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Abstract— Anaemia - a reduced concentration of functional 
haemoglobin in the blood - affects around 20% of the global 
population. As a result, there is focus on developing non-invasive 
methods to screen for anaemia. A promising group of techniques 
uses smartphone imaging of external tissues. Because 
haemoglobin preferentially reflects red light, by measuring the 
colour (‘redness’) of blood vessels (or tissues as a whole), it is 
suggested that blood haemoglobin may be estimated. However, 
a potential issue is that ‘redness’ might depend not just on the 
severity of anaemia, but also upon the ‘physiological structure’ 
– i.e. the vessel density, vessel depth, and vessel diameter. We 
performed Monte-Carlo tissue optics simulations to investigate 
the potential impact of these structural factors on measurement 
of colour in the scleral conjunctiva. We found that within 
reasonable ranges of physiological structure, it is possible to get 
similar redness between severely anaemic (2.35 g/dL) and non-
anaemic (15 g/dL) blood haemoglobin concentrations.  This 
suggests that simple measurement of the redness of external 
tissues may not be suitable for detecting anaemia. 
 

Clinical Relevance— Pallor of external tissue is commonly 
used as a hallmark of anaemia. These results suggest that pallor 
may arise not only from anaemia, but also from variation in the 
physiological structure of the eye. 

I. INTRODUCTION 

Anaemia affects more than 2 billion people and is 
characterised by a low concentration of functional 
haemoglobin within the blood [1]. Access to care remains a 
major challenge in the eradication of anaemia, and improved 
diagnostics could help address this problem [2]. 

Pallor – a characteristic paleness of external tissues – is a 
clinical sign of anaemia [3]. When screening for anaemia, the 
palm, conjunctiva of the lower eyelid, and nailbed are 
commonly examined – although a meta-analysis suggested 
that this tool is not as clinically sensitive as a blood test [4]. 
Particularly for mild anaemia, using pallor to judge anaemia 
can be challenging. Sensitivity and specificity of using pallor 
to detect mild anaemia have been reported below 75% [5], 
which is unlikely to be clinically useful as a singular tool for 
diagnosis [6]. When detecting severe anaemia, judgement of 
pallor is more likely to be accurate [7], but overall performance 
and inter-observer variability remain issues [8]. Using an 
objective measuring tool to measure colour to quantify pallor 
might improve this situation.  

Smartphone colorimetry has become an emerging 
technique for non-invasively screening for anaemia, by 

 
 

predicting blood haemoglobin concentration using the colour 
of external tissues. This can be carried out on the nailbed [9] 
or on other areas with limited pigmentation, such as the sclera, 
with generally mixed performance [10], [11], [12]. Most 
techniques have three main steps: they firstly adjust for 
varying ambient lighting, after which they select pixels of 
interest, and finally they extract a ‘redness measure’ from 
which haemoglobin can be predicted. 

Many of these smartphone colorimetry techniques involve 
measuring the colour of the vasculature on the eyelid, or the 
anterior segment of the eye. For example, [13] showed good 
performance screening for anaemia by identifying vessels in 
images of the sclera and extracting ‘redness metrics’ such as 
erythema index (a log of the ratio of red to green in the image). 
Other techniques implicitly extracted the pixels containing 
vessels – for example, by selecting the reddest pixels on the 
sclera [11].  

The general principle underlying this colorimetry is that 
when the concentration of a protein containing a chromophore 
(such as haemoglobin in anaemia) or a pigment (such as 
bilirubin in jaundice) is altered, the attenuation coefficient μ of 
the blood or tissues changes. If the illumination and material 
thickness remain the unchanged, then any change in the output 
spectral power distribution can be attributed to this altered 
attenuation coefficient. This allows working backwards to 
estimate the underlying concentration of the pigment. In 
anaemia, the pigment of interest is haemoglobin itself, which 
has a characteristic high reflectance in the red wavelengths of 
light. 

In physiological materials, the attenuation coefficient μ is 
the result of two separate processes within the material, 
absorption (represented by absorption coefficient 𝜇!) and 
scattering of photons (represented by the scattering coefficient, 
𝜇"). In the simplest case of a pigment which is uniformly 
distributed throughout a medium, the attenuation coefficient 
𝜇! can be expressed in terms of the molar concentration of the 
pigment c, and an intrinsic property of the pigment called the 
molar extinction coefficient ε: 

 𝜇! = ln(10)𝜀𝑐 (1) 

The absorption coefficient 𝜇! represents a scale factor 
influencing the probability of a photon being transmitted, P(T), 
after a path length L as per Eq. (2): 

 𝑃(𝑇) = exp	(−𝜇!𝐿) (2) 
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Path length variation, for example due to changes in vessel 
diameter, as well as variations in 𝜇! and 𝜇" due to other 
chromophores, will therefore influence the observed colour.  
This means that the measured colour may not depend primarily 
on the concentration of haemoglobin, but also on the vessel 
diameter and tissue composition. 

II. FACTORS AFFECTING REDNESS OF OCULAR VESSELS 

As shown in Fig. 1, redness of the sclera can vary even within 
the same participant. The aim of this work is to investigate the 
relative effects of haemoglobin concentration, vessel 
diameter, and other relevant physiological factors on the 
redness of the sclera, using a Monte-Carlo-based scleral 
colour model. 

 
Figure 1.  Two images of the same sclera of one participant. (A) 
appears redder than (B) from increased vessel density and more 
superficial vessels. 

A. Vessel diameter 
Within each eye, there are a wide range of vessel diameters 

– likely from around 10µm [14] up to at least 250 µm. In 
previous research, assumptions have typically been made that 
vessel diameter, averaged over the entire sclera, would be 
comparable between participants, except in cases where there 
were specific, obvious confounding factors such as 
conjunctivitis [11]. However, there is a substantial body of 
evidence to suggest that capillary diameter in external tissues 
can vary with hypertension – for example, during pregnancy 
[15]. The pressure within the capillary might also vary with 
temperature [16], which might lead to a resultant change in the 
capillary diameter due to the force on the vessel wall. 

Since Equation 2 establishes that light transmission 
depends on both 𝜇! (which depends on concentration of 
haemoglobin) and L, an objective of this research is to measure 
the relative magnitude of colour change from variations in 𝜇! 
and L, to determine whether changes in vessel diameter might 
be confused with changes in haemoglobin concentration. 

Vessel diameter may be especially important because it 
does not only affect path length L, but there are also additional 
small-scale fluid-dynamic effects affecting 𝜇!. In whole 
blood, absorption of haemoglobin may not behave as in a 
homogeneous solution due to the pigment packaging effect 
[17]. The pigment packaging effect arises because 
haemoglobin in blood is packaged in high concentrations 
within red blood cells and is at virtually nil concentration 
within the plasma. This pigment packaging means that the 
overall absorption of the blood is slightly reduced – although 
this effect has only a small magnitude. Furthermore, the local 
concentration of haemoglobin may be reduced in small vessels 
compared to the circulatory system as a whole, due to the 

Fåhræus effect [18], [19]. The Fåhræus effect describes 
reductions in the local concentration of haemoglobin in narrow 
vessels due to the formation of a red blood cell-free boundary 
layer around the edges of the vessel, which makes up a 
significant proportion of the cross-section of some vessels in 
the microvasculature 

B. Vessel density 
Vessel density is a commonly used metric which quantifies 

the proportion of a volume which is occupied by blood vessels 
[20]. In the case of the sclera, we might consider a simplified 
version of vessel density, defined as the proportion of the area 
of the sclera which is covered with visible blood vessels. This 
would depend upon both the number of vessels, and the 
diameter of vessels. A greater vessel density might lead to a 
greater average redness of the sclera, even if blood 
haemoglobin remains the same. 

C. The sclera as an absorbing and scattering medium 
The sclera consists of intertwined collagen fibrils, each of 

which has a diameter of between 25 and 230nm [21]. These 
fibrils both scatter and absorb light. This means that the depth 
of blood vessels within the sclera will affect the spectral 
power distribution of the light returned from them. The 
episclera (the outer layer of the sclera) is particularly vascular, 
which means many vessels are superficial, but vessels may 
also lie within the deeper scleral stroma [22], [23]. 

It is also possible to observe brown pigmentation on the 
sclera, particularly with age, darker skin, or sun exposure 
[24]. It’s likely that this pigmentation is primarily due to 
melanin, although it may also be due to scleral thinning or 
other physiological factors [25]. Melanin molecules reflect 
more light at longer wavelengths (within the visible 
wavelength range), meaning they preferentially reflect red 
light. Therefore, this pigmentation might affect the redness of 
the sclera. 

III. METHODS 

This study was approved by the Local Ethics Committee 
for the UCL Department of Medical Physics and Biomedical 
Engineering (23447/002). Simulations were performed using 
Monte Carlo eXtreme [26], [27], [28]. Data analysis was 
performed in MATLAB R2024a. 

A. Simulation procedure 

 
Figure 2.  Geometry of Monte-Carlo simulation. Orange arrows 
represent example photon paths from the emitter. Grey arrows 
represent examples of returning photon paths, after scattering within 
the medium. The sclera/scattering medium is represented as a 
grey/white cuboid. Blood vessels are shown as red tubes. The depth 
parameter for each blood vessel (as well as the radius of the blood 
vessel) was configurable. 
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Simulation geometry is presented in Fig. 2. The sclera was 
simulated as a 710µm thick plane within a finite volume 
5,000µm wide, 500µm tall and 750µm deep. Voxel size was 
set to 10µm. The phantom was illuminated at the normal to the 
surface by a pencil light source with the spectral power 
distribution of the CIE D65 illuminant. A circular photon 
detector with radius 50 µm was placed 20 µm above the planar 
phantom, concentric with a circular uniform collimated light 
source. The photon detector was configured to only detect 
photons exiting the simulation box, so did not detect photons 
directly emitted from the light source. Simulations were 
performed for wavelengths from 400 to 700nm, in steps of 
20nm with at least 4 million photons at each wavelength.  

Vessels were simulated as cylinders. The molar extinction 
coefficient for haemoglobin was taken from the data tabulated 
in [29] and a combined extinction coefficient was produced 
assuming 98% oxygen saturation. The haemoglobin 
concentration was adjusted for the approximate Fåhræus 
effect [18]. To perform this adjustment, for each blood 
haemoglobin concentration at each diameter, the haematocrit 
(𝐻!) was estimated using the three-fold conversion, which 
suggests there is approximately a 3% increase in haematocrit 
per 1g/dL haemoglobin [30], [31] – although there are some 
doubts as to how exactly this holds, especially with varying 
participant age [32]. If the vessel diameter was greater than 
25µm, the haematocrit of the vessel 𝐻# was defined in terms 
of the original haematocrit 𝐻$ and the diameter D as per Eq. 
(3) [33], [34]. 
	
𝐻"

𝐻!$ =	𝐻! + '1 −	𝐻!*(1 + 1.7𝑒#$.&'( − 0.6𝑒#$.$))()  (3) 

 
When the vessel diameter was under 25µm, then the 

haematocrit was estimated by linear interpolation between the 
values in Table 1, which were estimated based on information 
in [35] and (3). 

TABLE I.  HAEMATOCRIT CORRECTION FACTORS 

Diameter (µm) 
𝑯𝒗

𝑯𝒇
"  

2.6 1 

3.3 0.936 

11 0.671 

25 Value from Eq. (3) 

 

After this adjustment to haemoglobin concentration, 𝜇" 
was calculated by taking the tabulated 𝜇" values from [36] for 
45% haematocrit at 98% oxygen saturation, and then adjusting 
for the haematocrit using equation 13 from [36], reproduced 
below as Eq. (4) and Eq. (5), where 𝐻* is the haematocrit in the 
target vessel, and 𝐻+ is the haematocrit in the reference sample 
from [36]. 

 µs(𝐻% ,	λ)	=	
&(%)
&()!)

)"
)!
µs(𝐻*,	λ) (4) 

 𝛾(𝐻) ≈ (1 − 𝐻)+	 (5) 

The calculation of 𝜇! required applying the pigment 
packaging effect to the adjusted blood haemoglobin 

concentration. For this, the methods of [36] were used, such 
that red blood cells were assumed to be cubes with a volume 
equal to that of a sphere with a diameter of √90#  µm.   

The refractive index for the blood was calculated as per 
[37] reproduced below as (6). In (6), 𝛽(𝜆) represents a 
temperature dependent factor, 𝐶 represents the concentration 
of haemoglobin in g/dL, and the refractive index of water is 
estimated based on [38], which in turn uses the methods of 
[39] for an assumed temperature of 37 Celsius, a salinity of 0 
ppm and a pressure, P, of 1.033 kg/cm2, reproduced here as 
Eq. (7). 

 𝑛(𝐶, 𝜆) = 𝑛)$,(𝜆)[𝛽(𝜆)𝐶 + 1]	 (6) 

 

 𝑛)$,(𝜆) = 1.3247 + (3.3	 × 10-)𝜆.+ − (3.2 × 10/)𝜆.0 

−	(2.5 × 10.1)𝑇+ 

													+	1.021𝑃(1.45	 × 10.2)(1 − 4.5 × 10.-𝑇)           (7) 

The anisotropy for the blood medium was set to 0.9875, 
which is approximately in the standard ranges given for 
visible wavelengths [40], [41]. We assumed that anisotropy 
for blood was not dependent on wavelength [42]. 

The sclera absorption and scattering coefficients were 
taken from [43]. Pigmentation in the sclera was modelled as 
an equimolar mixture of pheomelanin and eumelanin with 
spectra taken from [44]. This pigmentation absorption was 
distributed homogeneously throughout the ‘sclera’ material, 
rather than concentrated in melanosomes as would be expected 
in vivo [45]. 

The exact concentrations of melanin, haemoglobin, and the 
vessel diameters and depths used for different simulations are 
given in the results. 

B. Measures of redness 

 
Figure 3.  Reflectance spectra for varying haemoglobin concentrations (3, 9, 
and 15 g/dL) for a 100 µm radius vessel at 100 µm deep in the sclera, with a 
0 g/dL melanin concentration, under CIE D65 illumination. 
 

The reflectance spectra for each pixel (examples shown in 
Fig. 3) were transformed into the CIE 1931 XYZ 2-degree 
colour space, and then into linearised sRGB colour space with 
a CIE D65 white point. For this work, the mean r-
chromaticity was calculated, where the r-chromaticity is 
defined for each pixel from the RGB values as per Eq. (8): 

 𝑟 = 	 3
34546

 (8) 

 

 



 

 

 

Other potential redness measures exist, such as erythema 
index [46], and this analysis could be repeated with alternative 
measures. 

Images which are displayed in this work are provided in 
gamma-corrected sRGB colour space for visual inspection. 

IV. RESULTS 

A. Effect of individual factors on redness of the eye 

Visual results are shown in Fig. 4, and numerical results are 
presented in Fig 5. As well as the mean r-chromaticity, which 
represents an average across the image, these results consider 
the 99th percentile r-chromaticity, which has been used in 
prior research. The 99th percentile is used because filtering to 
the reddest areas is functionally a technique to filter to only 
blood vessels.  

Blood haemoglobin concentration: As blood 
haemoglobin concentration increases, the r-chromaticity 
mean and 99th percentile increase. The rate of increase 
decreases at higher haemoglobin concentration. 

   Vessel diameter: As vessel diameter increases, the r-
chromaticity mean and 99th percentile increase. The rate of 
increase decreases at higher vessel diameters. 
       Vessel density: As vessel density increases, the mean r-
chromaticity increases. The 99th percentile remains 
approximately constant. 

Vessel depth: As vessels lie deeper in the sclera, the r-
chromaticity mean and 99th percentile decrease. The rate of 
decrease reduces for deeper vessels, until the r-chromaticity 
tends to the r-chromaticity of the sclera with no blood vessel. 

Pigmentation in the sclera: As melanin concentration in 
the sclera increases, the mean r-chromaticity increases at a 
decreasing rate. The 99th percentile r-chromaticity decreases.  

B. Confusion between factors 
Based on the results in part A, it is possible to design 

situations in which mean r-chromaticity across the entire 
image is the same (0.400 to three decimal places, chosen 
arbitrarily as an example) but the actual blood haemoglobin 
concentration varies from severely anaemic (2.5 g/dL) to non-
anaemic (15 g/dL). This is illustrated in Fig. 6. These 
physiological factors – such as vessel diameter – might vary 
between individuals but might also be impacted by effects 
such as recent trauma, irritation, or eyedrops. 

C. Limitations 
 The simulations presented in this work are primarily 
intended to be illustrative of the order of magnitude of the 
effects, rather than a fully physiologically accurate model. In 
particular, the simulated vessel has no vessel wall. Vessel wall 
thickness can be important in the appearance of retinal vessels 
[47], but there is less evidence on the role of vessel wall 
thickness in the anterior segment of the eye. It is likely that 
including vessel walls would not change the general trend of 
these results, but vessel wall thickness may, in fact, be an 
additional factor affecting vessel colour/redness. 

This work considers the sclera as an example scattering 
medium. It’s likely that similar results – and therefore similar 

issues with measuring redness – would be experienced when 
imaging other blood vessels in scattering materials, such as 
seen on the conjunctiva of the lower eyelid, or to blood vessels 
within the skin. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  Effect of physiological factors on appearance of blood vessels: 
results from simulated scleral blood vessels, shown as sRGB gamma-
corrected images for visual interpretation. Black bars represent the edge of 
images and are used for spacing for clarity for display. 

 

 
(A) Blood haemoglobin concentration ranging from 3 
(left) to 15 g/dL (right) in 3 g/dL increments. Vessel 
radius and vessel depth are 100 µm, and melanin 
concentration is 0 g/dL. 

 
(B) Vessel radius changes at 11 g/dL blood haemoglobin, 
0 g/dL melanin. Vessel depth is equal to vessel radius – 
from left to right, 10, 25, 50, 75, 100 µm. 
 
 

 
(C) Vessel density increasing from left to right, at 11 g/dL 
blood haemoglobin concentration. Vessel depth is 100 
µm, vessel radius is 100 µm. The melanin concentration 
is 0 g/dL. Vessel density decreases are represented by 
larger unoccupied areas either side of the blood vessel. 
 
 

 
(D) Vessel depth changes, with a 100 µm radius, 0 g/dL 
melanin concentration, and 11 g/dL blood haemoglobin 
concentration. Vessel depth (from left to right) is 100, 
125, 150, 200, 250 µm. 
 

 
(E) Changes in melanin concentration - from left to right, 
0, 0.05, 0.1, 0.2, 0.5 g/dL melanin concentration. All 
blood vessels are identical, with 11 g/dL blood 
haemoglobin concentration, 100 µm depth, 100 µm 
radius. 



 

 

 

 
Figure 5. Changes in image r-chromaticity as inputs to the tissue 
colour model change. 

V. CONCLUSION 
The simulations show that the same redness metric can be 

obtained at vastly different haemoglobin concentrations, 
simply by modulating the structure of the tissue which is 
simulated. These modulations are likely to be within 
physiologically reasonable limits. This suggests that inter-
person variability might be a potential obstacle to using pallor 
to judge blood haemoglobin status, and may account for the 
mixed or poor results seen in prior studies (e.g. [12]). 
Therefore, when using digital cameras to screen for anaemia 
using redness, care should be taken to either adjust for, or hold 
constant, the physiological factors (other than blood 
haemoglobin concentration) which may influence redness. 
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Figure 6.  Simulated overhead views of a single blood vessel in the 
sclera. Each image has the same mean r-chromaticity (0.400 to three 
decimal places, taken across the entire image prior to conversion to 
sRGB for display) but different underlying physiological factors.  
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