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Abstract: Methemoglobinemia and sulthemoglobinemia are potentially life-threatening blood-
related disorders characterized by similar symptoms and markedly distinct treatment procedures.
In this paper, we investigate the causal relationship between these conditions and the onset of
cyanosis, which is typically associated with a purple or bluish skin coloration. More specifically,
we perform controlled experiments to elicit cyanotic appearances resulting from different severity
levels of these disorders and varying physiological conditions. We note that such experiments
cannot be induced in living subjects without posing risks to their health. Accordingly, we
have resorted to an in silico experimental approach supported by biophysical data reported
in the literature. Besides bringing new insights about cyanotic chromatic variations elicited
by methemoglobinemia and sulfhemoglobinemia, our investigation provides the basis for the
proposition of a cost-effective protocol for the noninvasive detection and differentiation of these
disorders. Our experimental results indicate that its sensitivity range is wider than what is provided
by similar protocols employed in these tasks. Moreover, it has lower operational requirements
than laboratory tests ordered to enable the diagnosis of these conditions. We believe that these
aspects make the proposed protocol particularly suitable for deployment at the point of care of
medical settings with limited access to laboratory resources.
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1. Introduction

A number of medical conditions, including arterial thrombosis and heart failure, can have as one
their most noticeable initial symptoms cyanosis [1-3], a characteristic purple or bluish coloration
of the skin (Fig. 1), nail beds and mucosal membranes. In its early stages, it can also appear as
a grey cutaneous discoloration [4]. Although cyanosis is often elicited by the presence of high
levels of deoxygenated hemoglobin in the blood-perfused dermal tissues [5, 6], it can also be
elicited by other factors. These include the presence of abnormal amounts of dysfunctional forms
of hemoglobin (which are characterized by not having the capability to bind reversibly with
oxygen [7,8]) in these tissues [3]. In this case, cyanosis is associated with the occurrence of two
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Fig. 1. Photograph showing hands depicting a cyanotic appearance [12], notably on the
fingertips. It can be a symptom of a number of medical conditions, from a disorder of the
blood vessels (as it is the case for this patient) known as Raynaud’s phenomenon [12] to
disorders affecting the blood’s capability to transport oxygen known as methemoglobinemia
and sulfhemoglobinemia. Reprinted by permission from Springer.

blood-related disorders known as methemoglobinemia and sulfhemoglobinemia [5,8-11].

Methemoglobinemia is mostly caused by exposure to chemical agents that oxidize the iron
atom in the hemoglobin molecule, turning it into a dysfunctional form of hemoglobin known
as methemoglobin (MetHb) [13, 14]. Among the chemical agents leading to this altered form
of hemoglobin, one can highlight drugs used in hospitals and outpatient settings such as
local anesthetics (e.g., benzocaine and lidocaine) and anti-infectives (e.g., sulfonamide and
sulfoxone) [15-17], as well as substances, such as nitrates present in fertilizers [14, 18], that may
contaminate food and water supplies [14,19]. The reader interested in a comprehensive review of
these chemical agents is referred to the works by Ash-Bernal ef al. [15] and Giangreco et al. [19].

Sulthemoglobinemia has been associated with the exposure to sulfides whose sulfur atom
can be incorporated into a hemoglobin molecule, turning it into a dysfunctional form of
hemoglobin known as sulfhemoglobin (SHb) [5, 13]. Although the chemical agents that may lead
to sulfhemoglobinemia have not been as extensively mapped as those causing methemoglobinemia,
it has been observed [20] that some of the compounds that cause the latter can cause the former,
including over-the-counter drugs (e.g., phenazopyridine). In addition, it has been reported in
patients taking sulphur-based medications or who have cultured sulfide-producing intestinal
bacteria such as Morganella morgani [10,21] .

The clinical relevance of detecting and differentiating methemoglobinemia and sulfhe-
moglobinemia spans from two facts. First, these dyshemoglobinemia disorders, albeit not
as prevalent as other blood-related conditions (e.g., anemia [22] and hyperbilirubinemia [23]) can
be acquired by a patient in a relatively ordinary manner as briefly outlined above. Hence, their
incidence should not be overlooked. For example, Ash-Bernal et al. [15] have reported 128 cases
of methemoglobinemia at two teaching hospitals in a period of 28 months. Second, these disorders
can rapidly escalate to a life-threatening situation if they are not treated promptly [5, 8, 10].

Methemoglobinemia and sulfhemoglobinemia are characterized by similar symptoms, which
worsen as the MetHb and SHb levels increase [4, 8]. Both can lead to hypoxemia (abnormally
low level of oxygen in the blood) and result in end-organ damage and death due to oxygen
deprivation [4, 10, 19-21]. In the case of methemoglobinemia, a high mortality rate is often
observed when the MetHb level is superior to 70% of the total hemoglobin content [8]. In the
case of sulfhemoglobinemia, end-organ damage and death can occur when the SHb level is
superior to 60% of the total hemoglobin content [4, 10]. It is important note that, to the best of
our knowledge, the existing literature on these disorders lacks statistical studies quantitatively
addressing their incidence and mortality rates.

In most cases, methemoglobinemia is reversible through the administration of a substance
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known as methylene blue [24]. There have been reports, however, of unusual cases in which it did
not respond to this treatment [16,25]. Unlike MetHb, SHb cannot be reconverted to functional
hemoglobin and it lasts the lifetime of a red blood cell. Thus, sulthemoglobinemia is not reversible
and its management often requires blood transfusions which may pose additional risks to the
patient [4,26]. Accordingly, if sulthemoglobinemia is misdiagnosed as methemoglobinemia,
which can happen due to the similarity of their symptoms [4, 8], the use of methylene blue as
antidote will be ineffective [20]. In addition, it may lead to other medical problems such as renal
failure [27]. These aspects highlight the importance of the early detection and differentiation of
these dyshemoglobinemia disorders.

Devices like co-oximeters and blood gas analyzers can be employed to detect the abnormal
presence of MetHb and SHb in blood samples [10, 19]. There are, however, two aspects that need
to be examined when considering this approach, namely cost and effectiveness. With respect
to cost limitations, it worth noting that these detection tests are not performed routinely in
most intensive care units and need to be ordered specifically [19]. Hence, one can expect their
availability to be even more limited in low-resource clinical settings. Moreover, their use requires
a high degree of expertise, which also increases their operational costs [4].

With respect to effectiveness, it has been reported that the readings provided by these devices
can diverge significantly from actual MetHb and SHb values [10,20,21]. Moreover, available
co-oximeters often have difficulties to differentiate between SHb and MetHb [20,26]. In fact, SHb
is often erroneously detected as MetHb by these devices, resulting in a false-positive diagnosis
for methemoglobinemia [4,21]. For example, in a recent report by Derbas ef al. [20], the authors
stated that the readings provided by a blood gas analyser resulted in a false-positive diagnosis
for methemoglobinemia in a patient subjected to sulfhemoglobinemia whose blood samples
contained a small level of MetHb (2%). Most blood gas analysers, on the other hand, typically
do not report SHb levels [20]. Again, it is worth noting that, to the best of our knowledge, the
existing literature on these disorders still lacks more comprehensive quantitative analyses about
the effectiveness of these devices despite the relevant efforts of several research groups such as
those whose works are cited above.

Other technologies, such as the use of optoacoustic sensors [28] or dedicated spectral
sensors [29], have been proposed to detect the presence of dysfunctional hemoglobins in the blood
stream. However, they also depend on the collection of blood samples. This invasive procedure
may be not only painful, notably for infants [14,30], but it may also result in undesirable situations.
These may include, for example, a significant blood loss if multiple blood samples need to be
collected. Such a situation may be particularly worrisome in the case of preterm infants [30]. In
addition, it is worth noting that the possibility of contamination exists when one performs an
invasive procedure. On the other hand, such a possibility, by definition, can be ruled out when
the procedure being performed is noninvasive. In fact, these aspects have also motivated the
development of noninvasive procedures for the detection and assessment of other blood-related
disorders such as hyperbilirubinemia (e.g., [30-32]).

Ideally, one would like to employ noninvasive and low-cost approaches in the detection and
differentiation of methemoglobinemia and sulfthemoglobinemia, particularly at the point-of-
care. These include the visual assessment of cyanosis [26]. However, the extent to which this
assessment can contribute for the effective detection and differentiation of these disorders remains
an open problem. This can be largely attributed to the relatively limited amount of experimental
information about the impact of different levels of MetHb and SHb on skin appearance available
in the literature. Oftentimes, works relating cyanosis to abnormal levels of MetHb and SHb
refer to in vitro experiments performed considering only a handful of test cases [10]. In fact, the
scarcity of comprehensively reported cases (that include relevant chromatic and/or spectral data
related to the onset of cyanotic skin appearances elicited by these disorders) represents a major
obstacle for advances in this area [10,19,21,26]. Besides these data limitations, controlled in vivo
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quantitative investigations of cyanosis caused by dyshemoglobinemia disorders would involve a
relatively large number of biophysical parameters that would need to be kept fixed during the
experiments. This would represent another technical challenge.

Nowadays, controlled in silico experiments performed through predictive computer simulations
are being extensively employed in biomedical research [33, 34]. In the specific case of light
interactions with human skin, the information derived from in silico experiments contributes not
only to the elucidation of scientific questions about these phenomena, but also to the development
of more effective procedures aimed at the noninvasive diagnosis and treatment of diseases [26,35].
Besides its flexibility and the absence of the health-related risks normally associated with in vivo
experiments, such an investigation approach mitigates the impact of the technical constraints
mentioned above. For example, a larger number of diverse experiments can be carried out in silico
since they are not bound by equipment constraints and/or subjects’ availability. In addition,
specific biophysical parameters of interest can be varied while the remaining ones can be simply
treated as constants during the simulations.

For these reasons, we also resorted to an in silico approach in the work described in this
paper. More precisely, we performed controlled in silico experiments to closely investigate the
impact of key biophysical factors on the onset of cyanosis elicited by methemoglobinemia and
sulhemoglobinemia. Our findings, in addition to broadening the current knowledge about this
complex causal relationship, enabled us to propose a cost-effective protocol for the noninvasive
detection and differentiation of these life-threatening disorders. The proposed protocol is expected
to outperform the existing technologies available to carry out these tasks, notably in terms of
sensitivity range and operational overhead.

The remainder of this paper is organized as follows. In Section 2, we describe the methods
and data employed in this investigation. In Section 3, we present our findings, discuss their
practical implications and propose a protocol for the noninvasive detection and differentiation of
methemoglobinemia and sulfthemoglobinemia. Finally, in Section 4, we conclude the paper and
comment on future prospects in this area.

2. Methods and data

In this investigation, we performed controlled in silico experiments considering distinct severity
levels of methemoglobinemia and sulfhemoglobinemia. More specifically, we used a predictive
model of light and skin interactions (Section 2.1) and specimen characterization data provided
in the literature (Section 2.2) to compute directional-hemispherical reflectance curves for a
cutaneous site considering variations in its dysfunctional hemoglobins (MetHb and SHb) levels
and blood content. We then generate skin swatches (Section 2.3) to analyze the visual differences
between the cyanotic appearances elicited by these disorders.

2.1.  In silico experimental set-up

The model employed in our controlled in silico experiments, known as HyLIoS (Hyperspectral
Light Impingement on Skin) [36], employs a first-principles simulation approach. Accordingly,
it accounts for all main light absorbers (keratin, DNA, uranic acid, eumelanin, pheomelanin,
hemoglobins (functional and dysfunctional forms), beta-carotene, bilirubin, lipids and water)
and scatterers (cells, fibers, fibrils, melanosomes and melanosome complexes) acting within
the cutaneous tissues [37]. These correspond to the stratum corneum, the melanin-containing
epidermis (subdivided into three main layers, the stratum granulosum, the stratum spinosum and
the stratum basale) and the blood-perfused dermis (subdivided into a thin papillary layer and a
dominant reticular layer).

Within the HyLIoS’ geometrical-optics formulation, a ray interacting with a given skin
specimen can be associated with any wavelength within a spectral region of interest. For
consistency, we considered a spectral resolution of 5 nm in all curves depicted in this work, which
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were computed using a virtual spectrophotometer [38]. In their computation, we employed 10°
sample rays and, unless otherwise stated, considered an angle of incidence equal to 15°.

Clearly, the reliability of an in silico experimental framework is directly associated with the
predictive capabilities of the computer model used in the simulations. Hence, it is important to
note that HyLIoS was extensively evaluated through qualitative and quantitative comparisons of
its outcomes with actual measured data [36]. Since then, it has been effectively employed in a
number of related biomedical investigations (e.g., [3,39-41]).

For conciseness, we refer the reader interested in the full description of the HyLIoS model to
the publication in which it was originally presented [36]. Moreover, for the readers interested
in the full reproduction of our in silico experimental results, we note that HyLIoS is available
online [42] via a model distribution system [43] along with the supporting data (e.g., refractive
index and extinction coefficient curves of the light absorbers) [44] used in our investigation. This
system enables researchers to specify the values to be assigned to the measurement variables
(e.g., angle of incidence and spectral range) and specimen characterization parameters (Tables 1,
2 and 3) using a web interface [42], and receive customized simulation results.

2.2. Specimen characterization data

We have elected the palmar fingertip as the testing site for our in silico experiments for the
following reasons. This hypopigmented site is characterized by a reduced melanin content
(more than fivefold lower than in the nonpalmoplantar sites [45]), which minimizes the masking
effects of melanin on the visual assessment of cyanotic appearances [19,40]. In addition, it is
also characterized by an increased blood content [40,46], making their spectral responses, and
consequently, their cyanotic chromatic attributes more susceptible to changes in the levels of
blood-borne pigments like MetHb and SHb. It is worth noting that the noninvasive measurement
of blood related properties (e.g., oxygen saturation levels measured using a pulse oximeter [7]) is
usually performed at this site, which has also been considered in previous investigations involving
peripheral cyanosis [3,40].

Without loss of generality, we have characterized a palmar fingertip site in its normal (baseline)
state using the dataset presented in Table 1. The selection of values for the parameters included in
this dataset was based on physiologically valid ranges provided in related references, which are
also listed in Table 1. Clearly, the use of parameter values outside physiologically valid ranges
is detrimental to the reliability of findings derived from computer simulations. We note that,
for some of the parameters listed in Table 1, the determination of physiologically valid ranges
involved the use of multiple references. This was necessary due to the variability [47] in the
values reported for some of these parameters in the literature.

Using HyLIoS and the dataset provided in Table 1, we then computed the baseline reflectance
curve (Fig. 2(b)) used as reference in our experiments. Subsequently, we computed reflectance
curves associated with distinct severity levels of methemoglobinemia and sulfhemoglobinemia
using modified versions of this dataset. These modified versions correspond to the dataset
provided in Table 1, with the MetHb, SHb and functional hemoglobin (Hb) concentrations in
blood replaced by the values provided in Tables 2 and 3. We remark that these disorders are
associated with the abnormal presence of MetHb and SHb in the blood stream. Hence, in our
experiments, we also took into account variations in the blood content of the reticular dermis
(denoted by vi¢ ) from 2% to 15% [48].

In our baseline case, we considered MetHb, COHb (another type of dysfunctional hemoglobin,
known as carboxyhemoglobin, not associated with cyanotic appearances [49, 50]) and SHb
concentrations in blood equal to 1.5, 1.5 and 0 g/L. It is worth noting that this selection of values
was performed considering that, in normal physiological states, only small traces (< 2%) of
COHb and MetHb are found in human blood [8,51,52], while SHb is absent [4, 52].
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Table 1. 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.
Ratio of Skin Surface Folds 0.1 [53] [54]
SC Thickness (cm) 0.013 [55] [56] [57] [58]
SG Thickness (cm) 0.0123 [59]
SS Thickness(cm) 0.0123 [59]
SB Thickness (cm) 0.0123 [59]
PD Thickness (cm) 0.02 [60]
RD Thickness (cm) 0.125 [61]
SC Melanosome Content (%) 0.0 [62] [63]
SG Melanosome Content (%) 0.0 [62] [63]
SS Melanosome Content (%) 0.0 [62] [63]
SB Melanosome Content (%) 0.15 [52]
SC Colloidal Melanin Content (%) 0.06 [62] [64] [65]
SG Colloidal Melanin Content (%) 0.06 [62] [64] [65]
SS Colloidal Melanin Content (%) 0.06 [62] [64] [65]
SB Colloidal Melanin Content (%) 0.06 [52]
SB Melanosome Dimensions (um X umnt) 0.41x0.17 [66]
Melanosome Eumelanin Concentration (g/L) 32.0 [67] [68]
Melanosome Pheomelanin Concentration (g /L) 2.0 [67] [68]
PD Blood Content (%) 0.5 [48]
RD Blood Content (%) 2.0 [69]
Dermal Oxygenated Hemoglobin Fraction (%) 90.0 [70]
Functional Hemoglobin Concentration in Blood (g/L) 147.0 [71]
Blood Bilirubin Concentration (g/L) 0.003 [72]
SC Beta-Carotene Concentration (g/L) 2.1E-4 [73]
Epidermis Beta-Carotene Concentration (g/L) 2.1E-4 [73]
Blood Beta-Carotene Concentration (g/L) 7.0E-5 [73]
SC Water Content (%) 35.0 [74] [75]
Epidermis Water Content (%) 60.0 [74] [76]
PD Water Content (%) 75.0 [74] [76]
RD Water Content (%) 75.0 [74] [76]
SC Lipid Content (%) 20.0 [77]
Epidermis Lipid Content (%) 15.1 [74][78] [79]
PD Lipid Content (%) 17.33 [74] [78] [79]
RD Lipid Content (%) 17.33 [74]1 78] [79]
SC Keratin Content (%) 65.0 [80] [81] [82]
SC Urocanic Acid Density (mol /L) 0.01 [83]
Skin DNA Density (g/L) 0.185 [74] [84] [85]
SC Refractive Index 1.55 [86] [87]
Epidermis Refractive Index 1.4 [35] [54]
PD Refractive Index 1.39 [86] [88]
RD Refractive Index 1.41 [86] [88]
Melanin Refractive Index 1.7 [89]
PD Scatterers Refractive Index 1.5 [90]
Radius of PD Scatterers (nm) 40.0 [69]

PD Fraction Occupied by Scatterers (%) 22.0 [91]
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Table 2. MetHb and functional hemoglobin concentrations (in g/L) used in the simulation of
distinct severity levels (represented by percentages of MetHb with respect to total hemoglobin
content) of methemoglobinemia.
10% 20% 30% 40% 50% 60% 70% 80%
MetHb 15 30 45 60 75 90 105 120
Functional Hemoglobins 133.5 118.5 103.5 885 73.5 585 435 285

Table 3. SHb and functional hemoglobin concentrations (in g/L) used in the simulation of
distinct severity levels (represented by percentages of SHb with respect to total hemoglobin
content) of sulthemoglobinemia.
10% 20% 30% 40% 50% 60% 70% 80%
SHb 15 30 45 60 75 90 105 120
Functional Hemoglobins 132 117 102 87 72 57 42 27

2.3. Swatch generation and analysis

Our investigation also included the generation of skin swatches, henceforth referred to as MetHb
and SHb swatches, to enable the analysis of the visual impact of distinct severity levels of
methemoglobinemia and sulfthemoglobinemia, respectively, on cyanotic appearances elicited by
these disorders. The swatches’ chromatic attributes (represented as RGB triples) 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 [92]. This last
step was performed [93] by employing a standard CIEXYZ to sRGB color system conversion
procedure [94] and considering the CIE standard D65 (daylight) illuminant [92] (Fig. 2(a)). After
computing the chromatic attributes of a swatch, we applied a greyscale texture (Fig. 2(c)) to make
its depiction more realistic. For comparison purposes, the skin swatch obtained using the baseline
reflectance curve (Fig. 2(b)) computed for the selected specimen is presented in (Fig. 2(d)).

Besides visual inspection, we also employed a device-independent CIE-based metric to
compare skin swatches associated with distinct severity levels of methemoglobinemia and
sulfhemoglobinemia. More specifically, we computed the CIELAB differences between pairs of
swatches using the following formula [95]:

AE!, = \di? +d* + %, (1

where dr,, d, and d}, represent the differences LT - L;, a’]" - a; and b’; - b;, respectively, in which
L*, a* and b* correspond to the CIELAB color space dimensions. These are calculated for the
modeled chromatic attributes (RGB triples) associated with the compared swatches (indicated by
the subscripts 1 and 2, respectively). Again, we performed these calculations [93] using standard
formulas employed in colorimetry [96] and considering the CIE standard D65 illuminant [92].
For the interested reader, we note that the RGB triples associated with each pair of compared
MetHb and SHb swatches are provided elsewhere for conciseness [93].

3. Results and discussion

In this section, we present our findings and discuss their practical implications for the differentiation
and monitoring of methemoglobinemia and sulthemoglobinemia. We start with the examination of
the reflectance curves obtained in our in silico experiments, henceforth referred to as dysfunctional
(MetHb or SHD) reflectance curves, followed by a visual inspection and analysis of appearance
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Fig. 2. Components of the convolution process employed to generate a skin swatch depicting
a palmar fingertip in its normal (baseline) state. (a) The relative spectral power distribution
of the CIE standard D65 illuminant. (b) The baseline reflectance curve computed using

the parameter values depicted in Table 1. (c) Greyscale texture of a palmar fingertip. (d)
Resulting swatch.

changes resulting from distinct severity levels of methemoglobinemia and sulfhemoglobinemia.
Building on the observations derived from our in silico experimental results, we then outline a
cost-effective protocol for the noninvasive detection and differentiation of methemoglobinemia
and sulfthemoglobinemia.

3.1. Methemoglobinemia and sulfhemoglobinemia spectral responses

Initially, we performed experiments considering the blood content of the reticular dermis (vzld(m &)
equal to 2%. The results of these experiments are depicted in the graphs presented in Fig. 3.
By examining these graphs, one can observe that the deviation of the dysfunctional reflectance
curves from the baseline reflectance curve (Fig. 2(b)) becomes more pronounced as the presence
of MetHb and SHb increases, albeit with distinct deviation patterns being observed for the
MetHb and SHb curves. More precisely, in the “blue” region (400 to 500 nm) of the visible light
spectrum, one can observe a decrease in the MetHb curves and an increase in the SHb curves. In
the “green” region (500 to 600 nm), one can observe an increase in both sets of curves. This
increase, however, is more prominent for the SHb curves. As a consequence, these curves show
a more pronounced deviation from the characteristic “w” shape (associated with a dominant
presence of oxygenated hemoglobin [97]) present in the baseline reflectance curve (Fig. 2(b)).
Finally, in the “red” region (600 to 700 nm), one can observe a decrease in both sets of curves.
This decrease, however, is again more prominent for the SHb curves.

Afterwards, we performed experiments considering vZfoo 4 €qual to 5%, 10% and 15%, whose
results are presented in Figs. 4 to 6, respectively. Although the same deviation patterns noted
for the 2% case can be observed for the 5%, 10% and 15% cases, the differences between the
MetHb and SHb curves become smaller as v}, dn 4 increases, particularly in the “blue” and “green”
regions. In the “red” region, while both sets of curves become closer in the 600 to 650 nm interval,
they remain relatively far apart in 650 to 700 nm interval. This can be explained by the relatively
low absorption of light by both MetHb and SHb in this interval [26]. Thus, an increase in blood
content will have a negligible impact on the reflectance values within this interval.
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Fig. 3. Graphs depicting reflectance curves resulting from increasing amounts of methe-
moglobin (MetHb) and sulfhemoglobin (SHb) in a skin specimen characterized by a reticular
blood content (vl'j(m d) equal to 2%. These curves were obtained using the HyLIoS [36]
model and considering an angle of incidence equal to 15°. Each graph corresponds to a
distinct severity level of methemoglobinemia and sulfhemoglobinemia: (a) 10%, (b) 20%, (c)
30%, (d) 40%, (e) 50%, (f) 60%, (g) 70% and (h) 80%. The concentrations of dysfunctional
and functional hemoglobins associated with these levels are provided in Tables 2 and 3. The
remaining parameters values used in the specimen’s characterization are provided in Table 1.
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Fig. 4. Graphs depicting reflectance curves resulting from increasing amounts of methe-
moglobin (MetHb) and sulfhemoglobin (SHb) in a skin specimen characterized by a reticular
blood content (vl'j(m d) equal to 5%. These curves were obtained using the HyLIoS [36]
model and considering an angle of incidence equal to 15°. Each graph corresponds to a
distinct severity level of methemoglobinemia and sulfhemoglobinemia: (a) 10%, (b) 20%, (c)
30%, (d) 40%, (e) 50%, (f) 60%, (g) 70% and (h) 80%. The concentrations of dysfunctional
and functional hemoglobins associated with these levels are provided in Tables 2 and 3. The
remaining parameters values used in the specimen’s characterization are provided in Table 1.
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Fig. 5. Graphs depicting reflectance curves resulting from increasing amounts of methe-
moglobin (MetHb) and sulfhemoglobin (SHb) in a skin specimen characterized by a reticular
blood content (Vl’;ldoo d) equal to 10%. These curves were obtained using the HyLIoS [36]
model and considering an angle of incidence equal to 15°. Each graph corresponds to a
distinct severity level of methemoglobinemia and sulfhemoglobinemia: (a) 10%, (b) 20%, (c)
30%, (d) 40%, (e) 50%, (f) 60%, (g) 70% and (h) 80%. The concentrations of dysfunctional
and functional hemoglobins associated with these levels are provided in Tables 2 and 3. The
remaining parameters values used in the specimen’s characterization are provided in Table 1.
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Fig. 6. Graphs depicting reflectance curves resulting from increasing amounts of methe-
moglobin (MetHb) and sulfhemoglobin (SHb) in a skin specimen characterized by a reticular
blood content (Vl’;ldoo d) equal to 15%. These curves were obtained using the HyLIoS [36]
model and considering an angle of incidence equal to 15°. Each graph corresponds to a
distinct severity level of methemoglobinemia and sulfhemoglobinemia: (a) 10%, (b) 20%, (c)
30%, (d) 40%, (e) 50%, (f) 60%, (g) 70% and (h) 80%. The concentrations of dysfunctional
and functional hemoglobins associated with these levels are provided in Tables 2 and 3. The
remaining parameters values used in the specimen’s characterization are provided in Table 1.
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3.2. Cyanotic appearance changes

We remark that, as reported in the literature (e.g., [4,8, 10, 11]), skin spectral responses associated
with methemoglobinemia and sulfhemoglobinemia lead to cyanotic skin appearances. One can
expect that these appearances may vary according with the amounts of MetHb and SHb present
in a patient’s blood stream. In addition, it seems plausible that their characteristic chromatic
attributes may be intensified as the blood content of the examined skin site increases. However, a
quantitative investigation of the impact of these biophysical parameters on a patient’s cyanotic
appearance has not been performed to date.

In order to perform such an investigation, we employed the dysfunctional reflectance curves
obtained from our in silico experiments (Section 3.1) to generate skin swatches depicting the
appearance changes associated with these curves. In total, four sets of swatches were generated,
one for each vl’joo d value considered in our experiments, namely 2%, 5% 10% and 15%. These
sets are presented in Figs. 7 to 10, respectively, along with CIELAB AEY, differences computed
for each pair of swatches generated for the same abnormal amounts of MetHb and SHb.

As it can be observed in Fig. 7, an increase in the methemoglobinemia and sulfhemoglobinemia

severity levels led to a pale appearance when we considered vl’jw 4 €qual to 2%. In addition, it
also led to more distinguishable CIELAB AE:b differences between pairs of swatches generated
considering the same amounts of MetHb and SHb.
When we employed higher values for vlrjoo - the impact of increasing severity levels of methe-
moglobinemia and sulthemoglobinemia on the swatches’ appearance became more pronounced,
with more characteristic cyanotic hues being elicited under these conditions. More specifically,
one can observe a transition to red-purple (MetHb swatches) and grey (SHb swatches) hues in
the 5% case (Fig. 8), to purple (MetHb swatches) and blue (SHb swatches) hues in the 10% case
(Fig. 9), and to purple (MetHb swatches) and more saturated blue (SHb swatches) hues in the
15% case (Fig. 10).

The visual inspection of the swatches presented in Figs. 7 to 10 and the verification of their
respective CIELAB AEY, differences reveal another relevant trend that can be summarized as
follows. Although one can observe transitions to more characteristic cyanotic hues as higher
vZ;loo 4 values are employed, the distinguishable CIELAB AE} differences between pairs of
swatches generated considering the same amounts of MetHb and SHb decreases. In practical
terms, while a cyanotic appearance becomes more evident, the differentiation of their cause being
an abnormal amount of MetHb or SHb becomes more problematic.

10% 20% 30% 40% 50% 60% 70% 80%

MetHb

SHb

AE 2.40 4.20 6.03 7.94 10.08 1225 1457 1743

Fig. 7. Skin swatches generated using the dysfunctional reflectance curves provided in
Fig. 3, which were obtained considering skin specimen characterized by a reticular blood
content (vZ?’OO o) equal to 2% and increasing amounts of methemoglobin (MetHb) and
sulfthemoglobin (SHb), from 10% to 80%. The bottom row presents the the CIELAB AE;b
differences for each pair of MetHb and SHb swatches.
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10% 20% 30% 40% 50% 60% 70% 80%

MetHb

SHb

AEY 2.31 3.72 5.13 6.51 8.39 10.28 1276  15.75

Fig. 8. Skin swatches generated using the dysfunctional reflectance curves provided in
Fig. 4, which were obtained considering skin specimen characterized by a reticular blood
content (vzldm) d) equal to 5% and increasing amounts of methemoglobin (MetHb) and
sulfhemoglobin (SHb), from 10% to 80%. The bottom row presents the the CIELAB AE:b
differences for each pair of MetHb and SHb swatches.

10% 20% 30% 40% 50% 60% 70% 80%

" ® @ @ @ © © O v
e @ G & v v e e

AE}, 223 293 351 421 491 562 690  8.88

Fig. 9. Skin swatches generated using the dysfunctional reflectance curves provided in
Fig. 5, which were obtained considering skin specimen characterized by a reticular blood
content (v}’jm) d) equal to 10% and increasing amounts of methemoglobin (MetHb) and
sulfhemoglobin (SHb), from 10% to 80%. The bottom row presents the the CIELAB AE:b
differences for each pair of MetHb and SHb swatches.

10% 20% 30% 40% 50% 60% 70% 80%

. ® @ @ © O O
e & ¢ o o

AEY, 2.11 2.67 2.89 3.11 3.44 3.48 3.86 4.84

Fig. 10. Skin swatches generated using the dysfunctional reflectance curves provided in
Fig. 6, which were obtained considering skin specimen characterized by a reticular blood
content (VZ?OO d) equal to 15% and increasing amounts of methemoglobin (MetHb) and
sulfhemoglobin (SHb), from 10% to 80%. The bottom row presents the the CIELAB AE:b
differences for each pair of MetHb and SHb swatches.
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3.3.  Proposed detection and differentiation protocol

The observations reported in Section 3.2 indicate that the visual assessment of a patient’s
cyanotic appearance is not a reliable candidate for the differentiation of methemoglobinemia and
sulfhemoglobinemia. However, it can be used to assist the detection of these disorders. More
specifically, once a cyanotic appearance has been observed in a patient, other more common
cyanosis-eliciting conditions may be ruled out using diagnosis-aiding tools usually available
to the medical staff. For example, as mentioned earlier, cyanosis is normally associated with
the presence of high levels of deoxygenated hemoglobin in the dermal tissues [3]. Thus, if a
patient with a high level (above 90%) of oxygenated (saturated) arterial hemoglobin develops a
cyanotic appearance, it is likely that such an appearance is being elicited by a dyshemoglobinemia
disorder [19]. We remark that oxygen saturation levels can be quickly measured using a pulse
oximeter [7], an essential noninvasive device commonly available at the point of care of most
medical settings.

After it has been detected that a patient is being subjected to either methemoglobinemia
or sulfhemoglobinemia, the medical staff is left with the task of determining which of these
conditions should be targeted for treatment. In order to accomplish this differentiation task in
a painless and low-risk manner, ideally one would like to resort to a noninvasive procedure.
Accordingly, we propose a procedure formulated using selected reflectance values obtained at
the patient’s cyanotic fingertips. In the remainder of this section, we outline this procedure and
evaluate its effectiveness.

From fundamental calculus [98], we know that the curve representing a differentiable function
y = f(x) is concave up on the interval where y’ is increasing, and concave down on a interval
where y’ is decreasing. Moreover, assuming that y = f(x) is twice differentiable on an interval 7,
then the curve representing f(x) over I is concave up if y”’ > 0, and concave down if y” < 0.

In our investigation, f(x) corresponds to a modeled reflectance curve p(1), where A represents
the wavelength of interest. Upon a closer examination of the dysfunctional reflectance curves
(Section 3.1) obtained from our in silico experiments, one can observe a markedly distinct
behavior of the MetHb and SHb curves on the 605 to 635 nm interval. More specifically, while
the curves obtained considering abnormal amounts of MetHb are concave down on this interval,
the curves obtained considering abnormal amounts of SHb are concave up. These observations
suggested that the sign of the second derivative of p(1) at the center (620 nm) of this interval can
be used to differentiate reflectance curves resulting from the presence of abnormal amounts of
MetHb and SHb in blood-perfused cutaneous tissues, with a ’-’ sign indicating the former and a
"+’ sign indicating the latter.

We note that the second derivative of a dysfunctional reflectance curve at 620 nm can be
numerically computed using the following three point central difference formula [99]:

p(605) — 2 p(620) + p(635)
225 :

where p(605), p(620) and p(635) correspond to reflectance values at 605, 620 and 635 nm,
respectively.

Since, for differentiation purposes, we are only interested in the sign of the second derivative,
the denominator in Eq. (2) can be omitted. Accordingly, we employed the following simplified

formula to obtain the sign of the second derivative of the dysfunctional reflectance curves at
620 nm:

¥"(620) =

@)

y(620) = p(605) — 2 p(620) + p(635). 3)

Using Eq. (3) and p(605), p(620) and p(635) values extracted from the dysfunctional reflectance
curves presented in Section 3.1, we computed the signs of their respective second derivative at
620 nm. We remark that these curves were computed considering an angle of incidence equal to
15°. It is appropriate, however, to account for possible changes in the measurement conditions that
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can take place when one employs an actual optical device to collect reflectance data. For example,
one can expect angular variations with respect to the angle of incidence due to slight curvature
of the palmar fingertip. For this reason, we also repeated our in silico experiments considering
angles of incidences equal to 0°, 30° and 45°, and extracted the p(605), p(620) and p(635)
values from the resulting dysfunctional reflectance curves, which are provided elsewhere [93]
to conserve space. We then used Eq. (3) and these values to compute the signs of the second
derivatives of these curves at 620 nm.

As it can be observed in the aggregated outcomes of these sign computations presented in
Table 4, we were able to differentiate between methemoglobinemia and sulfhemoglobinemia
in all tested instances. It is important to note that, although the signs depicted in Table 4 were
obtained using p(605), p(620) and p(635) values extracted from the resulting dysfunctional
curves computed considering v{j{m 4 €qual to 2%, we have obtained [93] exactly the same signs for
all tested instances when we used p(605), p(620) and p(635) values extracted from dysfunctional
curves computed considering vZfoo 4 €qual to 5%, 10% and 15%. For this reason, we present only
one table to avoid repeating the same results four times.

Table 4. Second derivative signs (at 620 nm) of the dysfunctional reflectance curves resulting
from our in silico experiments. The signs were computed using Eq. (3) and the reflectance
values [93] extracted from these curves. The curves were computed using the HyLIoS
model [36], the specimen’s characterization parameter values presented in in Table 1, and
considering four angles of incidence (0°, 15°, 30° and 45°) as well as distinct severity
levels of methemoglobinemia and sulfhemoglobinemia (10% to 80%). The concentrations
of dysfunctional (MetHb and SHb) and functional hemoglobins associated with these levels
are provided in Tables 2 and 3. We note that we have obtained the signs above for all
values of reticular blood content (Vl’;ldoo d) considered in our investigation (2%, 5%, 10% and
15%) [93].

MetHb SHb

0° 15° 30° 45° 15 30° 45°
10% - - - - +
20% - - - -
30% - - - -
40% - - - -
50% - - - -
60% - - - -
70% - - - -
80% - - - -

S
°

+ o+ + + A+ o+ o+
+ o+ + + A+ + o+
+ o+ + + o+ o+ o+
+ + + + + 4+

It is also worth noting that reflectance values measured using actual devices, such as spec-
trophotometers [94], may be susceptible to uncertainties associated with the device. A high
precision device will have an uncertainty of +£0.001 or 0.1% [100]. A low precision device may
have an uncertainty close to 1% [100, 101]. In order to assess the consistency of our observations
with respect to these random fluctuations, we performed a set of simulations considering the
presence of random noise (+1%) in our simulations.

Again, we were able to differentiate between methemoglobinemia and sulfhemoglobinemia in
all tested instances [93]. Since the inclusion of tables containing all reflectance values used to
obtain these results would take too much space, we also made them available elsewhere [93].
Nonetheless, for conciseness and verification purposes, we selected to provide here the reflectance
values used to obtain the signs associated the most difficult differentiation instances found in our
experiments. These instances, in which one can observe the closest proximity between MetHb
and SHb in the selected spectral interval, correspond to the case where we set v{jno 4 €qual to
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15%. The p(605), p(620) and p(635) values extracted from the curves associated with these test
instances are presented in Table 5, and the corresponding second derivative signed values (to
enable the quantitative verification of the correctness of our calculations) computed using Eq. (3)
are provided in Table 6.

Table 5. Reflectance values at 605, 620 and 635 nm extracted from dysfunctional curves
computed using the HyLIoS model [36], the specimen’s characterization parameter values
presented in Table 1 and accounting for the presence of random noise (+1%) in our simulations.
In the computation of these curves, we considered an angle of incidence of 15°, a reticular
blood content (vz;{m d) equal to 15% and distinct severity levels of methemoglobinemia and
sulfhemoglobinemia (10% to 80%). The concentrations of dysfunctional (MetHb and SHb)
and functional hemoglobins associated with these levels are provided in Tables 2 and 3.
MetHb SHb
605 620 635 605 620 635

10% 0.2320 0.2890 0.3141 0.2246 0.2578 0.3160

20% 0.2047 0.2330 0.2419 0.1940 0.1986 0.2427

30% 0.1828 0.1964 0.1973 0.1723  0.1634 0.2038

40% 0.1681 0.1707 0.1693 0.1574 0.1440 0.1724

50% 0.1566 0.1533 0.1477 0.1455 0.1308 0.1530

60% 0.1457 0.1415 0.1328 0.1378 0.1210 0.1393

70% 0.1374 0.1337 0.1248 0.1322  0.1150 0.1278

80% 0.1310 0.1256 0.1172 0.1263 0.1108 0.1208

Table 6. Second derivative values computed using the reflectance values provided in Table 5
and Eq. (3) for distinct severity levels of methemoglobinemia and sulfhemoglobinemia (10%
to 80%). The concentrations of dysfunctional (MetHb and SHb) and functional hemoglobins
associated with these levels are provided in Tables 2 and 3.
10% 20% 30% 40% 50% 60% 70% 80%
MetHb  -0.0319 -0.0194 -0.0127 -0.0040 -0.0023 -0.0045 -0.0052 -0.0030
SHb +0.0250 +0.0395 +0.0493 +0.0418 +0.0369 +0.0351 +0.0300 +0.0255

Previously, Baranoski et al. [26] have also proposed five-point and three-point central difference
formulas for differentiating between methemoglobinemia and sulthemoglobinemia. In their work,
they were able to differentiate these disorders within a severity level range between 20% and 70%
and considering only one value for the reticular blood content (5%). Using the proposed formula,
we were able to differentiate these disorders within a broader severity level range (from 10%
to 80%) and considering observed [48] physiological variations in the reticular blood content
(from 2% to 15%). These observations indicate that the proposed three-point formula enables a
wider range of sensitivity in the differentiation of methemoglobinemia and sulfhemoglobinemia
without incurring in additional computational costs.

In summary, based on our in silico experimental findings, we proposed a protocol in which
the patient’s cyanotic appearance is employed to assist the detection of methemoglobinemia
and sulfhemoglobinemia, and an optical procedure is used to differentiate these disorders. This
procedure, in turn, would consist in the noninvasive measurement of three reflectance values at the
patient’s cyanotic fingertips followed by the sign computation using Eq. (3). These measurements
would be performed at wavelengths within the visible (harmless) region of the light spectrum.

We note that the proposed differentiation procedure would require only three measurements,
which could be obtained in situ (without the need, for example, of sending blood samples for
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analysis elsewhere) using a hand-held spectrophotometer, a relatively inexpensive device in
comparison with co-oximeters and blood gas analysers. The operation of this device would require
a minimum level of expertise. Alternatively, these measurements could be performed using a
portable dedicated device with an embedded implementation of the proposed differentiation
procedure, in a manner similar to the one employed to measure oxygen levels through pulse
oximetry. This would reduce the operational overhead and the required level of user expertise
even further. These deployment alternatives would certainly make the proposed differentiation
procedure attractive for use at the point of care of low-resources medical settings.

Since other noninvasive optical monitoring procedures, such as pulse oximetry [7], also rely
on light and skin interactions in the near-infrared domain, one might question the reason why we
have not extended our investigation to this spectral domain. Although our in silico experimental
framework can be used to obtain skin reflectance readings from the ultraviolet to the infrared
domain, our investigation was centered at the visible domain for the following reasons. First,
one of the focal points of our investigation, cyanosis, is directly associated with skin spectral
responses in this spectral domain. Second, there is a relative scarcity of reliable data with respect
to the extinction coefficients of MetHb and SHb outside the visible domain. The available data
(e.g., [52,102]) indicates that the extinction coefficients of MetHb and SHb in the near-infrared
domain may be one order of magnitude lower than their visible domain counterparts. This,
in turn, suggests that the chances of finding significant spectral features to allow a reliable
differentiation of methemoglobinemia and sulfhemoglobinemia are small in the near-infrared
domain. Nonetheless, as reliable near-infrared extinction coefficient data for MetHb and SHb
become available, it will be worthwhile to investigate the possibility of finding differentiation
features for methemoglobinemia and sulfhemoglobinemia in this spectral domain as well.

4. Conclusion and future prospects

In this work, we have quantitatively examined the connection between the onset of cyanosis and
distinct severity levels of methemoglobinemia and sulthemoglobinemia. More specifically, we
have demonstrated the impact of different amounts of MetHb and SHb on cyanotic chromatic
attributes of a skin specimen also subject to variations on dermal blood content. We have
also assessed the impact of these biophysical parameters on the specimen’s spectral responses.
Building on the findings derived from our in silico findings, we have proposed a cost-effective
protocol for the detection and differentiation of methemoglobinemia and sulthemoglobinemia.
Our in silico evaluation of its effectiveness and sensitivity range suggests that it can represent a
promising alternative to the technologies currently used in the detection and differentiation of
these dyshemoglobinemia disorders.

It has been long recognized [33,34] that in silico experiments performed through predictive
computer simulations can be successfully employed to predict the quantitative behaviour of
complex biological systems, to accelerate the hypothesis generation and validation cycles of
biomedical research, notably those that cannot be performed using traditional “wet” laboratory
technologies, and to drive new scientific investigations. It is important to keep in mind, however,
that a computer simulation has a limited value if it is not being supported and verified against
reliable data obtained through actual experiments performed either under in vivo and/or in
vitro conditions. These experiments, for instance, could consist in reflectance measurements
performed (in vivo) on a patient subjected to a dyshemoglobinemia disorder, followed by the
collection blood samples to determine (in vitro) the MetHb and SHb levels in her/his blood
stream. Furthermore, the pairing of computer simulations with actual experiments can contribute
to a more straightforward translation of research outcomes obtained in silico to clinical practice.

Viewed in this context, our in silico findings and, in particular, the verification of the proposed
protocol’s effectiveness and sensitivity range would certainly benefit from confirmation through
in vivo and/or in vitro experiments. We note, however, that the scarcity of in vivo and/or in vitro



Research Article Vol. 9, No. 7 | 1 Jul 2018 | BIOMEDICAL OPTICS EXPRESS 3305 I

Biomedical Optics EXPRESS -~

experiments involving the measurement of chromatic and spectral data associated with the onset
of methemoglobinemia and sulthemoglobinemia has motivated our use of an in silico approach
in the first place. Moreover, we remark that our in silico experiments were performed using a
first-principles model of light and skin interactions, whose predictive capabilities have been
extensively evaluated in previous works [3,36,39-41]. Also, to the best of our knowledge, we
have employed the most reliable supporting biophysical data, such as the spectral extinction
coefficients for methemoglobin [103] and sulfhemoglobin [52], provided in the literature. Hence,
we are confident that our findings can be corroborated by in vivo and/or in vitro obtained data as
it becomes available.

As outlined above, the investigation presented in this paper also highlighted the need for
databases depicting measured chromatic and spectral data obtained from skin specimens subject
to pathological conditions, particularly those affecting the patients’ appearance and posing a
high risk of morbidity and mortality for them. In order to improve this situation, we believe
that the biomedical community should support efforts directed to the creation of such databases.
These should include, but not be limited to data related to dyshemoglobinemia disorders. These
efforts would likely involve the establishment of synergistic collaborations between researchers
and medical institutions interested in the development of new cost-effective technologies for
the diagnosis and treatment of the targeted pathological conditions. Once these databases are
created, it would be essential that they are made publicly accessible. In this way, they can be fully
verified and employed by the entire biomedical community in a broad range of applications, from
the reliable screening of serious medical conditions (e.g., melanoma) to the efficacy and safety
enhancement of skin care products (e.g., sunscreens).
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