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ABSTRACT Medical practice for determining haemoglobin (Hb) concentration, which is important for
anemic patients in need of blood transfusion, requires a blood sample. In this paper, we propose a
non-invasive approach to Hb estimation based on the image analysis of a specific conjunctival region. Our
goal is to develop a device that is not expensive and simple to use for assessing the anemic condition; this
device could be used by the physician to decide whether to take a blood sample or even by a patient at
home to decide whether to inform a physician; in this way, we can avoid having the patient go frequently
to the laboratory to take a blood sample. This device also allows us to rapidly screen for Anemia in a large
number of persons, for example, groups of girls who are at the beginning of the menses. Here, we detail
the prototype of our device and the methodology for extracting key information from the color values of the
acquired image. Tests conducted on 113 anemic and healthy persons show a strong correlation between the
real Hb value obtained through blood sampling and the value estimated by our device. A k-nearest neighbor
classification algorithm for assessing the (non)anemic condition yielded good results and helps doctors avoid
a significant number of blood tests.

INDEX TERMS Anemia, haemoglobin, conjunctiva, non-invasive, image analysis.

I. INTRODUCTION
Anemia is a global public health problem with major
consequences for human health. The World Health Organi-
zation (WHO) estimates that some two billion people are
anemic, which is defined as Hb concentrations that are below
the recommended thresholds [1], [2].

Anemia is defined as a decrease in the red blood cells
circulating in the blood or as a decrease in the concen-
tration of Hb: hence, it is a reduced ability of the blood
to transport oxygen. It originates mainly from nutritional
factors (iron deficiency, vitamins and minerals), infectious
diseases (malaria, intestinal parasites) or genetic factors
(haemoglobinopathies) [3], [4]. These factors can occur in
isolation but are frequently associated. Iron deficiency Ane-
mia is the most common nutritional deficiency, and it causes
thousands of deaths (allianceanemia.org); it is also responsi-
ble for increased morbidity and mortality in pre-school chil-
dren and pregnant women. In 2002, iron deficiency Anemia
was considered to be among the most important contributing
factors to the global burden of disease [5].

Anemia has a slow evolution: normally, no obvious symp-
toms appear for Hb>9-10 g/dl, since the human body imple-
ments compensatory mechanisms, such as increasing the
amount of blood pumped, in such a way that the amount
of oxygen released to the tissues remains almost unchanged.
When the compensation can no longer guarantee an adequate
dose of oxygen, symptoms such as fatigue, paleness, irri-
tability, increased heart rate, insomnia, headache and many
others appear. The clinical report, in most cases, is ambiguous
and difficult to delineate. In addition, Anemia is often not
diagnosed or adequately treated in chronic patients for whom
it is an important risk factor (including mortality) and has a
significant impact on the quality of life.

Regardless of its aetiology, since a severe degree of Ane-
mia compromises the cell oxygen availability and causes
damage that ranges from damage to vital organs to a
potentially life-threatening condition, in many cases, anemic
patients must be transfused based on their Hb level, which
can fluctuate day by day. Anemia is assessed by measuring
the level of Hb, a protein in the red blood cell that is the most
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reliable indicator of Anemia, because Hb supplies oxygen
to all of the cells of the body. Standard clinical methods to
diagnoseAnemia primarily rely on the invasive determination
of blood Hb, which requires venepuncture performed by a
nurse or a physician. Frequent blood sampling leads to the
patient’s discomfort, and the requirement of going to a labo-
ratory or calling a nurse involves considerable expense.

In fact, it is of great interest to study methods and to design
instruments to monitor the concentration of Hb in a non-
invasive way, with reduced costs, both in the laboratory and
at the patient’s home, sometimes even daily.

Many studies show great interest in the pallor of body
parts to estimate Anemia. As an example, Aggarwal et al. [6]
studied the validity of palmar pallor for the diagnosis of Ane-
mia among children aged 6–59 months. Tsumura et al. [7]
studied skin color and texture analysis/synthesis by extracting
Hb and melanin information in the skin. Additionally, [8]
reports studies on the relationship between skin and Hb.
Spinelli et al. [9] compared the analysis of palmar and con-
junctival pallor to detect Anemia: they found that there was a
greater level of sensitivity to conjunctival pallor than to pal-
mar pallor. Other studies found correlations between clinical
signs such as pallor to Anemia; in [10], Kalter et al show
the usefulness of clinical signs in the detection of Anemia,
which suggests the feasibility of adding conjunctival pallor
to the Integrated Management of Childhood Illness (IMCI),
a strategy designed to reduce child mortality and morbidity in
developing countries. Hasan et al [11] and Wang [12], [13]
present image processing of a fingertip video to investigate
the relationship between the image pixel information and dif-
ferent Hb (Hb) levels. Additionally, in this case, the estimate
of Hb is strongly influenced by the color of the skin or by
simple tanning.

For many years, physicians in common practice have esti-
mated Anemia in people by observing the eyelid conjunc-
tiva. This practice is still widespread in many disadvantaged
areas of the earth. Observing the eyelid conjunctiva can pro-
vide information for suspecting Anemia, as several studies
suggested. In [14], the presence of conjunctival pallor was
utilised for Hb determination, and the authors reached 95%
discrimination accuracy between anemic and non-anemic
patients based on an evaluation of conjunctival pallor, consid-
ering a cut-off of 90 g/L for the Hb concentration. A similar
approach is described in [15], but the authors stated that
conjunctival pallor evaluation is strongly influenced by the
observer. Indeed, the physician’s experience is crucial in this
type of examination. In [9], Spinelli et al. conclude that it
was still early to recommend the routine use of this tech-
nique (2003); however, it could promote substantial savings
if perfected. The common factor in all of the cited works is
that the evaluation of conjunctival pallor is not objective, and
it requires direct judgement of expert physicians. In recent
years, there has been an increasing interest in the use of digital
images of the palpebral conjunctiva to make a non-invasive
estimate of Anemia. In the next section, we will detail related
work that addresses Anemia evaluation based on digital

image processing. In Section III, we introduce our novel
methodology and the new acquisition device. The results
obtained with 113 patients (29 of them anemic, 84 healthy)
are discussed in Section IV, and Section V presents the con-
clusions of our study.

II. RELATED WORK
Non-invasive approaches are extremely important for patients
who need frequent blood tests, and recent improvements in
image analysis have enabled promising methodologies to be
developed.

In recent years, new and interesting approaches to objec-
tively correlate the eyelid color with the Hb concentration
based on digital images of the palpebral conjunctiva have
been proposed. As an example, in [16], Sanchez-Carrillo et al.
used a colorimetric tool to compare different color shades
with the conjunctiva. Hence, they achieved interesting sen-
sitivity and specificity levels in screening Hb concentrations.
Additionally, in [17], Suner et al analysed color features of
digital images of the conjunctiva. They utilised a standard
grey card with a known RGB value to compare pictures
acquired under different lighting conditions. In their exper-
iment, they utilised an evaluation software that ran on a
Personal Digital Assistant (PDA), which considered the RGB
color model and found a moderate correlation between the
Hb concentration calculated in situ and the Hb concentration
measured in vitro. Another very interesting study is reported
in [18], where the authors use 18 possible features, including
a newly added entropy feature. In [19], Chen and Miaou
propose a combined approach that consists of a modified
Kalman filter and penalty regression for non-invasive Anemia
detection basing on the analysis of digital images of the
palpebral conjunctiva, and they effectively reduce the number
of suspect samples. In [20], the combination of a stochastic
photon propagation model in a multi-layered human eyelid
tissue and reflectance spectroscopy was used to study the
spectral reflectance of palpebral conjunctiva for Hb deter-
mination. The extracted Hb levels were compared with in
vitro measurements of Hb; the method showed 86% sensitiv-
ity estimates for clinically diagnosed Anemia cases. Unfor-
tunately, the results were obtained using sophisticated and
expensive clinical equipment that is not suitable for utilisation
in home settings. In our previous work [21], we also estimated
Hb levels using a digital image of the eyelid conjunctiva:
different from [16] and [17], our approach did not require a
comparative card to determine the color of the conjunctiva,
due to the design of a specific device that was made of two
components: the hardware and software modules (see fig. 1).

The device consists of a head-mounted plastic passive
viewer (similar to a Google cardboard) that solves some prob-
lems, including the influence of ambient light. As evidenced,
we found a moderate correlation (0.49) between a∗ (CIELAB
component) value of the image of the palpebral conjunctiva
taken through the above device and the Hb values. Further-
more, to predict the need for blood transfusion, we used
a binary classifier based on a Support Vector Machine
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FIGURE 1. (a) the previous acquisition device, and (b) its use.

(SVM), and the resulting indexes were 84.4% (accuracy),
82.4% (specificity) and 100% (sensitivity). The results were
obtained with 77 patients (9 of them anemic, 68 healthy).
In [18], the authors, citing [21], say that ‘hopefully, such
a device can become popular and affordable in the future’;
however, we believe that the device is still quite cumbersome
and expensive for home use. The result was very encouraging,
but the experiment should be extended to a larger number of
patients to ascertain if that methodology can truly be used
to avoid unnecessary blood transfusion or blood sampling to
detect the current degree of Anemia.

Also in this paper, we evaluated the possibility of esti-
mating the Hb level through a digital image of the eyelid
conjunctiva. Due to the design of a new device and new
software running on a common smartphone, we obtained a
satisfactory result that will be detailed in the next sections.

III. THE NEW METHOD
In this section, we describe the method utilised to capture
the image of a patient’s conjunctiva based on a new device
that we have designed. We would like to recall that to design
an effective tool for estimating the condition of Anemia
through the use of digital images of the palpebral conjunctiva,
the problems to be solved are the following:
• Creation of a low-cost device that is easy to use and not
bulky

• Making use of the device even at home by the patient
• Make the device insensitive to ambient light
• Obtain an estimate of the Anemia condition instantly
• Reduce the risk of false interpretation of the condition
of Anemia to zero

• Allow remote diagnosis by the doctor or even a ‘second
opinion’

The new system is shown in Fig. 2. It consists of 3 com-
ponents: modified macro-lens (left), smartphone (acquisition
process, center) and the software module (right).

A. THE LENS
Most likely, the most important part of the new acquisition
device is the modifiedmacro-lens shown in Fig.2 (drawing on
the left) and Fig. 3a and 3b. This lens is a specific macro-lens
to use with a smartphone to take high-resolution images at a
reduced distance. This new lens was obtained by modifying

FIGURE 2. The new acquisition device and software (drawings from the
patent application).

the Aukey PL-M1 25 mm 10x macro lens with a satin glass
spacer. In the prototype that we created for experimentation,
we applied LED lights around the spacer, and we isolated
it with dark tape. In front of the lens, we applied a rubber
ring that can be easily placed around the area of the eye to be
photographed. The LED light can be powered directly from
the smartphone or from a battery applied to the cover of a
smartphone (in Fig.3a the power bank next to the lens was
used). The lens is fixed on the plastic cover as in fig. 3b. In this
way, we obtain an image acquisition device that is insensitive
to the ambient light and capable of acquiring an image of the
high-resolution conjunctiva as in figure 3c.

B. THE SMARTPHONE
The acquisition of the images for the purpose of the exper-
iments illustrated in the following sections was conducted
using 2 smartphones, an Apple iPhone 4S and a Huawei
p7. We have not paid particular attention to the choice of
smartphone because our ultimate goal is to make a general
use system. In the future, we will study the introduction of
specific parameters in the software, while the smartphones
vary, if this approach allows us to increase the accuracy of
the detection. The internal flash of the smartphone has been
deactivated.

C. THE SOFTWARE MODULE - Hbmeter
The Hbmeter software is designed and integrated into the
system and is written in Java. It allows the acquisition of
images of the eye, assisted selection of the conjunctiva and
the calculation necessary to ascertain the condition of Ane-
mia. It is designed to record the patient’s historical data,
which can be consulted in both graphic and numerical form.
It also includes a form for automatically sending patient data,
images and indexes calculated to a doctor by email; if neces-
sary, the doctor can remotely check the quality of the acquired
images and the conjunctiva selections made by the patient
and can evaluate the need for further tests by blood sampling
and laboratory analysis. Fig. 4 shows some screenshots of the
Hbmeter software.

Standard colorimetry practices require a reference element
to be captured together with the subject being photographed,
to extract reliable color values from a digital image. Con-
versely, we designed the acquisition device to prevent exter-
nal light sources, in such a way that correlation between color
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FIGURE 3. The modified macro-lens and the eyelid image captured.

values and Hb concentrations could be explored without any
color reference or any other per-subject calibration strategy.
The patients are asked to apply the device on their face and
to pull their eyelid down with their finger (or with the help
of a physician or a relative); then, the picture is shot using
the client application on the smartphone, which requires the
LEDs to be switched on. The acquired photo is considered
valid if the eyelid of the conjunctiva is largely visible. As can
be seen in fig. 4d, in the Hbmeter, we designed an assisted
eyelid selection module based on the SLIC superpixel algo-
rithm [22], to facilitate the eyelid selection by tracing an
approximate curve with a finger on the touch screen of the
smartphone (see the green pixels in fig. 4d). After taking the
photo the SLIC superpixel algorithm defines the boundaries
of the micro-zones shown as blue meshes in Figure 4 c, d, e.
In the next step, the patient can improve the above selection
by eliminating/adding micro-zones that correspond to super-
pixels, simply by tapping on the touch. Other studies have
been conducted on the automatic selection of this region of
interest [23].

The short description of the Hbmeter software that we have
reported in this section has the purpose of making clear how

FIGURE 4. Screenshots of the software Hbmeter. (a,c) image acquisition;
(d) eyelid assisted selection; (e) selection check; (b) estimated and
historical values of the patient.

much the device can be easily used by the patient or the
doctor, while the algorithms used, the dataset and the results
obtained will be shown in the next sections.

IV. ESTIMATE OF THE CONDITION OF ANEMIA
In this section, we describe the methodology utilised to anal-
yse the image of the patient’s conjunctiva. The analysis and
results presented here are related to an offline workflow,
i.e., data are processed after the acquisition phase. First,
we can note that the color evaluation of the conjunctiva is
performed here based on the CIE L∗a∗b∗ color space. This
color space describes all of the colors that are visible to the
human eye mapped onto a three-dimensional integer space
for a device-independent digital representation. This repre-
sentation is intended to approximate human vision, i.e., the
nonlinear response of the eye: uniform changes of the above
components correspond to uniform changes in the perceived
color, and thus, the relative perceptual differences between
any two colors in L∗a∗b∗ can be approximated by treating
each color as a point in a three-dimensional space (with three
components: L∗, a∗, b∗) and taking the Euclidean distance
between them [24]. Commonly, the three coordinates L∗, a∗,
and b∗ are absolute, with a pre-defined range. L∗ (Lightness)
represents the darkest black at L∗ = 0 and the brightest
white at L∗ = 100, while a∗ and b∗ are color channels.
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In (a∗, b∗) Cartesian coordinates, the origin represents neutral
grey. Opponent red and green colors are represented on the a∗

axis, with red at a∗ > 0 and green at a∗ < 0, while opponent
yellow and blue colors are represented on the b∗ axis, with
yellow at b∗ > 0 and blue at b∗ < 0. In [21], Bevilacqua et al
show that positive a∗ values are fine indicators for the redness
of the conjunctiva. To establish a correlation between the
acquired image and the Hb values of a patient, each RGB
triplet is mapped to a single numerical value that indicates
the red content of the color as seen by the human eye. The
original image is processed with an RGB→CIE 1976 L∗a∗b∗

color scale conversion.
As mentioned in the previous section, we developed

algorithms for automatically/assisted segmenting the eyelid
image, but they will be applied in a future working system
to enable patient-driven, autonomous Anemia assessment.
To create a gold standard dataset for the specific area of the
conjunctiva to be examined, the palpebral conjunctiva of the
acquired samples were manually segmented by a haematolo-
gist, and the mean a∗ value of the pixels in the target area was
extracted. As we will explain later, the mean values of b∗ and
G (of the RGB components) are also calculated.

The statistical analysis was performed on data from
113 participants (63 men, 50 women) who were recruited,
and they were tested after their informed consent. In par-
ticular, the participants came mainly from the Hematology
Departments of Istituto Tumori ‘‘Giovanni Paolo II’’ and
‘Di Venere’ Hospital (Bari, Italy) and from ‘Perrino’ Hos-
pital (Brindisi, Italy). A few participants were volunteer
blood donors recruited at the transfusion centre of Azienda
Ospedaliera-Universitaria Policlinico di Bari. Because the
color of the conjunctiva is not affected by ethnicity, lack of
demographic diversity was not a concern in our study. Each
subject allowed one blood sample from which the Hb (Hb)
value was acquired. Simultaneously, the images of the sub-
jects’ conjunctiva were acquired using the device described
in the previous section.

With the aim of testing the reliability of the measurement
under conditions similar to the probable working conditions,
no specific data cleaning was performed at this stage. Indeed,
no particular attention was paid to the photo acquisition
phase. In the dataset, some conjunctivae are not perfectly in
focus, and sometimes there are small shaded areas or bright
spots, but most of them were eliminated by applying a simple
brightness filter (see below). We were assured only that the
acquired images were well illuminated (the lightness we
discuss later) and that the palpebral conjunctiva was exposed
as best as possible.

We base the anemic condition on a three-level evaluation
scheme that considers the uncertainty or possible classifica-
tion error for the samples located around the borderline sep-
arating Anemia and non-Anemia. Specifically, we estimate
the patient’s condition as high-risk (Hb<10.5 g/dl), doubtful
(10.5 < Hb < 11.5), and low-risk (Hb > 11.5), in terms of
the chance of having Anemia.

After many experiments, we obtained the best classifica-
tion result by considering 3 features in total, namely, a∗,
b∗ and the G value extracted from the RGB component
images.

Input data were filtered based on the values of L and the
R,G,B components. Specifically, the mean values of the fea-
tures a∗, b∗ and Gwere calculated considering only the image
pixels that showed minL < L < maxL and min < R=G= B
<max (see next section). This last filtering assures that image
pixels that are too dark or bright are discarded, and thus, only
pixels that allow a correct pallor evaluation are considered
by the system presented here. A kNN classifier and a 10-fold
cross-validation test were used to estimate the risk of Anemia
by means of the digital images of the conjunctive that were
acquired.

V. EXPERIMENTAL RESULTS
In Figure 5 (a), the relationship between the palpebral con-
junctiva a∗ mean values and the measured Hb (n = 113)
is reported. The Pearson Correlation Index is 0.726, which
we consider to be a good result for the conditions in which
the experiment was conducted and without any data clean-
ing. Furthermore, we observed a significant influence of the
lightness of the conjunctiva images. Indeed, the images were
acquired without any specific care, then small shaded areas
or some bright spots determined by the tear film present in
the conjunctiva could appear. To make clear the influence of
these effects on the correlation index, and therefore on the
final estimate of the condition of Anemia, we performed two
different experiments.

In the first experiment, we excluded from the dataset all
images of palpebral conjunctiva with the mean value of L∗

outside the interval [40, 65], as determined experimentally.
By limiting the L∗ interval to between 40 and 65, only 74 sam-
ples were considered, and the correlation index reached the
maximum value of 0.806. For the whole dataset, the mean
value of Hb measured in the laboratory is 12.86, and the
standard deviation is 2.40, and while excluding 39 samples
outside the brightness range described above, the mean and
the standard deviation of Hb are 13.03 and 2.44, respectively,
and thus, there is a negligible difference in the sample distri-
bution. In figure 5 (b), the relationship between the palpebral
conjunctival a∗ mean values and the measured Hb (n = 74,
40< Lmean <65) is reported.

In the second experiment, we considered all 113 samples.
In this case, the average of the a∗ component of each con-
junctiva was calculated while considering only the pixels
with 28 <L <82 and 16 <R = G = B <233, as deter-
mined experimentally. In this way, the pixels with grey val-
ues that are too dark or too light are excluded from the
calculation of the average of a ∗, b ∗ and G. In this sec-
ond case, the correlation is, however, increased to 0.745.
Therefore, we decided to choose this second mode, which
allows us to obtain excellent results based on the entire
dataset.
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FIGURE 5. the relationship between the palpebral conjunctival a∗ and
measured Hb – 113 samples (a); the same relationship with 40< Lmean
<65 – 74 samples (b).

Considering the results of these two experiments, we will
add to the acquisition system a module of brightness control
of the acquired and selected conjunctiva, in such a way that
the patient or the doctor is invited to repeat the acquisition
and the selection of the conjunctiva if the average brightness
of the conjunctiva image does not fall within a recommended
range.

As evidenced, we found a strong correlation between the
Hb values measured on the blood samples and the a∗ values
calculated on the images taken with the new device and the
methodology presented in the previous sections.

We also measured the correlation index between the Hb
values measured on the blood samples and b∗ (0.268 -
weak) and the G mean values (−.490 - inverse, moderate),
while considering only the pixels with 28 < L < 82 and
16 < R = G = B < 233. The correlation values among
the features were a∗-b∗ = 0.259, a∗-G = −0.552 and
b∗-G = −0.280.
The three features a∗, b∗ and G concur in obtaining a

precise estimate of the condition of Anemia by means of a
kNN classifier. Based on the estimate of the features Ga∗b∗

and the filtering image pixels as described above, we obtained
the best performance that we could expect, in which false
negatives=0. In fact, we specifically focused on avoiding
false negatives rather than achieving the highest overall per-
formance. The reason is that false positives would require
healthy subjects to undergo blood testing, thus making the
proposed system ineffective in some cases (and this is not a
problem); in contrast, false negatives would not trigger any
alerts, e.g., for subjects in need of a transfusion, thus making
the system potentially harmful. The overall system perfor-
mance is very good, also, as can be seen in the confusion
matrix in Table 1.

TABLE 1. The confusion matrix of the classifier is shown: anemic subjects
are labelled positive, while the others are labelled negative or doubtful.

The software module is not currently customised to the
patient, but we expect significant performance improvements
(for example, in terms of the correlation between Hb and
a ∗ or other features) after adjusting the parameters for
each individual patient. In addition, the conjunctiva that
we used for the experiment are acquired without particular
care, so much so that some are blurred, and they sometimes
have shadows or some missing parts; this approach is to
simulate a condition of real use by the patient, even those
non-specialised in manipulating electronic tools to capture
images. We expect further performance improvements by
customising the parameters based on the gender and age of
the patients.

VI. CONCLUSION
In this paper, a new method and a non-invasive device to
estimate Anemia based on digital images of the conjunctiva
have been presented. A new device for the acquisition of
a subject’s conjunctiva that is not expensive and simple to
use was constructed. Image processing in the CIELAB color
space was utilised to correlate the a∗ value of the conjunctiva
areas and Haemoglobin values. Our results were achieved
without any sample selection based on clinical conditions
and the participants’ gender. To avoid unnecessary blood
sampling, a kNN classifier was set up to determine whether
a subject needs a transfusion or at least attention from a
physician. The results obtained could considerably reduce
the number of candidate subjects for blood sampling because
the assessment could be performed by simply considering
the a∗, b∗ and G values but also highlighting the state of
Anemia of people at risk, such as girls in their menses period.

Moreover, because Anemia involves more than one clinical
symptoms, such as increased heart rate or reduction of blood
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pressure (which can be detected using currently available
non-invasive devices), the results provided by our system
could be utilised together with the data coming from other
examinations to further reduce the number of patients who
are required to undergo blood sampling. In our work, the kNN
classifier was tested on 113 cases; we are collectingmore data
to test the performance of the classifier on a larger number of
people and in a short time will start screening girls in middle
school.

In addition, future development will include an investiga-
tion of methods for automatic discarding of images that are
not suitable for this analysis, (i.e., due to eye irritation or to
acquisition error) based also on lightness evaluation. This
acquisition system can be used without the need for a physi-
cian. As a result, patients will be able to autonomously realise
the examination using their mobile phones and to obtain
results immediately.

The full automatic segmentation of eyelid image needs
further research, whilemanual segmentation and assisted seg-
mentation of eyelid image described in section III both allow
to get good results. Of course risks can arise from an incorrect
segmentation. For this reason, the system provides for the
automatic sending of data to the specialist who can perform
a remote verification. It should however be kept in mind
that the intended use of our system is mainly for extended
screening (and therefore guided by specialized personnel)
and to monitor patients who have overt diseases. Therefore,
it is possible to instruct them to the correct use of the device
and then mitigate risks.
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