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Abstract. Anemia is a prevalent medical condition that seriously affects millions of people all over the world. In
many regions, not only its initial detection but also its monitoring are hindered by limited access to laboratory
facilities. This situation has motivated the development of a wide range of optical devices and procedures to
assist physicians in these tasks. Although noticeable progress has been achieved in this area, the search for
reliable, low-cost, and risk-free solutions still continues, and the strengthening of the knowledge base about this
disorder and its effects is essential for the success of these initiatives. We contribute to these efforts by closely
examining the sensitivity of human skin hyperspectral responses (within and outside the visible region of the light
spectrum) to reduced hemoglobin concentrations associated with increasing anemia severity levels. This inves-
tigation, which involves skin specimens with distinct biophysical and morphological characteristics, is supported
by controlled in silico experiments performed using a predictive light transport model and measured data
reported in the biomedical literature. We also propose a noninvasive procedure to be employed in the monitoring
of this condition at the point-of-care. © The Authors. Published by SPIE under a Creative CommonsAttribution 3.0 Unported License.
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1 Introduction
Although recent advances in optical technologies are enabling
remarkable improvements in the prevention and timely treat-
ment of a wide range of diseases, there are still many challenges
ahead, notably involving primary health care for populations
that rely on low-resources diagnosis settings. Among these
challenges, one can highlight the development of cost-effective
procedures and devices for the screening and monitoring of per-
vasive medical conditions such as anemia, which can compro-
mise the health of individuals of all ages, races, and ethnicities.1

According to the World Health Organization (WHO), approxi-
mately one quarter of the human population is affected by anemia,
and this medical condition represents a public health problem in
both industrialized and nonindustrialized countries.2,3

Anemia is a blood disorder usually associated with a
decrease in the number of red blood cells (RBCs)4 encapsulating
hemoglobin (Hb) proteins.4 The two functional forms of the Hb
proteins, namely oxyhemoglobin (O2Hb) and deoxyhemoglobin
(HHb),5 correspond to the oxygenated and deoxygenated states
of Hb molecules, respectively, which play a pivotal role in the
maintenance of an individual’s normal physiological status.
While an O2Hb molecule contains iron atoms in a ferrous state,
which allows them to bind with oxygen, an HHb molecule con-
tains iron atoms in a ferric (oxidized) state, which prevents this
binding.

There are three main types of this disorder, namely iron-
deficiency anemia (IDA), pernicious anemia, and hemolytic

anemia.1,4 These are elicited by different factors that can alter
the production of healthy RBCs by the bone marrow. This com-
plex biochemical process requires proteins, iron, vitamin B12,
folate, and small amounts of other minerals and vitamins. For
example, IDA, the most common type of anemia, results from a
low supply of iron. According to the World Health Organization
(WHO), it is one of the main factors contributing to the global
burden of diseases.2,3 In the case of pernicious anemia, it is pri-
marily caused by an insufficient absorption of vitamin B12.
Hemolytic anemia, on the other hand, may take place when a
significant number of RBCs are destroyed and removed from
the bloodstream through hemolysis before the normal end of
their lifespan, and the bone marrow cannot produce enough
new RBCs to replace them. This type of anemia can be acquired
or inherited. It is also worth mentioning that there are types of
anemia, such as aplastic anemia, associated with a lower than
normal presence of other blood formed elements, such as white
blood cells and platelets. The study of these types of anemia,
however, is beyond the scope of this work.

The investigation presented here focuses on the most
common types of anemia, which can seriously impair the
blood’s capability of transporting oxygen from respiratory
organs (lungs) to the rest of the body.6 This, in turn, not only
compromises an individual’s overall health, but may also lead
to life-threatening situations.1,4 Although the Hb concentration
in the blood alone cannot be used to diagnose anemia, it can
provide useful information for determining its severity level.1

Accordingly, several optical devices and image-based proce-
dures have been proposed for the low-cost estimation of Hb con-
centration. These devices and procedures can be loosely divided
into two groups: invasive and noninvasive.

*Address all correspondence to: Gladimir V. G. Baranoski, E-mail: gvgbaran@
cs.uwaterloo.ca

Journal of Biomedical Optics 095002-1 September 2015 • Vol. 20(9)

Journal of Biomedical Optics 20(9), 095002 (September 2015)

Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 09/05/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

http://dx.doi.org/10.1117/1.JBO.20.9.095002
http://dx.doi.org/10.1117/1.JBO.20.9.095002
http://dx.doi.org/10.1117/1.JBO.20.9.095002
http://dx.doi.org/10.1117/1.JBO.20.9.095002
http://dx.doi.org/10.1117/1.JBO.20.9.095002
http://dx.doi.org/10.1117/1.JBO.20.9.095002
mailto:gvgbaran@cs.uwaterloo.ca
mailto:gvgbaran@cs.uwaterloo.ca
mailto:gvgbaran@cs.uwaterloo.ca
mailto:gvgbaran@cs.uwaterloo.ca


Devices belonging to the invasive group tend to provide more
accurate results since they perform in vitro measurements on
actual blood samples.7,8 However, they may still be subjected
to errors during the collection and chemical analysis of the sam-
ples.9,10 In addition, the extraction of blood samples may bring
some discomfort and, like any invasive procedure, can incur
additional risks for a patient.

Devices and image-based procedures belonging to the non-
invasive group, on the other hand, perform in vivo estimations
that rely on the spectral responses of human skin to variations in
Hb concentration.11–15 Hence, their predictive capabilities
depend on the correctness of the algorithms employed to derive
biophysical parameters from reflectance measurements. Since
these algorithms usually involve the inversion of models used to
simulate the complex interactions of light with various skin tis-
sues and constituent materials, their estimations may be biased
by several factors. These include, for example, inacurracies in
the models,16 shortcomings of the formulations used in their
inversion,17 and, in the case of image-based procedures, issues
related to metamerism, the phenomenon whereby colors of spec-
imens match under specified observation conditions despite
differences in the specimens’ spectral reflectances.18,19

In general, the fidelity of the devices and procedures belong-
ing to either group is assessed through statistical analyses of
compound estimated data. These analyses, in turn, provide
qualitative trends with respect to global data, which may obscure
possible quantitative limitations of these devices while handling
individual cases.20 Furthermore, in certain instances (e.g.,
involving spectrophotometry-based monitoring technology, such
as pulse oximeters9), data are collected and analyzed off-line to
determine Hb concentrations using proprietary software tools
whose underlying algorithms are normally not disclosed for
evaluation purposes.

As outlined above, many relevant alternatives exist to assist
the diagnosis of anemia, albeit no single device or procedure is
superior in all cases. In order to enhance these technologies and
propose new effective solutions for the screening and monitor-
ing of this medical condition, we believe that it is necessary to
examine their related theoretical and practical constraints from
different perspectives. Accordingly, in this paper, we aim to con-
tribute to these efforts by investigating these constraints using a
bottom-up approach. More specifically, we initially assess the
sensitivity of human skin hyperspectral responses to fluctuations
in dermal Hb concentration associated with increasing anemia
severity levels. These responses are sampled within and outside
the visible domain, and at distinct cutaneous sites. We then dem-
onstrate that although possible variations on skin appearance
attributes (e.g., yellowness) can be interpreted as a sign of
anemia onset in some patients,1 such visual inspections can be
hindered by several physiological (e.g., skin pigmentation) and
technical factors (e.g., spectral power distribution of the illumi-
nants). Alternatively, our findings indicate that it is possible to
monitor distinct levels of severity of this medical condition
using relatively simple noninvasive spectral measurements that
are not masked by these factors.

The remainder of this paper is organized as follows. In
Sec. 2, we describe our in silico experimental framework,
including the biophysical data used to characterize the skin spec-
imens considered in our simulations, and introduce the sensitiv-
ity measure employed in this investigation. In Sec. 3, we present
our results and discuss their practical implications regarding the
noninvasive monitoring of anemia. Finally, in Sec. 4, we

close the paper and outline directions for future research in this
area.

2 Materials and Methods

2.1 Simulation Framework Overview

Computer simulations,17,21–23 or in silico experiments,24 are rou-
tinely being employed to accelerate the different cycles of bio-
medical research involving optical processes that cannot be fully
studied through traditional laboratory procedures due to logistic
limitations. Among these limitations, one can highlight the dif-
ficulties of performing in vivo measurements, notably requiring
a wide variety of human tissues that may not be available in the
first place, as well as the large number of biophysical variables
and measurement parameters that need to be controlled during
actual experiments. In order to overcome these limitations, the
investigation presented in this paper is also supported by con-
trolled in silico experiments. These are performed using a
recently developed hyperspectral light transport model for
human skin, henceforth referred to as Hyperspectral Light
Impingement on Skin (HyLIoS).25

This model, capable of predictively simulating both the spec-
tral and spatial distributions of light interacting with the skin
tissues, takes into account the detailed layered structure of
these tissues and the particle nature of their main light attenu-
ation agents, namely the melanosomes, the organelles encapsu-
lating melanin in an aggregated form.26 In fact, it employs a first
principles simulation approach that incorporates all main light
absorbers (keratin, DNA, uranic acid, melanins, hemoglobins,
beta-carotene, bilirubin, lipids, and water) and scatterers (cells,
collagen fibers, melanosomes, and melanosome complexes)
acting within the skin tissues in the ultraviolet (UV) (250 to
400 nm), visible (400 to 700 nm), and near-infrared (NIR)
(700 to 2500 nm) domains.

Within the HyLIoS algorithmic ray optics formulation, a ray
interacting with a given skin specimen can be associated with
any selected wavelength within the spectral regions of interest.
Hence, HyLIoS can provide reflectance readings with different
spectral resolutions. For consistency, however, we considered a
spectral resolution of 5 nm in all modeled curves depicted in this
work. In terms of illumination and collection geometries, the
HyLIoS model can provide bidirectional reflectance quantities
by recording the direction of the outgoing rays using a virtual
gonioreflectometer.27 In addition, one can obtain directional-
hemispherical reflectance quantities by integrating the outgoing
rays with respect to the collection hemisphere using a virtual
spectrophotometer.28

To enable the full reproduction of our investigation results,
we made HyLIoS available online29 via a model distribution sys-
tem30 along with the supporting biophysical data (e.g., refractive
indices and extinction coefficients) used in our in silico experi-
ments. This framework enables researchers to specify experi-
mental conditions (e.g., angle of incidence and spectral range)
and specimen characterization parameters (e.g., pigments and
water content) using a web interface (Fig. 1), and receive cus-
tomized simulation results.

2.2 Experimental Sets and Specimen
Characterization Data

Usually, the assessment of changes in skin appearance attributes
is performed considering nonpalmoplantar areas normally
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Fig. 1 The web interface for the Hyperspectral Light Impingement on Skin (HyLIoS) model25 available
through the Natural Phenomena Simulation Group Distributed framework.30 Through this web interface,29

researchers can configure physical parameters and execute light transport simulations involving different
skin specimens.
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exposed to light, such as the face and the back of the hand.
However, the noninvasive measurement of blood-related proper-
ties is usually at hypopigmented sites less affected by the pres-
ence of melanin, such as the palmar fingertips (Fig. 2).
Accordingly, our investigation involved two sets of in silico
experiments. In the first set, we employed HyLIoS to generate
directional-hemispherical reflectance curves depicting the spec-
tral effects of reduced Hb concentrations in nonpalmoplantar
areas characterized by average pigmentation and morphological
parameters, such as the dorsal surface of the fingers. In order to
expand our scope of observations, these simulations were per-
formed considering skin specimens with different levels of pig-
mentation, henceforth referred to as lightly pigmented (LP) and
darkly pigmented (DP). These levels of pigmentation are mostly
determined by the presence of the main absorbers acting in the
visible domain, namely the melanins (in colloidal and aggre-
gated forms) and the functional hemoglobins, whose absorption
spectra are depicted in Fig. 3. In the second set, we repeat the
simulations for the hypopigmented areas, more specifically the
palmar fingertips of the LP and DP specimens. In these simu-
lations, we took into account the particular characteristics of
these cutaneous sites, namely the increased epidermal thick-
ness,31 the reduced presence of melanin proteins (more than
fivefold lower than in nonpalmoplantar epidermis32), and the
increased blood fractional volume33 (especially when the finger-
tip is in a position below heart level34).

Both sets of in silico experiments were performed with
respect to UV, visible, and NIR regions of the light spectrum
where skin spectral responses to variations in Hb concentration
have a higher probability to be detected, more specifically, in the
250 to 850 nm range.25,37 Unless otherwise stated, the resulting
reflectance data were obtained considering an angle of incidence
of 10 deg. The specific parameters employed in the characteri-
zation of the skin tissues considered in the first and second sets
of in silico experiments are provided in Tables 1 and 2, respec-
tively, while characterization parameters employed in both sets
of experiments are provided in Table 3. In order to account for
melanosome degradation in the upper epidermal layers,38 the
axes of the melanosomes located in the stratum spinosum
and stratum granulosum were set to be, respectively, 50 and
25% of the values considered for the melanosomes in the stra-
tum basale of the LP and DP specimens depicted in Tables 1
and 2. We remark that the values assigned to the specific and
general parameters listed in Tables 1–3 were selected based
on actual biophysical ranges provided in the scientific literature,
and their respective reference sources are also included in these
tables. Similarly, the reductions in Hb concentration associated
with the anemia severity levels considered in this investigation

were also selected according to values provided in the scientific
literature as depicted in Tables 4 and 5.

2.3 Sensitivity Measure

In order to assess the spectral variation patterns resulting from
our in silico experiments more systematically, we performed a
differential sensitivity analysis79 on the corresponding modeled
reflectance curves across selected spectral ranges [UV (250 to

Fig. 2 Photographs depicting the dorsal and palmar surfaces of the index finger (in a position below heart
level) of a lightly pigmented (left) and a darkly pigmented (right) subject. The camera was placed above
the specimens and the ambient (nondirectional) illumination was provided by fluorescent lamps.
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Fig. 3 Absorption spectra of key absorbers found in the skin tissues,
namely melanins and functional hemoglobins, whose contents were
subjected to variations during this investigation. (a) Extinction coeffi-
cient (ε) curves for the melanins.35 (b) Molar extinction coefficient (εm)
curves for the functional hemoglobins.36 Note that the contents of kera-
tin, DNA, uranic acid, beta-carotene, bilirubin, disfunctional hemoglo-
bins lipids, and water were also accounted for in this investigation.
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400 nm), Visible-B (400 to 500 nm), Visible-G (500 to 600 nm),
Visible-R (600 to 700 nm), and NIR (700 to 850 nm)]. This
analysis involves the computation of a sensitivity index that pro-
vides the ratio of the change in output to the change in a quantity
while the other quantities are kept fixed. A ratio equal to 1.0
indicates complete sensitivity (or maximum impact), while a
ratio <0.01 indicates that the output is insensitive to changes in
the selected quantity.80 Accordingly, we computed the mean
sensitivity index (MSI) for the spectral regions of interest to
assess the mean ratio of change in reflectance with respect to
the change in the selected quantity, namely dermal Hb concen-
tration, associated with the three anemia severity levels (Table 4)
under study. This index is expressed as

EQ-TARGET;temp:intralink-;e001;63;202MSI ¼ 1

N

XN

i¼1

jρnðλiÞ − ρaðλiÞj
maxfρnðλiÞ; ρaðλiÞg

; (1)

where ρn and ρa correspond to the reflectances associated with
the nonanemic (baseline) and anemic cases, respectively, com-
puted for a given skin specimen, and N is the total number of
wavelengths sampled with a 5-nm resolution within a selected
spectral region.

2.4 Skin Swatches

In this investigation, we have also generated skin swatches to
demonstrate that the use of visual inspections to detect the

onset of anemia and monitor its progression can be hindered
by physiological and technical factors. These swatches were
rendered using the modeled reflectance data obtained for the
LP and DP specimens using HyLIoS, and considering three dis-
tinct CIE standard illuminants, whose respective relative spec-
tral power distributions are provided in Fig. 4. The resulting
swatch color is obtained from the convolution of the illuminant
spectral power distribution spectrum, the modeled skin reflec-
tance data, and the broad spectral response of the human photo-
receptors.81 This last step was performed employing a standard
XYZ to sRGB conversion procedure.16,82

3 Results and Discussion
The results of our first set of in silico experiments involving the
dorsal surface of the fingers of the LP and DP specimens are
presented in Fig. 5. As expected, these results show that reduc-
tions in Hb concentration associated with increasing anemia
severity levels have a more noticeable magnifying effect on the
reflectance of the LP specimen. These spectral responses are
less affected by the light attenuation properties of melanin (in col-
loidal and aggregated forms) than its DP specimen’s counterpart.

As indicated by the MSI values presented in Fig. 6, the
impact of the Hb concentration reduction is markedly stronger
in the visible region, particularly in the 500 to 600 nm range, for
the LP specimen with respect to three severity levels. This obser-
vation can be explained by the fact that although the UVabsorp-
tion profile of the hemoglobins (O2Hb and HHb) is high

Table 1 HyLIoS model parameters employed in the characterization of the skin tissues found in the dorsal surface of the fingers belonging to the
two specimens, lightly (LP) and darkly (DP) pigmented, considered in this investigation.

Parameter LP DP Source

Stratum corneum thickness (cm) 0.001 0.002 39–42

Stratum granulosum thickness (cm) 0.0046 0.0015 31

Stratum spinosum thickness (cm) 0.0046 0.0015 31

Stratum basale thickness (cm) 0.0046 0.0015 31

Papillary dermis thickness (cm) 0.02 0.023 43

Reticular dermis thickness (cm) 0.125 0.2 43

Stratum granulosum melanosome content (%) 0.0 5.0 44,45

Stratum spinosum melanosome content (%) 0.0 5.0 44,45

Stratum basale melanosome content (%) 1.0 5.0 44,45

Stratum granulosum colloidal melanin content (%) 0.9 5.0 44,46,47

Stratum spinosum colloidal melanin content (%) 0.9 5.0 44,46,47

Stratum basale colloidal melanin content (%) 0.9 5.0 44,46,47

Stratum basale melanosome dimensions (μm × μm) 0.41 × 0.17 0.69 × 0.28 26

Melanosome eumelanin concentration (mg∕mL) 32.0 50.0 48,49

Melanosome pheomelanin concentration (mg∕mL) 2.0 4.0 48,49

Papillary dermis blood content (%) 0.5 0.5 33,50

Reticular dermis blood content (%) 0.2 0.2 33,50
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(Fig. 3), eumelamin and pheomelanin, albeit in small amounts,
have a dominant attenuation role in this spectral region.25,37 In
the NIR region, on the other hand, not only the Hb absorption
profile is relatively low, but light attenuation is also affected by
the presence of water and lipids.25,37

For the DP specimen, the impact is minor across all selected
spectral regions with respect to the mild and moderate levels. It
becomes somewhat significant, notably in the visible-G (500 to
600 nm) range (Fig. 6), only when the anemia condition reaches
the severe level. In this case, the substantial reduction of Hb
concentration can slightly counterpose the strong light attenua-
tion performed by the relatively large amounts of melanin
present in the epidermal tissues. In addition, as further illustrated
by the skin swatches depicted in Fig. 7, while one can notice
changes in skin colorimetric parameters, namely lightness
and hue (toward a pale and a yellowish appearance, respec-
tively), following a reduction in Hb concentration in the LP
specimen, such variations, particularly with respect to hue,
are not as discernible in the DP specimen.

The results of our second set of in silico experiments involv-
ing the palmar fingertips of the LP and DP specimens are pre-
sented in Fig. 8. They show that reductions in Hb concentration
associated with increasing anemia severity levels have notice-
able effects on the spectral responses of both pigmented spec-
imens considered in this investigation. We remark that the
palmar fingertips are hypopigmented areas32 regardless of the
native level of pigmentation of an individual (e.g., Fig. 2)

and are characterized by a higher blood volume content in
the dermal tissues.33 Hence, the spectral responses of these cuta-
neous sites are less affected by the small presence of melanin
proteins. Furthermore, as indicated by the MSI values presented
in Fig. 9, the impact of variations in Hb concentration also
increases monotonically with the increasing anemia severity lev-
els, and it is markedly stronger in the visible-G (500 to 600 nm)
range for both specimens.

Although the effects resulting from reduced Hb concentra-
tions are clearly detectable for both specimens through spectro-
photometric measurements, the same degree of detection
confidence cannot be obtained through the visual inspection
of the specimens’ skin appearance attributes. More specifically,
as illustrated by the skin swatches depicted in Fig. 10, the same
observations reported earlier for the dorsal surface of the finger
swatches apply to the palmar fingertip ones, i.e., while we can
notice changes in skin lightness and hue following a reduction in
Hb concentration in the LP specimen, hue variations are not as
discernible in the DP specimen.

The difficulties imposed by different levels of pigmentation
on the visual inspection of skin specimens can be exacerbated by
other factors, such as the intensity and spectral power distribu-
tion of the light sources employed during their screening. For
example, as illustrated in the palmar fingertip swatches of the
LP specimen presented in Fig. 11, an anemic-like appearance
can be elicited by different combinations of these factors. More
precisely, although the spectral response used in the generation

Table 2 Datasets of specific parameters employed in the characterization of skin tissues found in the palmar fingertip of the two specimens, LP
and DP, considered in this investigation.

Parameter LP DP Source

Stratum corneum thickness (cm) 0.013 0.026 39,51,52

Stratum granulosum thickness (cm) 0.0123 0.006 31,52

Stratum spinosum thickness (cm) 0.0123 0.006 31,52

Stratum basale thickness (cm) 0.0123 0.006 31,52

Papillary dermis thickness (cm) 0.02 0.023 43

Reticular dermis thickness (cm) 0.125 0.2 43

Stratum granulosum melanosome content (%) 0.0 0.25 32,44,45

Stratum spinosum melanosome content (%) 0.0 0.25 32,44,45

Stratum basale melanosome content (%) 0.15 0.25 32,44,45

Stratum granulosum colloidal melanin content (%) 0.06 0.25 32,44,47

Stratum spinosum colloidal melanin content (%) 0.06 0.25 32,44,47

Stratum basale colloidal melanin content (%) 0.06 0.25 32,44,47

Stratum basale melanosome dimensions (μm × μm) 0.41 × 0.17 0.69 × 0.28 26

Melanosome eumelanin concentration (mg∕mL) 32.0 50.0 48,49

Melanosome pheomelanin concentration (mg∕mL) 2.0 4.0 48,49

Papillary dermis blood content (%) 5.0 5.0 33,34,50

Reticular dermis blood content (%) 0.5 0.5 33,34,50
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of these swatches corresponds to the nonanemic (baseline) case,
some of them have appearance attributes similar to those of the
swatches associated with different anemia severity levels pre-
sented in Fig. 10, which may lead to misinterpretations of an
individual’s actual health status. The possibility of occurrence

of such situations, which are usually associated with metamer-
ism problems,18,83 can also be verified when we compare some
of the nonanemic swatches of the DP specimen presented in
Fig. 12 with the anemic swatches presented in Fig. 10 for this
specimen. Similarly, as illustrated in Figs. 13 and 14, the inten-
sity and the spectral power distribution of the light sources can
also affect subjective quantifications of anemia severity levels

Table 3 Dataset of general parameters employed in the characteri-
zation of the skin tissues found in the dorsal surface and palmar
fingertip of the fingers of both specimens considered in this investiga-
tion. The refractive indices for the skin layers were measured at
1300 nm as reported in the listed sources.

Parameter Value Source

Surface fold aspect ratio 0.1 53,54

Oxygenated blood fraction (%) 75.0 55

Stratum corneum refractive index 1.55 56,57

Epidermis refractive index 1.4 17,56

Papillary dermis refractive index 1.39 56,58

Reticular dermis refractive index 1.41 56,58

Melanin refractive index 1.7 59

MetHb concentration in whole
blood (mg∕mL)

1.5 60

CarboxyHb concentration in whole
blood (mg∕mL)

1.5 61

SulfHb concentration in whole
blood (mg∕mL)

0.0 62

Whole blood bilirubin concentration
(mg∕mL)

0.003 63

Stratum corneum beta-carotene
concentration (mg∕mL)

2.1E − 4 64

Epidermis beta-carotene
concentration (mg∕mL)

2.1E − 4 64

Blood beta-carotene concentration
(mg∕mL)

7.0E − 5 64

Stratum corneum water content (%) 35.0 65,66

Epidermis water content (%) 60.0 65,67

Papillary dermis water content (%) 75.0 65,67

Reticular dermis water content (%) 75.0 65,67

Stratum corneum lipid content (%) 20.0 68

Epidermis lipid content (%) 15.1 65,69,70

Papillary dermis lipid content (%) 17.33 65,69,70

Reticular dermis lipid content (%) 17.33 65,69,70

Stratum corneum keratin content (%) 65.0 71–73

Stratum corneum urocanic acid
density (mol∕L)

0.01 74

Skin DNA density (mg∕mL) 0.185 65,75,76

Table 4 Anemia severity levels for adult individuals (15 years of age
and above). The corresponding reductions in hemoglobin (Hb) con-
centration considered in this investigation were selected according
to values provided in the literature.1,77,78

Severity level Hb reduction (%) Hb concentration (g/L)

Baseline — 147.0

Mild 20 117.6

Moderate 40 88.2

Severe 60 58.8

Table 5 Anemia severity levels for children (below 15 years of age)
and pregnant women. The corresponding reductions in hemoglobin
(Hb) concentration considered in this investigation were selected
according to values provided in the literature.1,77,78

Severity level Hb reduction (%) Hb concentration (g∕L)

Baseline — 125.0

Mild 20 100.0

Moderate 40 75.0

Severe 60 50.0
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Fig. 4 Relative spectral power distributions of three CIE standard illu-
minants, namely D65, D50, and A, considered in our investigation.
While the first two correspond to average daylight with correlated
color temperatures of 6504 and 5503 K, respectively, the third one
corresponds to a gas-filled tungsten lamp operating at a correlated
color temperature of 2856 K.19,83
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based on expected appearance attributes, such as paleness and
yellowness.

Several symptoms (e.g., tiredness and faintness) and signs
(e.g., pale or yellowish skin mentioned earlier) provide clues
to physicians about the possible onset of anemia in a patient.4

In order to verify this possibility and deliver a diagnosis with a
higher degree of certainty, physicians usually require a blood
exam. This is used to determine, among other factors, whether
the patient’s Hb concentration is below the level considered nor-
mal for people within the same age group and with similar
physiological characteristics. Once it has been established
that the patient is anemic and the recommended treatment starts,
the condition should be monitored to evaluate whether the
patient’s Hb concentration is returning to the normal level.
Again, clinical assessment procedures, such as visual inspec-
tions and blood exams, can be employed.4 We remark, however,
that while the former may lead to incorrect interpretations as
illustrated before, the latter may not be readily available at
the point-of-care on a regular basis.

The results of our second set of in silico experiments suggest
that the monitoring of anemia can be assisted by an index,
henceforth referred to as the anemia monitoring index (AMI),
which can be obtained through a noninvasive spectrophometric
measurement performed at the patient’s palmar fingertip. As
depicted in Figs. 8 and 9, variations in Hb concentration have
a detectable impact on the palmar fingertip reflectance of spec-
imens with distinct levels of native skin pigmentation, more
prominently in the Visible-G spectral region. Moreover, this
impact is uniform in this region, i.e., as the Hb concentration
decreases, the reflectance increases across the entire 500 to
600 nm range. This suggests that a single sample wavelength
within this range can be used to monitor these variations.
Considering that the monitoring of an anemic patient may need
to take place within an extended period of time, it is necessary to
mitigate the chances of its results being affected by other physio-
logic factors.

In order to address this issue, a number of guidelines should
be used in the selection of a suitable monitoring point. First,
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Fig. 5 Modeled skin reflectance curves for the dorsal surface of the
fingers of the (a) lightly and (b) darkly pigmented specimen showing
the spectral responses elicited by distinct dermal Hb concentrations
associated with increasing anemia severity levels, namely baseline
(nonanemic level, 147.0 g∕L), mild (117.6 g∕L), moderate (88.2 g∕L),
and severe (58.8 g∕L). The modeled curves were obtained consider-
ing the data provided in Tables 1, 3, and 4.
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Fig. 6 Mean sensitivity index (MSI) values computed for the modeled
anemic skin reflectance curves (mild, moderate, and severe) obtained
for the dorsal surface of the fingers of the (a) lightly and (b) darkly
pigmented specimen (Fig. 5). The MSI values were computed for
each anemic skin reflectance curve [across selected UV (250 to
400 nm), Visible-B (400 to 500 nm), Visible-G (500 to 600 nm),
Visible-R (600 to 700 nm), and near-infrared (NIR) (700 to 850 nm)
ranges] with respect to the baseline curve (nonanemic level) associ-
ated with the respective specimen.
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it should be a wavelength at which O2Hb and HHb have the
same extinction coefficient values (isosbestic point84) to avoid
influences from changes in the blood oxygenation levels. We
note that there are several isosbestic points (500, 530, 545, 570,
and 584 nm85) in the spectral region of interest (Fig. 3). Second,
it should be located away from the spectral region where water
and lipids have a strong impact on light absorption25,37 to avoid
masking effects, for example, from transepidermal water loss.86

Third, it should also be located away from the absorption spectra
of other chromophores associated with the onset of medical con-
ditions with similar effects on a patient’s visual appearance
attributes. As a characteristic example of the latter, one can men-
tion bilirubin,87 whose excess in the blood stream is associated
with hyperbilirubinemia, or jaundice, which can also result in
possible variations in skin appearance attributes (e.g., yellow-
ness) of a patient. Taking these guidelines into consideration,
two isosbestic wavelengths, namely 545 and 570 nm, emerge
as the most suitable candidates for the monitoring point. It is
also necessary to consider that even though the presence of
melanin proteins in the palmar fingertip epidermis is fairly
low, it cannot be completely discarded.32 Hence, since the cor-
responding extinction coefficient values for the melanins are
lower at 570 nm than at 545 nm (Fig. 3), we selected the former.

A relatively simple anemia monitoring procedure could then
be employed using a single reflectance measurement at 570 nm.
Preferably, the patient’s finger should be in a position below
heart level to maximize the blood fractional volume,34 with the
patient’s forearm resting passively to minimize shear rate fluc-
tuations on the blood flow that could affect its optical proper-
ties.88 Moreover, since this measurement might need to be
repeated a number of times during the treatment, it would be
advisable to select a specific measurement site (e.g., at the center
of the tactile elevations) for consistency. Although the adoption
of this protocol would contribute to making the procedure more
effective, one may still need to account for the possibility of
small changes in the measurement conditions. For example, one
can expect small angular variations with respect to the angle of
incidence due to slight curvature of the palmar fingertip. In order
to examine the robustness of the proposed procedure with
respect to such fluctuations, we computed the reflectance at
570 nm for the LP and DP specimens considering three angles
of incidence, namely 0, 10 (the default value employed in our
in silico experiments), and 20 deg. Furthermore, since the
anemia severity levels may vary with age and, in the case of
female patients, pregnancy,1 we performed these computations
with respect to a broader scope of Hb concentrations by includ-
ing all values depicted in Tables 4 and 5.

As expected, the resulting reflectance values presented in
Table 6 for all three angles of incidence depict a vertical increase
with respect to Hb concentration reduction, which becomes
more prominent as the condition worsens. Moreover, for each

Fig. 7 Skin swatches depicting tone variations on the dorsal surface of the fingers of the (a) lightly and
(b) darkly pigmented specimens. These variations, which were obtained by reducing the dermal Hb con-
centration (from left to right, 147.0, 117.6, 88.2, and 58.8 g∕L), illustrate the visual effects of increasing
anemia severity levels, namely baseline (nonanemic level), mild, moderate, and severe, respectively
(Table 4). The swatches were rendered considering a D50 illuminant (Fig. 4) and using the corresponding
skin spectral responses provided by the HyLIoS model (Fig. 5).
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Fig. 8 Modeled skin reflectance curves for the palmar fingertips of the
(a) lightly and (b) darkly pigmented specimen showing the spectral
responses elicited by distinct dermal Hb concentrations associated
with increasing anemia severity levels, namely baseline (nonanemic
level, 147.0 g∕L), mild (117.6 g∕L), moderate (88.2 g∕L), and severe
(58.8 g∕L). The modeled curves were obtained considering the data
provided in Tables 2, 3, and 4.
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specific Hb concentration value, they also show a slight horizon-
tal decrease with respect to the angle of incidence. In some
instances, however, the same value was recorded for two angles
of incidence. This can be attributed to the stochastic nature of
our simulations. More importantly, the observed horizontal
reflectance variations with the angle of incidence are smaller

than the vertical reflectance variations associated with signifi-
cant changes in the Hb concentration.

It is worth noting that even well-designed and carefully cali-
brated spectrophotometers can yield results from the same speci-
men that differ from one measurement to the next.16,89 These
differences, or uncertainties, are caused by variations in the
components of the instrument, fluctuations in environmental
conditions, and changes in the specimen handling procedure. A
spectrophotometer is considered to be of high precision if the
spectral measurements have an uncertainty of ∼� 0.001.89,90

Hence, the horizontal reflectance variations depicted in our sim-
ulations have a magnitude comparable to the uncertainty of
actual spectral measurements.

In summary, our findings suggest that once the onset of
anemia has been established, this blood disorder can be reliably
monitored using a relatively simple procedure. At the time of the
onset confirmation, the patient’s AMI would be measured and
recorded. Afterward, during the treatment, the patient’s anemic
level could be monitored by performing subsequent AMI mea-
surements and comparing their values with previously recorded
ones. Clearly, a more accurate assessment can be obtained
through blood exams performed using traditional laboratory
procedures. However, considering that the proposed AMI would
be obtained through a reflectance measurement performed at a
single wavelength, we believe that it would require a simpler and
more cost-effective device than a standard spectrophotometer,
making its use attractive for low-resources diagnosis settings
with limited access to laboratory facilities. We also remark
that such a measurement would be noninvasive and performed
at a wavelength within the visible (nonharmful) region of the
light spectrum.

4 Conclusion
Arguably, anemia is among the most widespread blood disor-
ders that can lead to serious health impairment and, if not prop-
erly treated, fatal situations. Not surprisingly, the physiological
changes associated with this condition, particularly the reduc-
tion of Hb concentration, have been the object of extensive
research aimed at their quantification and interpretation. The
biomedical procedures employed in these tasks vary from a sim-
ple visual inspection of a patient’s appearance to a wide range of
laboratory exams of blood samples. With the recent advances in
optics and photonics, a wide range of invasive and noninvasive
devices are being proposed to assist these tasks. In the latter
case, the reliability of the results depends on the correct assess-
ment of the skin spectral responses to these changes. However,
the in vivo investigation of these responses is often hindered by
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Fig. 9 MSI values computed for the modeled anemic skin reflectance
curves (mild, moderate, and severe) obtained for the palmar fingertips
of the (a) lightly and (b) darkly pigmented specimens (Fig. 8). The MSI
values were computed for each anemic skin reflectance curve [across
selected UV (250 to 400 nm), Visible-B (400 to 500 nm), Visible-G
(500 to 600 nm), Visible-R (600 to 700 nm), and NIR (700 to
850 nm) ranges] with respect to the baseline curve (nonanemic
level) associated with the respective specimen.

Fig. 10 Skin swatches depicting tone variations on the palmar fingertips of the (a) lightly and (b) darkly
pigmented specimens. These variations, which were obtained by reducing the dermal Hb concentration
(from left to right, 147.0, 117.6, 88.2, and 58.8 g∕L), illustrate the visual effects of increasing anemia
severity levels, namely baseline (nonanemic level), mild, moderate, and severe, respectively
(Table 4). The swatches were rendered considering a D50 illuminant (Fig. 4) and using the corresponding
skin spectral responses provided by the HyLIoS model (Fig. 8).
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Fig. 11 Skin swatches illustrating tone variations on the fingertip of the lightly pigmented specimen (with
a baseline Hb concentration equal to 147.0 g∕L) resulting from employing distinct light sources (Fig. 4),
namely (a) D65, (b) D50, and (c) A, whose default intensity value (left column) was increased by 15%
(middle column) and 30% (right column). The swatches were rendered using skin spectral responses
provided by the HyLIoS model,25 which, in turn, were obtained using the data provided in Tables 2 and 3.

Fig. 12 Skin swatches illustrating tone variations on the fingertip of the darkly pigmented specimen (with
a baseline Hb concentration equal to 147.0 g∕L) resulting from employing distinct light sources (Fig. 4),
namely (a) D65, (b) D50, and (c) A, whose default intensity value (left column) was increased by 15%
(middle column) and 30% (right column). The swatches were rendered using skin spectral responses
provided by the HyLIoS model,25 which, in turn, were obtained using the data provided in Tables 2 and 3.

Fig. 13 Skin swatches illustrating tone variations on the fingertip of the lightly pigmented specimen (with
a baseline Hb concentration equal to 58.0 g∕L) resulting from employing distinct light sources (Fig. 4),
namely (a) D65, (b) D50, and (c) A, whose default intensity value (left column) was increased by 15%
(middle column) and 30% (right column). The swatches were rendered using skin spectral responses
provided by the HyLIoS model,25 which, in turn, were obtained using the data provided in Tables 2 and 3.
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practical difficulties, such as the control of a large number of
biophysical variables.

In this paper, we employed a first principles light transport
model of light and skin interactions to examine these responses
with respect to different spectral, observational, and physiologi-
cal conditions. The results of our controlled in silico experi-
ments demonstrate that the influence of melanin pigmentation
on the effective detection of these responses can be substantially
mitigated by selecting a cutaneous site, such as the palmar fin-
gertip, with suitable characteristics, namely hypopigmentation
and increased dermal blood content. Furthermore, our findings
also indicate that significant variations in the anemia severity
levels associated with Hb concentration reductions can be moni-
tored by measuring the patient’s skin reflectance at a selected
spectral sampling point (570 nm) affected neither by blood oxy-
genation variations nor by changes in the presence of other rel-
evant absorbers (e.g., bilirubin and water) in the skin tissues.
Based on these observations, we proposed the use of such

reflectance (AMI) measurements as the integral component of
a procedure to assist the monitoring of anemic patients in
regions not served by comprehensive health care resources
on a regular basis.

As future work, we intend to address the actual implemen-
tation of the proposed anemia monitoring procedure. Accord-
ingly, we plan to investigate the feasibility of different
alternatives for performing the AMI measurements at the point-
of-care. These include the enhancement of existing devices to
incorporate AMI measurements and the design of a new portable
instrument specifically dedicated to providing this index with a
high accuracy to cost ratio.
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Fig. 14 Skin swatches illustrating tone variations on the fingertip of the darkly pigmented specimen (with
a baseline Hb concentration equal to 58.0 g∕L) resulting from employing distinct light sources (Fig. 4),
namely (a) D65, (b) D50, and (c) A, whose default intensity value (left column) was increased by 15%
(middle column) and 30% (right column). The swatches were rendered using skin spectral responses
provided by the HyLIoS model,25 which, in turn, were obtained using the data provided in Tables 2 and 3.

Table 6 Reflectance values at 570 nm computed for the palmar fingertip of the LP and DP specimens considering distinct hemoglobin (Hb)
concentrations and three angles of incidence, namely 0 deg, 10 deg (the default value used in this investigation), and 20 deg. Each reflectance
value was computed using 106 sample rays and depicted using a four-digit chopping arithmetic.

Hb concentration (g∕L)

LP DP

0 deg 10 deg 20 deg 0 deg 10 deg 20 deg

147.0 0.291 0.290 0.289 0.241 0.241 0.241

125.0 0.301 0.301 0.299 0.248 0.247 0.247

117.6 0.307 0.306 0.303 0.250 0.250 0.249

100.0 0.319 0.318 0.316 0.259 0.258 0.257

88.2 0.329 0.328 0.326 0.265 0.265 0.264

75.0 0.342 0.341 0.341 0.275 0.274 0.273

58.8 0.365 0.365 0.362 0.289 0.289 0.288

50.0 0.381 0.380 0.379 0.300 0.300 0.299
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