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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 the limited access to laboratory facilities.
This situation has motivated the development of a wide range of optical de-
vices 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. In this paper, 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 investigation, which
involves skin specimens with distinct biophysical and morphological charac-
teristics, is supported by controlled in silico experiments performed using a
predictive light transport model and measured data reported in the biomed-
ical literature. We also propose a noninvasive procedure to be employed in
the monitoring of this condition at the point-of-care.
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Chapter 1

Introduction

Although recent advances in optical technologies are enabling remarkable

improvements in the prevention and timely treatment of a wide range of dis-

eases, 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 pro-

cedures and devices for the screening and monitoring of pervasive medical

conditions such as anemia, which can compromise the health of individuals

of all ages, races, and ethnicities [77]. According to the World Health Or-

ganization (WHO), approximately one quarter of the human population is

affected by anemia, and this medical condition represents a public health

1



problem in both industrialised and non-industrialised countries [49, 20].

Anemia is a blood disorder usually associated with a decrease in the

number of red blood cells (RBCs) [69] encapsulating hemoglobin proteins

[69]. The two functional forms of the hemoglobin (Hb) proteins, namely

oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb) [6], correspond to the

oxygenated and deoxygenated states of hemoglobin molecules, respectively,

which play a pivotal role in the maintenance of an individual’s normal physi-

ological status. While a O2Hb molecule contain iron atoms in a ferrous state

that allows them to bind with oxygen, a HHb molecule contains iron atoms

in a ferric (oxidized) state that prevents this binding.

There are three main types of this disorder, namely iron-deficiency anemia

(IDA), pernicious anemia and hemolytic anemia [77, 69]. These are elicited

by different factors that can alter the production of healthy RBCs by the bone

marrow. This complex 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 WHO, it is one of the main factors contributing to the

global burden of diseases [49, 20]. In the case of pernicious anemia, it is

primarily caused by an insufficient absorption of vitamin B12. Hemolytic
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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 [48]. This,

in turn, not only compromises an individual’s overall health, but it may also

lead to life-threatening situations [77, 69]. Although the Hb concentration

in the blood alone cannot be used to diagnose anemia, it can provide useful

information for determining its severity level [77]. Accordingly, several opti-

cal devices and image-based procedures have been proposed for the low-cost

estimation of Hb concentration. These devices and procedures can be loosely

divided into two groups: invasive and noninvasive.

Devices belonging to the invasive group tend to provide more accurate
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results since they perform in vitro measurements on actual blood samples

[60, 13]. However, they may still be subjected to errors during the collection

and chemical analysis of the samples [42, 14]. 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 noninvasive group,

on the other hand, perform in vivo estimations that rely on the spectral

responses of human skin to variations in Hb concentration [17, 23, 40, 83,

74]. Hence, their predictive capabilities depend on the correctness of the

algorithms employed to derive biophysical parameters from reflectance mea-

surements. Since these algorithms usually involve the inversion of models

used to simulate the complex interactions of light with various skin tissues

and constituent materials, their estimations may be biased by several factors.

These include, for example, inacurracies in the models [7], shortcomings of

the formulations used in their inversion [67] and, in the case of image-based

procedures, issues related to metamerism, the phenomenon whereby colors of

specimens match under specified observation conditions despite differences

in the specimens’ spectral reflectances [34, 54].

In general, the fidelity of the devices and procedures belonging to ei-
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ther 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 [81]. Furthermore, in certain in-

stances (e.g., involving spectrophotometry-based monitoring technology such

as pulse oximeters [42]), data is collected and analyzed off-line to determine

Hb concentrations using proprietary software tools whose underlying algo-

rithms 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 monitoring of this medical condition, we believe that it is

necessary to examine their related theoretical and practical constraints from

different perspectives. Accordingly, in this thesis, we aim to contribute to

these efforts by investigating these constraints using a bottom-up approach.

More specifically, we initially assess the sensitivity of human skin hyperspec-

tral 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 demon-

5



strate that, although possible variations on skin appearance attributes (e.g.,

yellowness) can be interpreted as a sign of anemia onset in some patients [77],

such visual inspections can be hindered by several physiological (e.g., skin

pigmentation) and technical factors (e.g., spectral power distribution of the

illuminants). Alternatively, our findings indicate that it is possible to moni-

tor distinct levels of severity of this medical condition using relatively simple

noninvasive spectral measurements that are not masked by these factors.

Computer simulations [73, 67, 8, 50], or in silico experiments [71], are rou-

tinely being employed to accelerate the different cycles of biomedical research

involving optical processes that cannot be fully studied through traditional

laboratory procedures due to logistic limitations. Among these limitations,

one can highlight the difficulties of performing in vivo measurements, notably

requiring a wide variety of human tissues which may not be available in the

first place, as well as the large number of biophysical variables and measure-

ment parameters that need to be controlled during actual experiments. In

order to overcome these limitations, the investigation presented in this thesis

is also supported by controlled in silico experiments. These are performed

using a recently developed hyperspectral light transport model for human

skin, henceforth referred to as HyLIoS (Hyperspectral Light Impingement
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on Skin) [16].

The remainder of this thesis is organized as follows. In the next chapter,

we describe our in silico experimental framework, including the biophysical

data used to characterize the skin specimens considered in our simulations,

and introduce the sensitivity measure employed in this investigation. In

Chapter 3, we present our results and discuss their practical implications

regarding the noninvasive monitoring of anemia. Finally, in Chapter 4, we

close the thesis and outline directions for future research in this area.
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Chapter 2

Methodology

In this chapter, we will talk about the model we are using for this study as

well as the different parameters we are considering for skin specimens. We

will show the methods and procedures we used in order to draw our results.

2.1 Simulation Framework Overview

HyLIoS, capable of predictively simulating both the spectral and spatial dis-

tributions 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 attenuation agents, namely the melanosomes, the organelles encapsu-

lating melanin in an aggregated form [55]. In fact, it employs a first princi-
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ples 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 (250-400 nm),

visible (400-700 nm) and near-infrared (700-2500 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 [41]. In addition,

one can obtain directional-hemispherical reflectance quantities by integrating

the outgoing rays with respect to the collection hemisphere using a virtual

spectrophotometer [10].

To enable the full reproduction of our investigation results, we made

HyLIoS available online [52] via a model distribution system [9] along with

the supporting biophysical data (e.g., refractive indices and extinction co-
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efficients) used in our in silico experiments. This framework enables re-

searchers to specify experimental conditions (e.g., angle of incidence and

spectral range) and specimen characterization parameters (e.g., pigments

and water content) using a web interface, and receive customized simulation

results.

2.2 Experimental Sets and Specimen Char-

acterization Data

Usually the assessment of changes in skin appearance attributes is performed

considering nonpalmoplantar areas normally exposed to light such as the

face and the back of the hand. However, the noninvasive measurement of

blood related properties is usually at hypopigmented sites less affected by

the presence of melanin such as the palmar fingertips (Figure 2.1).

Although the reasons for the choice of measurement site may be com-

mon knowledge among practitioners in this area, however, to the best of our

knowledge, it has not been explicitly stated in the literature. In fact, this

has been one of the main catalysts for this investigation.

Accordingly, our investigation involved two sets of in silico experiments.
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Figure 2.1: 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 (right) pigmented subject. The camera was placed above the
specimens and the ambient (non-directional) illumination was provided by
fluorescent lamps.

In the first set, we employed HyLIoS to generate directional-hemispherical re-

flectance curves depicting the spectral effects of reduced Hb concentrations in

nonpalmoplantar areas characterized by average pigmentation and morpho-

logical parameters such as the dorsal surface of the fingers. In order to expand

our scope of observations, these simulations were performed considering skin

specimens with different levels of pigmentation, henceforth referred to 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 aggregated forms) and

the functional hemoglobins, whose absorption spectra is depicted in Figure

2.2. In the second set, we repeat the simulations for the hypopigmented ar-

eas, more specifically the palmar fingertips of the LP and DP specimens. In
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