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Abstract:  There are several pathologies whose study and diagnosis is
impaired by a relatively small number of documented cases. A practical
approach to overcome this obstacle and advance the research in this
area consists in employing computer simulations to perform controlled
in silico experiments. The results of these experiment, in turn, may be
incorporated in the design of differential protocols for these pathologies.
Accordingly, in this paper, we investigate the spectral responses of human
skin affected by the presence of abnormal amounts of two dysfunctional
hemoglobins, methemoglobin and sulfhemoglobin, which are associated
with two life-threatening medical conditions, methemoglobinemia and
sulfhemoglobinemia respectively. We analyse the results of our in silico
experiments, and discuss their potential applications to the development of
more effective noninvasive differentiation and monitoring procedures for
these medical conditions.
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1. Introduction

The spectral appearance of human skin is largely affected by pathological conditions that lead
to changes in the way that light is normally attenuated within its different layers. In blood



perfused tissues, such as the skin papillary and reticular dermis, such changes are associated
with variations in the concentration of blood borne pigments, notably hemoglobin [42].

Most of the oxygen carried by blood is reversibly bound to hemoglobin molecules stored in
the erythrocytes (red blood cells). A hemoglobin molecule encapsulates four heme porphyrin
rings [34], each with a centrally localized iron atom. These iron atoms are capable of binding
with oxygen when they are in a ferrous (Fe?*) state. However, if an iron atom is oxidized (loses
an electron) to a ferric (Fe>*) state, it can no longer bind to oxygen.

The oxygenated and deoxygenated states of hemoglobin correspond to its two functional
forms, namely oxyhemoglobin (O,Hb) and deoxyhemoglobin (HHb). Besides these normal
forms of hemoglobins, other dysfunctional forms of hemoglobin that do not bind oxygen re-
versibly can also be present in the erythrocytes, namely carboxyhemoglobin (COHb), methe-
moglobin (MetHb) and sulfhemoglobin (SHb) [9, 13].

In normal physiological states, only small traces (< 2%) of COHb and MetHb are found in
human blood [6, 13, 43], while SHb is absent [12, 43]. However, the presence of dysfunctional
hemoglobins in human blood may increase during abnormal physiological states. In the case
of MetHb and SHb, the focus of this study, such an increase is usually associated with two po-
tentially fatal medical conditions, methemoglobinemia and sulfhemoglobinemia respectively.
While MetHb corresponds to a reversible form of oxidized hemoglobin, SHb corresponds to an
irreversible (lasts the lifetime of the erythrocyte) form of oxidized hemoglobin resulting from
the incorporation of a sulfur atom in its porphyrin ring [12, 43].

Methemoglobinemia is a life-threatening condition whose symptoms worsen as the MetHb
level increases, with a high occurrence of mortality being observed at MetHb levels above 70%
[13]. Although methemoglobinemia is most commonly caused by an exposure to an oxidizing
chemical reagent, including those used in healthcare settings [41], it may also arise from genetic
or idiopathic etiologies [13]. The therapy for mild cases of methemoglobinemia is focused on
the removal of the provoking substance, oxygen administration and observation, while severe
cases are usually treated with the administration of methylene blue, an efficacious electron
donor [13].

Although sulfhemoglobinemia is a rare medical condition, it can be caused by commonly
used over-the-count medications (e.g., phenazopyridine), and it can lead to end-organ damage
and death when SHb reaches high levels (above 60%) [12]. In fact, most of the drugs and
chemical agents that cause methemoglobinemia can also cause sulfhemoglobinemia [12, 21,
41]. Unlike methemoglobinemia, which is reversible with a known antidote, methylene blue,
sulfhemoglobinemia cannot be reverted using a chemical agent. There is no specific treatment
for sulfhemoglobinemia, and extreme cases need to be managed through blood transfusions,
which themselves may pose risks to the patients [12].

The visual differentiation of methemoglobinemia and sulfhemoglobinemia is a challenging
task since both can result in an abnormal skin appearance (cyanosis), notably in the body ex-
tremities [11, 13]. If a patient with sulfhemoglobinemia is wrongly diagnosed as having methe-
moglobinemia and treated with methylene blue, not only the patient will not respond to the
treatment, but he may be also subjected to other health risks such as renal failure [41]. In ad-
dition, the visual monitoring of the patient’s condition will be further impaired since cyanosis
can be masked by presence of methylene blue [41]. Hence, the early clinical differentiation be-
tween methemoglobinemia and sulfhemoglobinemia is essential for their effective monitoring
and treatment.

Methemoglobinemia produces arterial blood that is chocolate brown in color [41]. Accord-
ingly, a basic screening test for methemoglobinemia consists in visually inspecting the color of
a blood sample. Although such a test can help to differentiate the presence of MetHb from HHb
[13], it may be ineffective to differentiate the presence of MetHB from SHb due to their similar



spectral properties [12]. A logical step to attempt to differentiate between methemoglobinemia
and sulfhemoglobinemia involves the use of optical measurement devices.

One laboratory device often employed in the diagnosis of blood related conditions is the
co-oximeter, a bench-top analyser that accepts whole blood samples and uses four or more
wavelengths of monochromatic light to spectroscopically differentiate the individual forms of
hemoglobin in the sample [9, 21]. However, available co-oximeters vary considerably, and SHb
is often erroneously detected as MetHb, giving a false-positive result for methemoglobinemia
[11, 12, 26, 21]. Although more accurate and reliable results can be obtained through gas chro-
matography [26], this procedure requires not only highly specialized equipment, but also a high
degree of expertise [12].

In the 1980s, the need for timely clinical information about blood oxygenation levels and the
desire to minimize the inconvenience of extracting a blood sample and later analyse it in the lab
has led to the development of an alternative noninvasive method: pulse oximetry [9, 28]. The
search for noninvasive methods to differentiate methemoglobinemia and sulfhemoglobinemia
is motivated by similar guidelines, with an extra difficulty being imposed by the small number
of reported cases [12, 41] and the scarcity of spectral data related to these conditions [21].

In the last decades, computer simulations, or in silico experiments, are increasingly being em-
ployed by researchers to investigate and predict the behavior of complex biological processes,
and to drive new experiments [40]. These in silico experiments can accelerate the hypothesis
generation and validation cycles of biomedical research involving optical processes that cannot
be fully studied through traditional laboratory procedures due to practical constraints. Among
these constraints, one can highlight the difficulty to perform in vivo measurements and the rela-
tively large number of biophysical variables that need to be controlled during the investigations.
In the case of light and skin interaction processes, the information derived from in silico ex-
periments not only contributes to broaden the current knowledge about these processes, but
have also relevant biomedical applications such as the noninvasive assessment of tissue optical
properties required for the diagnosis and treatment of diseases [35, 38].

The work presented in this paper follows this approach. We employ a computational frame-
work to simulate changes in cutaneous spectral reflectance due to the abnormal presence of
MetHb and SHb in skin specimens with different levels of melanin pigmentation. These simu-
lations were performed using a predictive spectral model of light interaction with human skin
(BioSpec) [3, 19]. The results of our in silico experiments indicate specific differences in the
spectral signatures of skin specimens subjected to methemoglobinemia and sulfhemoglobine-
mia. We believe that these differences, which have not been reported in the biomedical literature
before, may have potential applications in the design of more effective noninvasive optical pro-
cedures for the differentiation and monitoring of these life-threatening conditions. In order to
allow the full reproducibility of our findings, we made our in silico experimental framework
and supporting biophysical data openly available online [27].

2. Materialsand Methods

In this section, we provide the biophysical data and outline the experimental procedures used
in our in silico spectral investigation. For completeness, we also summarize the main charac-
teristics of the BioSpec model. Since the focus of this work is on the effects of dysfunctional
hemoglobins on skin spectral responses, more model details are given with respect to the blood
perfused tissues (papillary and reticular dermis).

2.1. Biophysical Data and Investigation Procedures

The biophysical data used in our simulations of the skin spectral responses are provided in
Table 1. The values assigned for these parameters were selected within valid ranges reported



in biomedical references, which are also indicated in Table 1. The extinction coefficient curves
for the pigments (chromophores) considered in our simulations are presented in Figure 1, and
they are also available for download [27].

Parameter Value Reference
aspect ratio of skin surface folds 0.75 [36, 37]
thickness of stratum corneum 0.001cm [10]
thickness of epidermis 0.01cm [10]
thickness of papillary dermis 0.01cm [1]
thickness of reticular dermis 0.l1cm [1]
radius of collagen fibers 25nm [22]
concentration of eumelanin in the melanosomes 80 g/L [18, 16]
concentration of pheomelanin in the melanosomes 5.2g/L [14]
concentration (3-carotene in the stratum corneum 217%g/L [20]
concentration [3-carotene in the epidermis 2.17%g/L  [20]
concentration 3-carotene in the blood 7.07%¢g/L [20]
concentration of bilirubin in the blood 0.05g/L [23]
concentration of oxy/deoxyhemoglobinin the blood 147 g/L [42]
ratio of oxy/deoxyhemoglobin 75% [28]
concentration of methemoglobin in the blood 15¢9/L [13]
concentration of carboxyhemoglobin in the blood 15¢g/L [6]
concentration of sulfhemoglobin in the blood 0g/L [43]
refractive index of stratum corneum 1.55 [7]
refractive index of epidermis 1.4 [38]
refractive index of papillary dermis 1.36 [15]
refractive index of reticular dermis 1.38 [15]
refractive index of collagen fibers 15 [16]

Table 1. Biophysical parameters characterizing skin specimens under normal conditions.

Although BioSpec provides bidirectional readings, directional-hemispherical quantities can
be obtained by integrating the outgoing light (rays) with respect to the collection hemi-
sphere [25]. The modeled directional-hemispherical reflectance curves presented in this work
were obtained obtained using a virtual spectrophotometer [3], and considering an angle of in-
cidence measured with respect to the specimen’s normal (zenith). These curves were computed
with a spectral resolution of 5 nm and using 10° sample rays per data point.

In our in silico experiments, we considered skin specimens with different levels of pigmen-
tation, henceforth referred to as lightly pigmented (LP) and moderately pigmented (MP) spec-
imens. Initially, we performed simulations considering the specimens under normal conditions
(Table 1). Although the presence of small traces (=~ 1% ) of MetHb and COHb have a negligi-
ble impact on the spectral responses of healthy skin specimens, we have accounted for them in
these simulations for consistency with the biomedical literature. We then compared the result-
ing modeled curves for the LP and MP specimens with measured curves provided by Vrhel et
al. [39]. These measurements were performed on the side of the subjects’ face, and they were
made available in a spectra database at the North Carolina State University (NCSU spectral files
113 and 82 respectively). The pigmentation parameters used to generate the modeled curves
(Table 2) were selected based on the skin type description of the actual specimens provided in
the NCSU spectra database and the corresponding ranges for these parameters provided in the
literature [16]. Both sets of modeled and measured curves were obtained considering the same
angle of incidence (45°). Figure 3 depicts computer generated images illustrating the spectral
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Fig. 1. Extinction curves of the pigments considered in our simulations. Top left: melanins
[17]. Top right: B-carotene and bilirubin [30]. Bottom left: functional hemoglobins [29].
Bottom right: dysfunctional hemoglobins [31, 33, 43].

appearance of the LP amd MP specimens characterized by the parameters provided in Tables 1
and 2.

Parameter LP MP
Percentage of epidermis occupied by melanosomes 1.6% 3.6%
Percentage papillary dermis occupied by blood 0.8% 0.6%

Percentage of reticular dermis occupied by blood 0.8% 0.6%

Table 2. Skin related parameters employed in our simulations to characterize a lightly pig-
mented (LP) specimen and a moderately pigmented (MP) specimen.

As depicted in Figure 2, the simulations considering normal conditions resulted in a close
agreement between the modeled and measured curves. Accordingly, we employed these
modeled curves for specimens under normal conditions as the control (baseline) curves for our
in silico experiments involving abnormal fractions of methemoglobin and sulfhemoglobin, i.e.,
we employed the same values for the simulation parameters (Table 1), with the exception of
the hemoglobin related parameters. More specifically, we decreased the concentration of the
functional hemoglobins as we increased the fractions of MetHb and SHb with respect to the
total amount of hemoglobin.
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Fig. 2. Comparisons of modeled spectral curves obtained using BioSpec with measured
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Fig. 3. Computer generated images illustrating the appearance of skin specimens charac-
terized by the parameters provided in Tables 1 and 2. Left: lightly pigmented (LP) speci-
men. Right: moderately pigmented (MP) skin specimen. These images were rendered us-
ing a path tracer algorithm and skin spectral responses provided by the BioSpec model [3].
(Polygonal mesh courtesy of XYZ RGB Inc.)

2.2. BioSpec Overview

The BioSpec model uses Monte Carlo based algorithms to simulate the processes of light propa-
gation (surface reflection, subsurface reflection and transmission) and absorption in the skin tis-
sues. It considers the stratification of skin into four semi-infinite main layers: stratum corneum,
epidermis, papillary dermis and reticular dermis.

Within the BioSpec algorithmic formulation, light propagation is simulated employing ray
optics, and the light and skin interactions can be described as a random walk process (that relies
on the generation of random numbers &j, for j = 1,2, ..., uniformly distributed in the interval



[0,1]). In this random walk process, the transition probabilities are associated with Fresnel
coefficients computed at each interface between the layers, and the termination probabilities
are determined by the ray free path length.

Once a ray impinges a skin specimen at the air/stratum corneum interface, it can be reflected
to the environment or refracted into the stratum corneum. In the former case, the BioSpec model
computes the distribution of the reflected light taking into account the aspect ratio (or oblate-
ness) of the skin surface folds. If the ray penetrates the skin specimen, then it can be reflected
and refracted multiple times within the skin layers before it is either absorbed or propagated
back to the environment. In the epidermis and stratum corneum, scattering is simulated using
angular displacements measured by Bruls and van der Leun [4].

Every ray entering one of the dermal layers is initially tested for Rayleigh scattering. If the
test fails or the ray has already been bounced off one of the dermal interfaces, then the ray is
randomized around the normal direction using a warping function based on a cosine distribution
in which the polar perturbation angle, ac, and the azimuthal perturbation angle, 3, are given
by:

(atc, Be) = (arccos(v/&1),27&). (1)

In order to perform the Rayleigh scattering test, the spectral Rayleigh scattering coefficient,
Urs(A), is computed using the appropriate expression for Rayleigh scattering involving par-
ticles [24]. Next, a random number &3 is generated. If &3 < 1 —exp HrRs(A)| then the ray is
scattered using an azimuthal perturbation angle, Br, given by 21é4, and a polar perturbation
angle, ag, obtained using the following rejection sampling algorithm based on the Rayleigh
scattering phase function [24]:

do
aRr = T
X=3%&
while (x > 3T@(lﬂ:oszaR)sin aR)

Once a ray has been scattered, it is probabilistically tested for absorption. This test consists in
estimating the ray free path length using an expression based on Beer’s law [38]. This estimation
employs the total absorption coefficient, pa;(A ), of a given layer i, which, in turn, accounts for
the extinction coefficient and the concentration of the pigments present in this layer such as
the eumelanin and pheomelanin found in the epidermis. Accordingly, the ray free path length,
p(A), is computed using the following expression:

PA) == 1™

where 6 corresponds to the angle between the ray and the specimen’s normal. If p(A) is greater
than the thickness of the layer, then the ray is propagated, otherwise it is absorbed.
For example, in the papillary dermis total absorption coefficient is given by:

Ha = [Hag(A)+ Hag(A) + Hagpn(A) + Hagn(A) + Hagn(A) + Hape(A) + Hapii (A)] 9p +
Hapase(A ) (1 = 8p), 3)

where iz(A), Hag(A), Hagin(A), Hagn(A), Hagn(A), Hape(A), Hai (A ), correspond to absorption
coefficients of oxyhemoglobin, deoxyhemoglobin, methemoglobin, sulfhemoglobin, carboxy-
hemoglobin, B-carotene and bilirubin, respectively, 9, is the volume fraction of the papillary
dermis occupied by blood, and pap,e(A) represents the baseline skin absorption coefficient.
The absorption coefficient of a given pigment j is given by:

£j(A)

Haj(A) = IOge(lo)c—j’ (4)

In(&7)cos 6, 2



where €j(A) and c; correspond to its spectral extinction coefficient and concentration respec-
tively. To compute the reticular dermis total absorption coefficient, the volume fraction & is
replaced by 3, (volume fraction of the reticular dermis occupied by blood).

It is worth noting that due to the relative low magnitude of the baseline skin absorption
coefficient [32] with respect to the absorption coefficients of the pigments mentioned above,
notably in the visible domain, its effects are usually assumed to be negligible in this spectral
domain [2]. In this investigation, we employed the same assumption.

We remark that the BioSpec source code and supporting simulation data (e.g., extinction
coefficients curves for pigments) are available for download [27] so that researchers can fully
reproduce the simulations presented in this work. Alternatively, BioSpec can be run online via
a model distribution framework that enables researchers to access the model’s webpage [27],
manipulate simulation parameters, such as experimental conditions (e.g., angle of incidence
and spectral range) and skin characterization data (e.g., percentage of epidermis occupied by
melanosomes and the concentration of various pigments in the skin tissues), and receive cus-
tomized simulation results.

3. Resultsand Discussion

Comparisons of modeled spectral curves obtained considering different MetHb and SHb frac-
tions are presented in Figure 4. As the presence of these dysfunctional hemoglobins increases,
the resulting reflectance curves, henceforth referred to as dysfunctional curves to facilitate the
discussion, deviate from the control curves associated with normal conditions, with more pro-
nounced deviations being observed for SHb curves. Furthermore, these deviations are also more
noticeable for the lightly pigmented specimen since the presence of more melanin in the mod-
erately pigmented specimen reduces the impact of the dysfunctional hemoglobins on the light
absorption by these specimens. Feiner et al. [8] reported a similar masking effect of melanin on
the detection of functional hemoglobins through pulse oximetry.

As it can be observed in Figure 4, the MetHb and SHb dysfunctional curves deviate from
the control curves in a similar qualitative manner for most part of the visible spectrum. Note
that the control and dysfunctional curves curves present an intersection at ~ 593 nm, close to
the isosbestic point of SHb and MetHB at =~ 598 nm (Figure 1). In the region from = 525 to
=~ 593 nm, the dysfunctional curves show a decrease with respect to the control curves, while,
in the region from ~ 593 to ~ 695 nm, they show an increase with respect to the control curves.

However, one can also observe some distinct behaviors for the dysfunctional curves. For
example, the reflectance values associated with the MetHb curves tend to remain constant at
~ 700 nm, while the reflectance values associated with the SHb curves show a noticeable de-
crease at this wavelength. In addition, from ~ 475 to ~ 525 nm, the MetHb curves show a
decrease with respect to the control curves, while the SHb curves show an increase. A closer
observation of the reflectance values at 500 nm, the approximated midpoint of this region, re-
veals a monotonic increase associated with increasing SHb levels (Table 3) and monotonic
decrease associated with decreasing MetHb levels (Table 4).
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Fig. 4. Comparisons of modeled skin reflectance curves obtained considering an angle of
incidence equal to 45° and different fractions of sulfhemoglobin (SHb) and methemoglobin
(MHDb). Left: lightly pigmented (LP) specimen. Right: moderately pigmented (MP) speci-
men.



10% 30% 50% 70%
LP 0.2250 0.2299 0.2405 0.2459
MP  0.1324 0.1341 0.1357 0.1388

Table 3. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 45° and different fractions of sulfhemoglobin (SHb)
in the lightly pigmented (LP) specimen and in the moderately pigmented (MP) specimen.

10% 30% 50% 70%
LP 0.2159 0.2088 0.2026 0.1985
MP 0.1292 0.1263 0.1227 0.1216

Table 4. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 45° and different fractions of methemoglobin (MetHb)
in the lightly pigmented (LP) specimen and in the moderately pigmented (MP) specimen.

In order to extend the scope of our observations, we selected a different angle of incidence,
0°, and repeated the simulations. The same quantitative and qualitative trends observed in the
modeled curves obtained for an angle of incidence of 45° were observed in the modeled curves
obtained for 0° (Figure 5). In particular, the reflectance values at 500 nm also showed a mono-
tonic increase with respect to increasing SHb levels (Table 5), and a monotonic decrease with
respect to increasing MetHb levels (Table 6).

10% 30% 50% 70%
LP 0.2329 0.2391 0.2464 0.2579
MP  0.1337 0.1383 0.1386 0.1388

Table 5. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 0° and different fractions of sulfhemoglobin (SHb) in
the lightly pigmented (LP) specimen and in the moderately pigmented (MP) specimen.

10% 30% 50% 70%
LP 0.2235 0.2157 0.2074 0.2018
MP 0.1328 0.1291 0.1250 0.1217

Table 6. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 0° and different fractions of methemoglobin (MetHb)
in the lightly pigmented (LP) specimen and in the moderately pigmented (MP) specimen.

As mentioned before, the cyanotic effects of methemoglobinemia and sulfhemoglobinemia
are more prominent in the body extremities [11, 13], such as the fingers, characterized by der-
mal tissues occupied a larger volume of blood [9]. Hence, to further extend our scope of obser-
vations, we repeated our in silico experiments using the parameters provided in Table 2, with
the exception of the volume fraction of the reticular and papillary dermis occupied by blood,
which we set to 5% for both specimens according to data provided in the biomedical literature
[9, 16]. The resulting spectral curves considering angles of incidence equal to 45° and 0° are
presented in Figures 6 and 7 respectively. Again, the same quantitative and qualitative trends
were observed in the region from = 475 to ~ 525 nm, with the reflectance values at 500 nm
showing a monotonic increase with respect to increasing SHb levels (Tables 7 and 9), and a
monotonic decrease with respect to decreasing MetHb levels (Tables 8 and 10).



reflectance

reflectance

reflectance

reflectance

0.5

- = =SHb (10%)
1= ='MetHB (10%)
——normal conditions

4 0.5H

- = =SHb (10%)
(= ='MetHB (10%)
——normal conditions 4

0.4 1
[0
o
f=4
IS
0.3 1 3
2
B
0.2 ]
0.1f 1
0 H H H 1 0 H H H 1
450 500 550 600 650 700 450 500 550 600 650
wavelength [nm] wavelength [nm]
- = =SHb (30%) - = =SHb (30%)
‘== MetHB (30%) <7 ‘== MetHB (30%)
0.5 = normal conditions £ B 0.5 = normal conditions 4
o
o
c
5]
1 ©
Q@
®
0 . . . . 0 . . . .
450 500 550 600 650 700 450 500 550 600 650 700
wavelength [nm] wavelength [nm]
- = =SHb (50%) - = =SHb (50%)
1= = 'MetHB (50%) <7 1= = 'MetHB (50%)
0.5 = normal conditions ,;'. e B 0.5 = normal conditions 4
o
o
=
5]
1 ©
Q@
®
0 . . . . 0 . . . .
450 500 550 600 650 700 450 500 550 600 650

wavelength [nm]

700
wavelength [nm]

- = =SHb (70%)
‘== MetHB (70%)
——normal conditions

- = =SHb (70%)
‘== MetHB (70%)
——normal conditions 1

g
0.5 K3 h 0.5¢
e
0.4 1
@
o
3
0.3 1 8
------ Ro]
®
0.2 q
0.1 q
0 I I I I 0 I I I I
450 500 550 600 650 700 450 500 550 600 650 700

wavelength [nm]

wavelength [nm]

Fig. 5. Comparisons of modeled skin reflectance curves obtained considering an angle of
incidence equal to 0° and different fractions of sulfhemoglobin (SHb) and methemoglobin
(MHDb). Left: lightly pigmented (LP) specimen. Right: moderately pigmented (MP) speci-
men.
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Right: moderately pigmented (MP) specimen.



10% 30% 50% 70%
LP 0.1046 0.1096 0.1168 0.1285
MP  0.0780 0.0796 0.0828 0.0874

Table 7. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 45°, 5% of the dermal tissues occupied by blood and
different fractions of sulfhemoglobin (SHb) in the lightly pigmented (LP) specimen and in
the moderately pigmented (MP) specimen.

10% 30% 50% 70%
LP 0.0976 0.0915 0.0876 0.0839
MP 0.0738 0.0718 0.0693 0.0682

Table 8. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 45°, 5% of the dermal tissues occupied by blood and
different fractions of methemoglobin (MetHb) in the lightly pigmented specimen (LP) and
in the moderately pigmented (MP) specimen.

10% 30% 50% 70%
LP 0.0998 0.1080 0.1160 0.1243
MP 0.0731 0.0736 0.0792 0.0843

Table 9. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 0°, 5% of the dermal tissues occupied by blood and
different fractions of sulfhemoglobin (SHb) in the lightly pigmented (LP) specimen and in
the moderately pigmented (MP) specimen.

10% 30% 50% 70%
LP 0.0921 0.0866 0.0831 0.0771
MP 0.0689 0.0652 0.0640 0.0622

Table 10. Reflectance values at 500 nm extracted from the modeled spectral curves obtained
considering an angle of incidence of 0°, 5% of the dermal tissues occupied by blood and
different fractions of methemoglobin (MetHb) in the lightly pigmented specimen (LP) and
in the moderately pigmented (MP) specimen.

The visual inspection of the MHb and SHb dysfunctional curves presented in Figures 6
and 7 also indicates that these curves tend to have opposite slopes in the region from ~ 600 to
=~ 630 nm. This trend is consistent with the distinct shapes of the MetHb and SHb extinction
coefficient curves (Figure 1) in this region. In order to investigate this trend more closely, we
considered MetHb and SHb fractions from 10 to 70% (in increments of 10%), and computed
the second derivative of the corresponding dysfunctional curves at the 615 nm employing the
following three point formula [5]:

600) — 2 p(615) + p(630)
225 ’

y'(615) = 2 ( (5)

where p(600), p(615) and p(630) correspond to reflectance values at 600, 615 and 630 nm,
respectively.



As it can be observed in Table 11, the second derivative at 615 nm has a negative sign for
the MetHb curves, and a positive sign for SHb curves, with the exception of the 10% SHb
curves. This inconsistency at the 10% SHb level may be attributed to the dominant melanin
masking effects. However, it is important to highlight that the sign results are consistent for
larger fractions of MetHb and SHb.

MetHb SHb
LP MP LP MP

45°  0° 45° 0° 45° 0° 45° 0°
10% - - - - - - - -
20% - - - - + + + +
30% - - - - + + + +
40% - - - - + + + +
50% - - - - + + + +
60% - - - - + + + +
70% - - - - + + + +

Table 11. Second derivative signs of the modeled dysfunctional curves at 615 nm. These
curves were obtained considering 5% of the dermal tissues occupied by blood, two angles
of incidence (45° and 0°), and different fractions of methemoglobin (MetHb) and sulfhe-
moglobin (SHb) in the lightly pigmented specimen (LP) and in the moderately pigmented
(MP) specimen.

Current procedures for the effective differentiation of methemoglobinemia and sulfhemoglo-
bimenia rely on “wet” laboratory procedures [12, 13]. Ideally, one would like to be able to
accurately differentiate and monitor these life-threatening conditions using noninvasive optical
procedures. The results of our in silico experiments indicating that abnormal amounts of SHb
and MetHb may result in distinct reflectance behaviors around 500 nm and 700 nm suggest
that such an approach may be feasible. Our experiments also demonstrate that the melanin pig-
mentation level can significantly affect the detection of these spectral changes. In particular,
our experiments indicate that reflectance differences are more noticeable for lightly pigmented
specimens at 500 nm, and at 700 nm for moderately pigmented specimens. Hence, enhanced
optical monitoring procedures for methemoglobinemia and sulfhemoglobimenia may need to
consider multiple measurement points in order to cope with different levels of melanin pigmen-
tation.

Finally, our in silico experiments involving a larger amount of blood in the dermal tissues
(a characteristic of body extremities) suggest that a noninvasive optical differentiation between
methemoglobinemia and sulfhemoglobinemia can be carried out by taking reflectance measure-
ments at 600, 615 and 630nm on body extremities, and using these values to numerically de-
termine the sign of the second derivative at 615 nm. We remark that standard pulse oximetry
measurements are normally performed on a body location, such as a finger in adult patients,
characterized by a relatively large blood content [9, 28]. As indicated by our simulations, the
outcomes of such a differentiation procedure are likely to be consistent for MetHb and SHb
fractions at or above 20%, which are associated with more serious states of these medical
conditions. Hence, the probability of false-negative screening results for increasingly severe
cases of sulfhemoglobinemia and false-positive screening results for increasingly severe cases
of methemoglobinemia tend to be null.

Although in situ experiments are required to assess the full applicability of our findings, we
believe that they provide a sound basis for future investigations in this area. In order to allow the
full reproduction and extension of our in silico experiments, we made the simulation framework



and data employed in this work openly available for download [27]. Hence, researchers can
either download an offline version of the BioSpec model and perform the simulations on their
own computers, or run the simulations through our online system. In the latter case, it may take
approximately 25 s (on a dual 6-core 2.66-GHz Intel Xeon machine with 24 Gbytes of RAM)
to obtain a spectral reflectance curve such as those presented in this work.

4, Conclusion

Methemoglobinemia and sulfhemoglobinemia are serious medical conditions that may lead to
end-organ damage and death. Currently, the design of accurate noninvasive differentiation and
monitoring protocols for these conditions is impaired by the relative small number of cases
reported in the biomedical literature. More specifically, the lack of in situ measured spectral
data for human skin specimens affected by these conditions and the large number of variables
involved in the light attenuation processes by these specimens precludes a detailed assessment
of the effects of methemoglobin and sulfhemoglobin on human skin reflectance.

In this work, we have employed an in silico experimental approach to overcome these obsta-
cles and perform the first detailed spectral investigation of methemoglobin and sulfhemoglobin
effects on human skin reflectance. Using a predictive light transport model for human skin
and sound biophysical data, we were able to perform controlled in silico experiments involv-
ing changes in the spectral signature of skin specimens affected by the presence of abnormal
amounts of the dysfunctional hemoglobins in the dermal tissues. These experiments allowed us
to identify specific reflectance trends that may be applicable to the noninvasive optical differ-
entiation and monitoring of methemoglobinemia and sulfhemoglobinemia.

As future work, we plan to extend our investigation to the near-infrared domain. We also
intend to take into account light sieve effects caused by other blood related medical conditions
such as anemia.



