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Abstract— The purple or blue coloration of hands and
feet, known as peripheral cyanosis, can represent one of the
initial signs of potentially life threatening medical conditions.
Consequently, procedures aimed at its early detection and
interpretation can help health-care professionals to select the
appropriate treatment for these conditions. The effectiveness of
such procedures, in turn, depends on the correct assessment of
the biophysical processes responsible for eliciting this abnormal
skin appearance. However, despite the diverse body of existing
clinical research involving cyanosis, the interplay between
physiological changes and the optical phenomena leading to
cyanotic responses remains not fully understood. In this paper,
we methodically examine this interplay through controlled
in silico experiments. Among other relevant aspects, the results
of our experiments demonstrate that Rayleigh scattering, a
light attenuation phenomenon overlooked by previous studies
on peripheral cyanosis, plays a pivotal role in the manifestation
of cyanotic chromatic attributes. We believe that the insights
derived from our experiments can contribute to the develop-
ment of more effective protocols for the screening of medical
conditions associated with peripheral cyanosis etiology.

Index Terms— cyanosis, hemoglobin, skin, fingertip, vein,
reflectance, light attenuation, Rayleigh scattering, simulation.

I. INTRODUCTION

Cyanosis refers to the purple or blue coloration of nail

beds, skin and mucosal membranes (e.g., lips and tongue)

prompted by the presence of high levels of deoxygenated

hemoglobin (dexoyhemoglobin) in the dermal tissues [1],

[2]. It can be classified as being either peripheral or central

[1], [3], [4]. Peripheral cyanosis is more apparent on the

extremities (hands and feet), and it is more likely to occur

when oxygen demand exceeds supply in these tissues [2],

[3], [4]. This may result from peripheral circulatory failure

(e.g., due to reduced cardiac output), peripheral vasocon-

striction (e.g., due to hypothermia) or peripheral vascular

occlusion (e.g., due to arterial thrombosis) [1], [3], [4].

Central cyanosis, on the other hand, results from systemic

hypoxemia (abnormally low level of oxygen in the blood),

and it is also visible in the mucosal membranes in addition

to the extremities [1], [3]. It is worth noting that both

forms of cyanosis may be prompted by the presence of

abnormal amounts of dysfunctional hemoglobins, namely
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Fig. 1. Photographs depicting the palmar surfaces of two hands exhibiting
normal (left) and cyanotic (right) skin appearances. The latter is a courtesy
of James Heilman, MD.

methemoglobin (MetHb), sulfhemoglobin (SulfHb) or car-

boxyhemoglobin (CarboxyHb), in the dermal tissues [3], [4],

[5]. However, this type of cyanosis-triggering situation is

relatively rare [6], particularly when compared to those asso-

ciated with the presence of high levels of dexoyhemoglobin.

Although it has been long recognized that dermal blood

content [7] and oxygen saturation [8] play important roles in

the manifestation of peripheral cyanotic chromatic attributes,

to the best of our knowledge, no attempt has been made

to date to systematically analyze their combined impact on

these attributes. In this paper, we present the results of

controlled experiments aimed at this objective.

Our investigation is focused on peripheral cyanosis for

the following reasons. First, it usually shows up earlier [3],

particularly in areas of the body characterized by low levels

of melanin and relatively abundant blood supply such as

palmar surfaces (Fig. 1). Central cyanosis, on the other hand,

is generally a late finding in the course of a illness [4].

Second, all factors responsible for central cyanosis can also

result in peripheral cyanosis [4]. Third, it may represent the

initial sign of a catastrophic illness such as heart failure

due to coronary occlusion, which can ultimately lead to

myocardial infarcation (heart attack) [1], [3], [4].

From an optical point of view, peripheral cyanotic chro-

matic attributes have been often associated with the light ab-

sorption properties of deoxyhemoglobin, with several authors

incorrectly attributing the typical cyanotic bluish hue to an

allegedly blue appearance of deoxygenated blood (e.g., [1],

[3], [4], [9], [10]). However, one has to consider the fact that

the hemoglobins are strong absorbers in the “blue” end (400

to 500 nm) of the visible spectrum (Fig. 2 (left)). In addition,

light traveling within the skin tissues is also strongly attenu-

ated by the melanins, which are also strong absorbers in this

spectral region (Fig. 2 (right)). Consequently, arterial blood

appears bright red, while venous blood appears dark red,
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Fig. 2. Absorption spectra of functional hemoglobins (left) and melanins
(right) found in the skin tissues. The former is provided in terms of molar
extinction coefficient (εm) curves [15], while the latter is provided in terms
of extinction coefficient (ε) curves [16].

almost black, but not blue [11], [12]. Hence, the purple or

blue coloration of cyanotic skin must be also associated with

other light attenuation phenomena besides the absorption by

pigments like the hemoglobins.

It has been suggested [13] that thin connective structures,

such as those found in the papillary dermis, can attenuate

light through Rayleigh scattering. We believe that this phe-

nomenon, which predominantly affects light propagating at

lower wavelengths [14], has a pivotal part in the manifesta-

tion of typical cyanotic purple and blue hues. Accordingly,

in this paper, we also present the results of controlled

experiments aimed at the assessment of this hypothesis.

II. INVESTIGATION FRAMEWORK

Predictive computer simulations, or in silico experiments,

are often employed in biomedical research to accelerate hy-

pothesis generation and validation cycles, particularly when

it involves biophysical processes that cannot be fully studied

through “wet” laboratory procedures due to logistic limita-

tions [17], [18]. Among these limitations, one can highlight

the relative scarcity of test cases, which may not be practical

or safe to educe on live subjects (e.g., [19]), and the relative

large number of biophysical variables that need to be kept

fixed during the procedures (e.g., [6], [18]).

Following this trend, the investigation presented in this

paper makes use of controlled in silico experiments to over-

come such limitations. These experiments were performed

using a first-principles light transport model for human skin,

known as HyLIoS (Hyperspectral Light Impingement on

Skin) [20], and biophysical data provided in the scientific lit-

erature. More specifically, we employed HyLIos to compute

directional-hemispherical reflectance curves for a selected

skin specimen subjected to different peripheral cyanosis-

triggering conditions.

It important to note that the predictive capabilities of

the HyLIoS model have been extensively evaluated through

quantitative and qualitative comparisons of its outcomes

with actual measured data [20]. Since then, this model has

been reliably employed in a number of related biomedical

investigations (e.g., [18], [21], [22], [23]).

Within the HyLIoS’ geometrical-optics formulation, light

interacting with a given skin specimen is represented by

rays that can be associated with any wavelength. Hence, this

model can provide reflectance curves with different spectral

resolutions. For consistency, all modeled curves depicted in

this work have a spectral resolution of 5 nm. These were

obtained using a virtual spectrophotometer [24]. In their

computation, we considered an angle of incidence of 10◦

and 106 sample rays.

To enable the full reproduction of our in silico exper-

imental results, we made HyLIoS available online [25]

via a model distribution system [26]. This system enables

researchers to specify experimental conditions (e.g., angle of

incidence and spectral range) and specimen characterization

parameters (e.g., pigments and water content) using a web

interface [25], and receive customized simulation results.

In addition, the supporting data (e.g., refractive index and

extinction coefficient curves) used in our investigation are

also available online [27].

The noninvasive measurement of blood related properties

(e.g., oxygen saturation levels [2]) is usually performed at

hypopigmented sites, such as the palmar fingertips, char-

acterized by a reduced melanin content (more than five-

fold lower than in the nonpalmoplantar regions [28]) and

increased blood content [29]. As mentioned earlier, these

characteristics also make these sites more susceptible to

chromatic variations associated with peripheral cyanosis. For

these reasons, we have elected the palmar fingertip as the

testing site for our in silico experiments.

Without loss of generality, we have characterized a finger-

tip specimen in its normal (baseline) state using the dataset

presented in Table I. The selection of values for this dataset

parameters was based on physiologically valid ranges pro-

vided in related references, which are also listed in Table I.

We note that, for some of these parameters, the selection

of values within physiologically valid ranges required the

use of multiple supporting references. In these instances,

to conserve space, we cited one of our previous related

publications [18] in which the interested reader can find the

complete bibliographic information about these supporting

references.

We employed the dataset provided in Table I to compute

the baseline reflectance curve (depicted in Fig. 3 (top right)),

and modified versions of this dataset to compute the remain-

ing reflectance curves (depicted in Figs. 4 and 6) associated

with the two sets of in silico experiments described in this

paper.

In our first set of experiments, we investigated the com-

bined impact of the dermal oxygenation fraction (given

in %) and the reticular dermis blood content (given in %

and denoted by vrdblood) on the manifestation of peripheral

cyanotic chromatic attributes. Note that the former parameter

can be represented by 100− fdeoxy, where fdeoxy (given in

%) indicates the fraction of deoxyhemoglobin to the total

amount of functional hemoglobins present in the dermal tis-

sues. Thus, we computed reflectance curves for the fingertip

specimen considering fdeoxy variations from 25% to 100%

and vrdblood variations from 5% to 20% [30].

In our second set of experiments, we investigated the con-

nection between the peripheral cyanotic chromatic attributes

and the putative occurrence of Rayleigh scattering within the
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TABLE I

PARAMETERS EMPLOYED IN THE CHARACTERIZATION OF A PALMAR

FINGERTIP. THE ACRONYMS SC, SG, SS, SB, PD AND RD REFER TO

THE SKIN LAYERS CONSIDERED BY HYLIOS: STRATUM CORNEUM,

STRATUM GRANULOSUM, STRATUM SPINOSUM, STRATUM BASALE,

PAPILLARY DERMIS AND RETICULAR DERMIS, RESPECTIVELY.

Parameter Value Ref.

Aspect Ratio of Skin Surface Folds 0.1 [18]
SC Thickness (cm) 0.013 [18]
SG Thickness (cm) 0.0123 [31]
SS Thickness(cm) 0.0123 [31]
SB Thickness (cm) 0.0123 [31]
PD Thickness (cm) 0.02 [32]
RD Thickness (cm) 0.2 [33]
SC Melanosme Content (%) 0.0 [18]
SG Melanosme Content (%) 0.0 [18]
SS Melanosme Content (%) 0.0 [18]
SB Melanosme Content (%) 0.15 [18]
SC Colloidal Melanin Content (%) 0.06 [18]
SG Colloidal Melanin Content (%) 0.06 [18]
SS Colloidal Melanin Content (%) 0.06 [18]
SB Colloidal Melanin Content (%) 0.06 [18]
SB Melanosome Dim. (µm × µm) 0.41× 0.17 [34]
Melanosme Eumelanin Conc. (g/L) 32.0 [18]
Melanosme Pheomelanin Conc. (g/L) 2.0 [18]
PD Blood Content (%) 0.5 [30]
RD Blood Content (%) 2.0 [35]
Dermal Oxyhemoglobin Fraction (%) 90.0 [36]
Functional Hemoglobin Conc. in Blood (g/L) 147.0 [37]
MetHb Conc. in Blood (g/L) 1.5 [6]
CarboxyHb Conc. in Blood (g/L) 1.5 [6]
SulfHb Conc. in Blood (g/L) 0.0 [6]
Blood Bilirubin Conc. (g/L) 0.003 [38]
SC Beta-carotene Conc. (g/L) 2.1E-4 [39]
Epidermis Beta-carotene Conc. (g/L) 2.1E-4 [39]
Blood Beta-carotene Conc. (g/L) 7.0E-5 [39]
SC Water Content (%) 35.0 [18]
Epidermis Water Content (%) 60.0 [18]
PD Water Content (%) 75.0 [18]
RD Water Content (%) 75.0 [18]
SC Lipid Content (%) 20.0 [40]
Epidermis Lipid Content (%) 15.1 [18]
PD Lipid Content (%) 17.33 [18]
RD Lipid Content (%) 17.33 [18]
SC Keratin Content (%) 65.0 [18]
SC Urocanic Acid Density (mol/L) 0.01 [41]
Skin DNA Density (g/L) 0.185 [18]
SC Refractive Index 1.55 [18]
Epidermis Refractive Index 1.4 [18]
PD Refractive Index 1.39 [18]
RD Refractive Index 1.41 [18]
Melanin Refractive Index 1.7 [42]
PD Scatterers Refractive Index 1.5 [43]
Radius of PD Scatterers (nm) 40.0 [44]
PD Fraction Occupied by Scatterers (%) 22.0 [13]

papillary dermis. More specifically, we have deactivated the

procedure used by HyLIoS to account for this phenomenon.

We note that this procedure is controlled by the Rayleigh

scattering coefficient [14], [20], which is expressed as:

µR
s (λ) =

32π4r3vf

λ4

(

η2 − 1

η2 + 1

)2

, (1)

where r and vf represent the radius and the volume fraction

occupied by the scatterers (collagen fibrils), respectively, and

η corresponds to the ratio between the refractive index of

these scatterers (ηs) and the refractive index of papillary

dermis (ηpd). Hence, to deactivate the Rayleigh scattering
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Fig. 3. Components of a convolution process employed to generate a skin
swatch for a palmar fingertip in its normal (baseline) state characterized
by the parameter values depicted in Table I. Top left: relative spectral
power distribution of the CIE standard D65 illuminant. Top right: baseline
reflectance curve: Bottom: resulting swatch.

in our simulations, we simply set ηf equal to ηpd, whose

default value is provided in Table I.

We also generated skin swatches to complement our

analyses. Their chromatic attributes were obtained from the

convolution of a selected illuminant’s relative spectral power

distribution, the modeled reflectance data and the broad

spectral response of the human photoreceptors [45]. This

last step was performed by employing a standard XYZ to

sRGB conversion procedure [46] and considering three CIE

standard illuminants, namely D65, D50 and A [45]. Since

the resulting qualitative observations remained unchanged re-

gardless of which one we used, to conserve space, we elected

to present in this paper the swatches generated using the D65

illuminant (daylight). Its relative spectral power distribution

is depicted in Fig. 3 (top left). For comparison purposes, the

skin swatch obtained using the baseline reflectance curve

computed for the selected specimen is presented in Fig. 3

(bottom).

III. RESULTS AND DISCUSSION

Initially, we bring to the reader’s attention the presence of

the characteristic “W” signature in the baseline reflectance

curve depicted in Fig. 3 (top right), more specifically in the

“green” region (500 to 600 nm) of the visible spectrum. The

results of our first set of experiments depicted in Fig. 4 show

that this signature, which is associated with the absorption

spectrum of oxyhemoglobin (Fig. 2 (left)), vanishes with the

reduction of this pigment’s presence in the dermal tissues.

More revealingly, the results depicted in Fig. 4 also show

that an increase in the values assigned to the target physi-

ological parameters fdeoxy and vrdblood leads to a substantial

reduction in the reflectance obtained in the “red” end (600

to 700 nm) of the visible spectrum, henceforth referred to

as ρred. In contrast, one can observe much smaller changes

in the reflectance obtained in the blue end of the visible

spectrum, henceforth referred to as ρblue.
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Fig. 4. Graphs depicting reflectance curves computed for a palmar fingertip considering variations on fdeoxy . From left to right, each set of curves was

obtained considering vrd
blood

equal to 5%, 10%, 15% and 20%, respectively.

Fig. 5. Skin swatches obtained using the reflectance curves provided in
Fig. 4. From top to bottom rows, fdeoxy varies from 25%, 50%, 75% and

100%, respectively. From left to right columns, vrd
blood

varies from 5%,
10%, 15% and 20%, respectively.

These changes in ρblue and ρred are associated with the

absorption spectra of deoxyhemoglobin (Fig. 2 (left)). Since

this substance is a strong absorber at the blue end of the

visible spectrum, light absorption rapidly reaches a limiting

value in this spectral region as its presence in the dermal

tissues increases. On the other hand, due to its relatively

weak absorption capability in the red end, an increase in its

presence results in a steady decrease in reflectance in this

spectral region.

As it can be noted in the skin swatches depicted in Fig. 5,

an increase in fdeoxy (leftmost column) or in vrdblood (top

row) results in a similar transition to a more accentuated

purple hue, with a slightly stronger trend being observed with

respect to vrdblood. The combined effect of these variations

(main diagonal), however, leads to a stronger bluish hue.

At a first glance, one might conclude that the manifestation

of cyanotic chromatic attributes can be explained solely by

the substantial decrease observed in ρred values. However,

ρblue values, albeit having a relative low magnitude, are

essential for eliciting the typical purple and blue hues asso-

ciated with peripheral cyanosis. We believe that a significant

portion of the light remission responses contributing to

these values can be attributed to the Rayleigh scattering

occurring within the papillary dermis [13], [20]. In order

to demonstrate this aspect, we performed a second set of

experiments in which the simulations were repeated while

Rayleigh scattering was deactivated.

As indicated in the graphs presented in Fig. 6, the ρblue
values become substantially smaller when Rayleigh scatter-

ing is not accounted for. For example, while ρblue at 450nm

varies from 0.1753 (with fdeoxy = 25% and vrdblood = 5%) to

0.1736 (with fdeoxy = 100% and vrdblood = 20%) when the

Rayleigh scattering is activated (Fig. 4), it varies from 0.0491

to 0.0488 under the same conditions when the Rayleigh

scattering is deactivated (Fig. 6).

As a direct consequence of the substantial increase in the

ρred values and the subtle reduction in the already relatively

low ρblue values, the perceived coloration of the palmar

fingertip site changes from red to dark red when the Rayleigh

scattering is deactivated. This chromatic transition, depicted

in Fig. 7, is consistent with the perceived colorations of

oxygenated and deoxygenated blood respectively [11], [12],

which are predominantly determined by the strong light

absorption behaviour of the hemoglobins in the blue end of

the visible spectrum (Fig. 2 (left)).

Finally, it is worth noting that the observations derived

from our in silico experiments may be applicable to an

old, albeit still not fully answered question: “Why do veins

appear blue when venous blood has a dark red color?” The

reason for the bluish color of veins had been attributed

not to larger ρblue values, but rather to a decrease in

the ρred values [11]. We believe that, like the cyanosis

case, a significant portion to the light remission responses

contributing to ρblue values results from Rayleigh scattering.

This phenomenon reduces the probability of light travelling

at lower wavelengths to reach the vein where it might be

susceptible to absorption by the relative larger amount of

deoxyhemoglobin (when compared to the neighbour skin

sites) present in the circulating blood. We remark that light

traveling at longer wavelengths is considerably less affected

by this type of scattering [14]. Hence, it is more likely to

penetrate deeper and reach the venous blood, where it might
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Fig. 6. Graphs depicting reflectance curves computed for a palmar fingertip considering variations on fdeoxy and the deactivation of Rayleigh scattering

within the papillary dermis. From left to right, each set of curves was obtained considering vrd
blood

equal to 5%, 10%, 15% and 20%, respectively.

Fig. 7. Skin swatches obtained using the reflectance curves provided in
Fig. 6. From top to bottom rows, fdeoxy varies from 25%, 50%, 75% and

100%, respectively. From left to right columns, vrd
blood

varies from 5%,
10%, 15% and 20%, respectively.

be absorbed, consequently reducing the ρred values.

IV. CONCLUSION AND FUTURE WORK

In this paper, we have investigated the impact of variations

in key physiological parameters on the biophysical processes

leading to the chromatic attributes of peripheral cyanosis.

Our findings indicate that, although an increase in either the

deoxyhemoglobin amount or in the reticular dermis blood

content can result in a cyanotic purple hue as previously

reported in the literature, it is their combined effect that can

lead to a more characteristic cyanotic bluish hue.

Our findings also show that, although these chromatic

transitions are directly associated with a reduction in the

ρred values, the contribution provided by the ρblue values is

essential for eliciting these transitions. Moreover, the results

of our experiments indicate that a significant portion of

this contribution can be attributed to Rayleigh scattering

occurring within the papillary dermis.

Although the putative occurrence of Rayleigh scattering

within the dermal tissues has been discussed before (e.g.,

[47]), to the best of our knowledge, this is the first time that

a direct connection between cyanotic chromatic attributes and

Rayleigh scattering occurring within the papillary dermis is

examined in the scientific literature. It is worth highlighting

that the assessment of this hypothesis was made possible

through in silico experiments.

Recall that it would be extremely difficult to obtain in situ

Rayleigh scattering profiles within a thin skin layer like

the papillary dermis using existing “wet” lab technologies.

Moreover, assuming that it would be possible to separate this

layer from a donated skin specimen, the dermal blood content

would differ from the one observed under in vivo conditions.

Incidentally, these aspects may explain, at least partially, why

such measurements are not available in the literature. Hence,

in a broader scientific context, the predictive investigation

framework employed in this research can be viewed as a

“computational probe” that provides unique insights into

biophysical phenomena taking place inside living human skin

tissues. Further developments on this topic will likely require

the pairing of these insights with new data obtained through

traditional experimental techniques.

We remark that peripheral cyanosis can also be evoked by

an abnormal presence of methemoglobin or sulfhemoglobin

in the dermal tissues [3], [4]. Since these substances are also

characterized by a strong absorption behaviour in the blue

end of the visible spectrum and a weak behaviour in the red

end [6], peripheral cyanotic chromatic attributes triggered

by them are also affected by the same light attenuation

phenomena discussed in this paper. Hence, as the presence

of dysfunctional hemoglobins in the dermal tissues increases,

the resulting changes in the cyanotic chromatic attributes are

likely to follow these same patterns observed with respect to

the increase in the presence of deoxyhemoglobin. As future

work, we intend to investigate the validity of this assumption.

Cyanosis can be observed in individuals at different

growth stages, from adults to infants [9]. Since these

individuals are characterized by distinct morphological

characteristics, we also intend to investigate the impact

of variations on morphological parameters, such as the

thickness of the papillary dermis and the radius of the fibrils

found in this tissue, on hyperspectral responses associated

with both types of cyanosis, peripheral and central.
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