering, yields a blood-like swatch colour for the skin specimen with a subcutaneous vein
which can be observed in Figure 6(b).

Swatches belonging to our second set of experimental results are presented in Figure 7. It is clear that the
role of Rayleigh scattering in the appearance of a skin specimen with a subcutaneous vein is consistent across
all considered skin characterizations.

6. DISCUSSION

The first set of experimental results demonstrates that Rayleigh scattering plays an integral role in the appearance
of veins. The second set shows that varying blood and melanin content within the range of physically plausible
concentrations for a lightly pigmented specimen®’ does not have a large effect on the vein’s appearance. An
examination of relevant pigments in the skin (Figure 2) reveals that none of them absorb long (red) wavelengths
more strongly than short (blue) wavelengths. Therefore, we can attribute the bluish appearance of veins to
Rayleigh scattering in the papillary dermis and the strong absorptance of hemoglobins in the venous blood’s red
cells.

In the following subsections, we discuss additional considerations regarding our assumptions and the inter-
pretation of our results.

Proc. of SPIE Vol. 10367 103670F-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/8/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



: i i : m
(b)

Figure 6. Swatches generated for the baseline skin specimen to illustrate the effect of Rayleigh scattering in the papillary
dermis. For comparison purposes, we present swatches for specimens with (bottom) and without (top) a subcutaneous
vein. The swatches were generated using the procedure described in Section 4.4. From left to right, the swatches in
each subfigure were generated considering CIE standard illuminants D50, D65, A and F2. (a) With Rayleigh scattering.
(b) Without Rayleigh scattering.

(a) (b)

Figure 7. Generated swatches depicting a skin specimen with a subcutaneous vein running down the middle.
The swatches were generated using the procedure described in Section 4.4 considering the D65 illuminant. Dis-
tinct skin specimens were obtained by multiplying melanin and blood content (Table 2) by fme and fu, re-
spectively.  Left to right: fp, = 1.0,1.5,2.0,2.5. Top to bottom: fi; = 1.0,1.5,2.0,2.5. (a) With Rayleigh scattering.
(b) Without Rayleigh scattering.
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6.1 Intermediate Tissues

In our experiments, we do not consider any adipose tissue between the skin and the vein. In the human body, if
a vein is deep enough, then scattering in the adipose tissue ensures that the vein is not visible. Accordingly, a
less visually prominent vein may have a thin layer of adipose tissue between itself and the skin. We also do not
consider the light attenuating properties of the vein wall. We remark that although these considerations may
have an effect on the quantitative results, we believe that neither of these tissues can be the primary source of
the distinct appearance of veins.

The weak absorption of visible light in these tissues is dominated by hemoglobin'? 332 which has a signifi-

cantly higher concentration in the venous blood. If we were to consider the effect of hemoglobin in these tissues
on the overall reflectance of a skin specimen with a subcutaneous vein, it would be similar to increasing the
hemoglobin concentration in the reticular dermis. As we can see in Figure 7, this does not have a significant
effect on the bluish appearance of the vein.

There is also a possibility that small heterogeneous structures in these tissues produce Rayleigh scattering.
However, our experiments indicate that Rayleigh scattering in the skin is strong enough to elicit the bluish
appearance of veins. This is corroborated by the fact that cyanotic fingertips would not appear bluish if Rayleigh
scattering in the papillary dermis was not sufficient to prevent blue light from reaching the reticular dermis.”
Since Rayleigh scattering in the skin occurs before light reaches the hypodermis or vein wall, any additional
Rayleigh scattering in these subcutaneous tissues could only increase the, already sufficient, remittance of blue
light.

6.2 Blood Parameters

We performed several additional experiments, not presented in this paper, to assess the effect of varying the
venous blood characterization. When experimenting with various oxygen saturation levels, we observed that an
increase in oxygen made a skin specimen with a subcutaneous vein appear more purple and a decrease in oxygen
made it appear more blue. This behaviour is consistent with observations by Kienle et al.! We also explored
different distributions of red cell orientations in the flowing venous blood, corresponding to different shear rates.
This did not noticeably affect the visual appearance of a skin specimen with a subcutaneous vein.

6.3 Comment on Vein Appearance

In this paper, we have been referring to the appearance of veins as bluish. We remark that a subcutaneous vein
may also appear to be subjectively more green, purple, or grey than blue when considering different physiological
or illumination conditions. It is important to note that Rayleigh scattering occurring in the papillary dermis
would play a vital role in the appearance of any visible subcutaneous vein, even though its contribution may not
always result in a dominantly blue appearance.

7. CONCLUSION AND FUTURE WORK

In this paper, we showed that Rayleigh scattering in the papillary dermis is responsible for the skin’s contribution
to the bluish appearance of veins. In particular, Rayleigh scattering in the papillary dermis remits blue light
from the skin before it can reach the blood flowing through the subcutaneous vein. The hemoglobin contained
within the venous blood’s red cells then moderately absorbs the red light that reaches the vein. The combined
effect of these two phenomena results in the distinct appearance of veins.

There are many possibilities for future work in this area. For example, Kienle et al.! mentioned that the
optical depth of a subcutaneous vein and the oxygen saturation of its blood affect the skin’s coloration. Adding
adipose tissue to the framework described in this paper (Section 3) between the skin and the vein would make
it possible to investigate the combined effect of these properties. Another possibility would be to evaluate the
impact of the masking effect of melanosomes on the appearance of subcutaneous veins in moderately and darkly
pigmented skin specimens. In addition to improving our understanding of fundamental optical mechanisms
occurring within the skin, these investigations could aid in the design of non-invasive optical measurement
devices aimed at the detection of physiological changes within the skin and subcutaneous veins. Furthermore,
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since the models employed in this paper are hyperspectral, any future investigations employing the framework
described in this paper could be performed in the ultraviolet, visible and infrared domains.

From a visual perspective, the addition of adipose tissue to the framework described in this paper and an
exploration of other skin characterizations could enable the reproduction of the various skin tones caused by
subcutaneous blood vessels. Additionally, placing the vein representation within the cutaneous tissues could be
used to simulate the appearance of enlarged cutaneous vessels. These advancements could contribute to improved
computer-generated representations of skin which would have practical implications for scientific, educational
and entertainment applications requiring a realistic visualization of the human body.
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